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Abstract—This paper improves a hybrid fully integrated volt-
age regulator based on digital low-dropout (DLDO) and switched-
capacitor voltage regulator (SCVR) by improving the controllers
of DLDO and SCVR, respectively. The controller is improved
to achieve tunable voltage droop response and larger power
efficiency during DLDO mode. Adaptive width scheme is added
to increase the power efficiency during SCVR mode. As a result,
tunable voltage droop response and 3% peak efficiency rising is
achieved during DLDO mode. Using adaptive width scheme, the
overall power efficiency is increased by 3% on average and the
peak efficiency is increased by 6% during SCVR mode.

Index Terms—Digital LDO, SCVR, DVFS, energy efficiency

I. INTRODUCTION

In heterogeneous multicore chips, inductor-less on-chip
regulators are prefered due to low quality factors of inductors
in CMOS technology [1], [2]. Digital low-dropout (DLDO)
[3] and switched-capacitor voltage regulator (SCVR) [4] are
two commonly used on-chip regulators with higher power
efficiency for low dropout range and high dropout range,
respectively [5]. A hybrid voltage regulator fully utilizes both
of them to achieve voltage conversion across wide output
voltage range to obtain better power efficiency [5], as shown
in Fig. 1. In the hybrid integrated voltage regulators (IVR),
each power stage segment has two identical pairs of an SCVR
topology capable of SCVR 3:2 and 2:1 conversions during
SCVR mode. 24 PMOSs (S1, S5, S1’ and S5’ in 6 segments)
act as switches, while the fly capacitors act as decoupling
capacitors to achieve DLDO conversion during DLDO mode.
In general, the hybrid voltage regulator exploits DLDO under
low dropout, while uses SCVR under high dropout in order to
provide higher efficiency in a wide output range.

Even though the original work [5] presents a hybrid IVR
with appreciable power efficiency, there are still two aspects to
be improved. First, during DLDO mode, the DLDO controller
is achieved by an analog to digital converter (ADC) and
an UP/DOWN counter [6], which cost much resource for
applying fast droop response scheme. In addition, the fast
droop response speed is fixed at 4 bits per period, which is
not suitable under different voltage droop conditions. Second,
during SCVR mode, the width of the switches in power stages
can be adjusted under different switching frequency to gain
higher efficiency.

Thus, the improvement proposed by this work focuses on
two aspects. During DLDO mode, a controller based on shift
register is proposed to achieve tunable fast droop response
speed under different voltage droop conditions. Simulation
result shows that peak power efficiency increases by 3%
compared to DLDO mode in [5]. During SCVR mode, an

Fig. 1. (a) hybrid power stage supporting DLDO and SCVR, (b) operation
mode table indicating switch configurations. [5]

adaptive width scaling scheme is added to the controller in
order to increase the power efficiency under a wide range of
system frequency. As a result, adaptive width scaling scheme
increases average power efficiency by 6%.

II. THE PROPOSED HYBRID VOLTAGE REGULATOR

A. The Proposed Hybrid Voltage Regulator Structure
The block diagram of the proposed hybrid voltage regulator

is shown in Fig. 2. The controllers of DLDO and SCVR are
shown on the top-left part and top-right part, respectively.
During DLDO mode, shift register based controller provides
24 bits control signal to the power stage. During SCVR mode,
the controller uses a frequency counter to select proper switch
width intended to reduce switching loss. The select signals
S0 and S1 are used to select the proper operation mode. The
power stage shown in Fig. 1 is represented by the block at
bottom briefly.

B. Improved controller design in DLDO
The circuit implementation of proposed DLDO controller is

shown in Fig. 3, corresponding to the DLDO controller shown
in Fig. 2. Reference voltage Vref and output voltage Vout are
the inputs of the controller, while Q1 to Q24 are the 24 bits
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Fig. 2. Block diagram of proposed IVR.

output connected with the 24 switches in power stage. All
the registers are connected end to end for signal transfering.
Multiplexers are applied at the input nodes of the registers to
determine where the input signals come from. Regardless of
fast droop response (FDR), when COMPOUT0 is low, which
means Vref is larger than Vout, all the bits are shifted right
because the Kth register selects QK signal as input. Then the
controller pull down an additional bits to turn on an additional
switch. In contrast, All the bits are shifted left to turn off an
additional switch because the Kth register select QK+2 signal
as input, when Vref is smaller than Vout.

