
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 61, NO. 5, MAY 2014 319

A 0.4-V, 90 ∼ 350-MHz PLL With an Active
Loop-Filter Charge Pump
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Abstract—A 0.4-V phase-locked loop (PLL) that has much
improved power ef�ciency is realized in standard 65-nm CMOS.
The PLL employs a novel ultralow-voltage charge pump that
compensates current mismatch with an active loop �lter and pro-
duces signi�cantly reduced reference spurs. Its voltage-controlled
oscillator (VCO) is designed with the body-bias technique and
includes an automatic frequency calibration circuit that provides
low VCO gain and wide tuning range. The PLL output frequency
can be tuned from 90 to 350 MHz. At 350-MHz output, the PLL
consumes 109μW, which corresponds to the power ef�ciency of
0.31 mW/GHz.

Index Terms—Active-loop �lter (ALF), body-bias technique,
charge pump (CP) current matching, phase-locked loop (PLL),
power ef�ciency, reference spur, ultralow voltage (ULV).

I. INTRODUCTION

T HERE is an increasing demand for ICs to have reduced
power consumption and enhanced power efficiency. The

most effective method of reducing power consumption is by
lowering supply voltages. International Technology Roadmap
for Semiconductors predicts that the operating supply voltage
will be reduced to 0.5 V within a decade and further to 0.43 V
by 2026 [1]. Consequently, ultralow-voltage (ULV) IC design
techniques have been actively investigated [2]–[4]. In addition,
ULV realization of the mixed-signal circuits such as phase-
locked loops (PLLs), which is an essential block for many
system-on-chip applications, is of significant research interest.
Several ULV PLLs have been reported [5]–[8] with very small
power consumption. However, their power efficiencies, defined
as the power consumption divided by the output frequency, are
larger than 1 mW/GHz.

In an effort to further improve PLL power efficiency, we
investigate a 0.4-V PLL in 65-nm CMOS technology. For this,
we optimize each PLL block for ULV operation. In particular,
we propose a novel charge pump (CP) structure suitable for
ULV operation with good current matching characteristics. The
resulting PLL achieves 90- to 350-MHz operation with 0.4-V
supply voltage with power efficiency of 0.31 mW/GHz at
350 MHz.
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headroom limitation. Differential CPs with ALFs have been
reported [16]–[18], which can effectively eliminate mismatches
in CP, but they require multiple-stacked transistors with ad-
ditional compensating circuits for differential operation that
consume a large amount of power. In [8], the dynamic-threshold
CMOS technique is utilized to overcome the voltage headroom
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Fig. 4. Simulation of (a) CP output current, and (b) VCP and VREF voltage
against NMOS bias current variation for different process corners.

target frequency of hundreds megahertz occupies a very large
chip area. There are several challenges for ring ULV VCO
implementation. One is limitation in using multiple-stacked
transistors, which restricts VCO output frequency. Another is
VCO frequency dependence on PVT variation, which becomes
very significant with ULV supply [3]. Therefore, the VCO must
have a wide enough tuning range to ensure the target frequency
operation requiring large VCO gain KVCO. However, this
results in degraded PLL phase performance.

For our design, we employ two-stacked nMOS feedback
delay cell reported in [7] with the body-bias technique that
provides linear and low KVCO. In addition, an AFC circuit
is added, which provides a wide tuning range. Fig. 5 shows
our VCO with an AFC circuit. The VCO receives two input
signals VCTRL and VAFC. VCTRL is the fine-tuning signal
from the ALF and VAFC is the digitally controlled coarse-
tuning signal from the AFC. In the AFC block, a resistor-
ladder network digital-to-analog converter (DAC) is used for
low-power dissipation after PLL is locked. The AFC block
compares VCTRL with two threshold voltages VREF_UP and
VREF_DN [19]. The result of this comparison changes the built-
in 4-bit code counter. Once VCO output reaches the target
frequency region, the control circuit stops counting and saves
the codes to the latches that control the DAC for the desired
VAFC. The simulated VCO tuning range with different AFC
codes are shown in Fig. 6. KVCO varies from 60 to 375 MHz/V
in simulation when the AFC code changes from 0000 to 1111.

Fig. 5. VCO with AFC circuit.

Fig. 6. Simulated VCO tuning range with different AFC codes.

The VCO provides linear and low KVCO, and the AFC circuit
offers a wide frequency tuning range.

III. MEASUREMENT RESULT

Our PLL is fabricated with standard 65-nm CMOS technol-
ogy and is mounted on an FR4 board for measurement. The
reference frequency is provided by a signal generator, and the
PLL output is measured by an oscilloscope and a spectrum
analyzer. Fig. 7 shows a die microphotograph and the layout.
The total area is about 0.0081 mm2, excluding the off-chip loop
filter.
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TABLE II
PERFORMANCE SUMMARY

normalized figure of merit (FOM). For this, the FOM defined
in [20] as

FOM=
area(mm2)(

tech.
0.065

)2 ·
[

mW
MHz

]1.5

·
[
Jitterrms(ps) ·

√
mW

]2
(1)

is used, where the area is normalized to 65-nm technology.
For fair comparison, the areas of PLL cores that include PFD,
CP, VCO, divider, and calibration circuits but not the loop
filter are used for FOM comparison. As can be seen in the
table, our PLL achieves the lowest reference spur, the smallest
power efficiency, and the best FOM among recently reported
ULV PLLs.

IV. CONCLUSION

We have demonstrated a 0.4-V, 90- to 350-MHz PLL in stan-
dard 65-nm CMOS technology. The CP in our PLL has an ALF
architecture that operates well with ULV supply without current
mismatch, resulting in a significant reduction in reference spur.
It also has a VCO designed with the body-bias technique and
includes an AFC circuit that provides low VCO gain with
a wide tuning range. The PLL consumes only 109 μW for
350-MHz output.
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