Fast droop response (FDR) scheme indicates that the con-
troller counts multiple bits in a single period to recover to the
steady state faster, when the output voltage suddenly changes.
The controller based on shift register is more competent for
FDR because the counting speed can be simply modified
by changing the signal the multiplexer selects. Two warning
signal COMPOUT1 and COMPOUT2 are activated when the
output voltage is much smaller than the reference voltage.
Then the controller counting 3× or 6× bits by selecting QK−3

or QK−6 signal. The setting of voltage droop threshold (VDT,
represented by ∆V) should be considerate to make sure the
FDR is triggered properly. The corresponding VDT of 3× and
6× FDR is expressed as ∆V1 and ∆V2. A method to obtain
proper VDT is introduced as following.

Fig. 3. Shift register based controller.

VDT setting is based on the relationship between load
current, the number of the turn-on switches and the output
voltage, as shown in Fig. 4(a). When a load current is induced
at the output, the number of the turn-on switches will change
to recover to the reference voltage, as dotted trajectory from

A to B shows. Thus, given certain bits of variation of the
number of the turn-on switches, variation of load current can
be observed on the figure, which can be applied to obtain the
VDT by simulation. Setting x as 3 and 6, the corresponding
droop detection threshold under 3× or 6× counting speed is
obtained, as shown in Fig. 4(b).
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Fig. 4. (a) Relationship between load current, the number of the turn-on
switches and the output voltage, (b) Droop detection thresholds under 3× or
6× counting speed.

C. Improved controller design in SCVR
The power loss of SCVR can be approximated as a function

of switching frequency (Fsw), fly capacitor (Cfly) and on-
resistance of the switches (Ron) [7]. Given topology and
capacitor distribution, there exists a proper switch width for
different switching frequency [8]. Thus, the proposed work
improves the SCVR controller by adjusting the switches width
under a wide range of switching frequency.

The novel controller circuitry is shown in Fig. 5, cor-
responding to the SCVR controller shown in Fig. 2. The
frequency counter counts the switching frequency and drives
the corresponding width segments, which represent the corre-
sponding 9 switches topology shown in Fig. 1(a). At first, all
the inputs of the registers are set to “0” by the clear signal.
When the frequency counter starts working, all the register list
shifts the VDD signal to the right. Then the enable signals,
named En1, En2, En3, and En4, are pulled up sequentially
to drive the corresponding width segment accompanied with
the output signal of the comparator. In this work, switching
frequency varies from 50MHz (longest period of 20ns) to
400MHz (unit period of 2.5ns). Thus, the frequency counter
is activated for 20ns and consists of 8 registers.

III. SIMULATION RESULTS

The simulation runs on Hspice platform using 45nm pro-
cess. The parameter setting is shown in Table I. The power
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Fig. 5. Frequency counter and width segments.

efficiency of different modes under a wide reference voltage
range is shown in Fig. 6. During DLDO mode, the proposed
regulator achieves 83% power efficiency on average under low
dropout (VOUT > 0.7V). The peak efficiency increases by 3%
compared with the original work. During SCVR mode, power
efficiency increases nearly 10% under high dropout (VOUT

around 0.5V or 0.66V) compared with the DLDO mode.

TABLE I
PARAMETER SETTING

Parameter Value
Fly capacitor 5nF

Output current SCC: 1mA-10mA ; DLDO: 1mA-350mA
Input Voltage 1V

Output Voltage 0.4V-1V
Switching Frequency 50MHz-400MHz

Switch width 30um, 45um, 75um, 150um
Output Capacitor 10nF
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Fig. 6. Measured IVR efficiency for DLDO, SCVR 3:2 and SCVR 2:1 modes
with VIN = 1.05V.

The fast droop response is shown in Fig. 7. 6× FDR pro-
vides better performance than 3× FDR due to strict triggering
VDT. The adaptive width is shown in Fig. 8. The controller
selects 30um, 45um, 75um, and 150um switch width segments

in a wide range of switching frequency, respectively. The
overall power efficiency is increased by 3% on average, while
the peak efficiency is increased by 6%.

Fig. 7. Measured voltage waveform when load current changes from 50mA
to 250mA with 3× or 6× FDR.
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Fig. 8. Measured efficiency using adaptive width scheme (a) during SCVR
3:2 mode, (b) during SCVR 2:1 mode.

IV. CONCLUSION

In this paper, a hybrid integrated voltage regulator is im-
proved based on the shift register structure and adaptive width
adjustment under DLDO and SCVR mode, respectively. As
a results, tunable FDR of 6× and 6× counting speed is
achieved by proper VDT setting. The peak efficiency increases
by 3% and 6% on average under DLDO and SCVR mode,
respectively.
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