
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 48, NO. 11, NOVEMBER 2013 2805

A Near-Threshold 480 MHz 78 µW All-Digital PLL
With a Bootstrapped DCO
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Abstract—This paper presents a near-threshold low-power
all-digital PLL (ADPLL). It includes a 9-bit bootstrapped DCO
(BDCO) to reduce supply voltage and power consumption, a
weighted thermometer-controlled resistor network (WTRN) to
achieve high linearity, and a 4-bit sigma-delta modulator to
improve the resolution through dithering. The ADPLL is fab-
ricated in a 90 nm SPRVT low-K CMOS process with a core
area of 0.057 mm². The measured results demonstrate that the
bootstrapped ring oscillator (BTRO) oscillates at 602 MHz under
a supply of 0.5 V and consumes 49.1 µW. The ADPLL operates at
480 MHz (48 MHz) with a power consumption of 78 µW (2.4 µW)
under a supply voltage of 0.5 V (0.25 V).

Index Terms—All-digital phase-locked loop (ADPLL), boot-
strapped circuit, energy-efficient design, low-power, low-voltage,
near-threshold circuit.

I. INTRODUCTION

U LTRA-LOW power design is essential to prolonging the
battery lives of sustainable electronic devices. According

to , scaling down the supply voltage is the most
effective way to reduce power consumption. A forecast in the
International Technology Roadmap for Semiconductors (ITRS)
reveals that the supply voltage will be scaled down to 0.5 V
for the next generation of low-power applications [1]. Recently,
some 0.5 V biomedical applications have been reported [2], [3].
Some important analog building blocks have been developed
with a 0.5 V supply to operate at 1–10 MHz [4], [5]. [6] demon-
strated a processor with a wide range of voltages 0.28–1.2 V that
exhibited an entire order of improvement of energy efficiency at
near-threshold supply.
Phase-locked loops (PLLs) are key building blocks in inte-

grated circuits. Numerous clock circuits that are scaled to 0.5 V
and based on analog approaches that have been reported [7], [8].
Actually, low-voltage PLLs are very effective and energy-effi-
cient for low power applications. For example, USB 2.0 is a
popular data link interface and is still widely used in applica-
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tions that involve frequencies of several tens to hundreds MHz
[9]. USB 2.0 has high-speed, full-speed, and low-power modes,
which operate at 480 MHz, 12 MHz and 1.5 MHz, respectively.
Clock circuits with frequencies of 48MHz are also used in USB
microcontrollers in the full-speed mode [10], [11]. Low-voltage
PLLs can be utilized in more applications, such as Intra-Body
Communication (IBC) systems [12] and Wireless Sensor Net-
works (WSN) [13], which target several kHz to tens MHz.
All-digital PLLs (ADPLLs) are popular alternatives to analog

PLLs owing to their portability and scalability. They exhibit no
DC power dissipation. The oscillator is the most power-hungry
building block of a PLL, even when scaled to the near-threshold
region. Although LC oscillators have superior phase noise, ring
oscillators are commonly preferred for reasons of power con-
sumption and occupied area. The digitally controlled oscillator
(DCO) that was presented by Chen [14] is composed of a 12-bit
DAC and a current-controlled oscillator that uses a 260 A bias
current. However, a high-resolution DAC requires higher power
and has a higher area overhead. To enhance driving capability
and the linear control range, Cheng proposed a bulk-driven,
0.5 V 8-phase voltage-controlled oscillator (VCO) [8]. It suc-
cessfully modulates the threshold voltage by slightly in-
creasing the leakage current. [15] took an all-digital approach
and utilized a large number of digital delay cells and paths,
which consumed much power owing to its parasitic loads. Sev-
eral DCOs are composed of a supply-regulated ring oscillator
and a digitally-controlled resistor network (DRN) [16], [17].
The major issues in the design of such DRNs are linearity and
complexity.
This paper presents a near-threshold supply ADPLL with

a bootstrapped digitally-controlled ring oscillator (BDCO) to
operate at 0.25–0.5 V. The BDCO consists of a bootstrapped
ring oscillator (BTRO) and a weighted thermometer-controlled
resistor network (WTRN). The proposed BDCO generates a
boosted gate voltage swing to improve driving capability. It
also keeps the transistors functioning in linear region to have
high linearity even under a near-threshold supply.
The rest of this paper is organized as follows. Section II in-

troduces the proposed ADPLL. Section III presents analyses of
performance. Section IV describes the test chip and provides
the experimental results. Finally, Section V compares the results
with some reported works and draws conclusions.

II. ARCHITECTURE OF PROPOSED ALL-DIGITAL PLL

The proposed ADPLL, shown in Fig. 1, consists of a phase
frequency detector (PFD) to detect the phase error, a phase se-
lector (PS) to reroute the signal path, a time-to-digital converter

0018-9200 © 2013 IEEE
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Fig. 1. Block diagram of the proposed ADPLL.

Fig. 2. Circuit schematics of (a) PFD and (b) PS.

(TDC) to convert the phase error into digital code, a digital loop
filter (DLF) to filter out the high frequency noise, a DCO to gen-
erate the required output frequency, and a divider (DIV) to di-
vide and feed back the output frequency. A 4-bit sigma-delta
modulator (SDM) is used for dithering to improve the resolu-
tion of the DCO. The division ratio should be determined ac-
cording to the speed of the sub-circuits. In the design herein,
the output frequency is divided by 16. In our earlier work [18],
the proposed BTRO exploited a gate-boosting technique for op-
eration at low voltage. To extend this approach to an ADPLL, a
BTRO control circuit and other circuit designs should be used to
deal with the issues that arise in near-threshold operation. When
the ADPLL operates at near-threshold supply, very close to the
turn-on condition, the gate delay is degraded by approximately
an order of magnitude. Therefore, circuit topologies, such as
static CMOS logics, are utilized to reduce power consumption.
Besides, no more than two stacked devices are selected to op-
erate with such low-voltage headroom.
In the design procedure of Kratyuk [19], the mathematical

representation of the proposed ADPLL is obtained by trans-
forming the -domain system model of a charge-pump PLL
(CPPLL). According to the parameters in the conventional
CPPLL model, -domain parameters can be estimated by
bilinear transformation.

A. PFDC and DLF

PFD, PS and TDC can together be regarded as comprising
a phase/frequency-to-digital converter (PFDC). PFD produces

UP and DN signals that indicate the phase error. Fig. 2(a) shows
the circuit diagram. PFD is designed as a dynamic circuit to op-
erate at high frequency. To provide the correct phase arrange-
ment for the TDC, two signals are rerouted by PS, as illus-
trated in Fig. 2(b) [17]. TDC is based on a Vernier delay line, as
shown in Fig. 3 [20]. It requires the proper phase order for the
time-to-digital conversion. As LEAD and LAG signals propa-
gate in their independent delay chain, the timing difference be-
tween the two signals decreases by in each stage, where

is defined as the resolution of the Vernier TDC. A Vernier-
based delay line generates a timing ruler according to differ-
ences between gate delays. As a result, the TDC achieves high
resolution even at low voltage supply. Based on the simulation
results, the 4-bit TDC is designed with a resolution of 15 ps
(156 ps) at the 0.5 V (0.25 V) TT corner. The phase compara-
tors compare the phases of the delayed LEAD and LAG sig-
nals and produce a 16-bit thermometer code. Each comparator
is composed of two cross-coupled latches, as shown in Fig. 3.
Finally, a thermometer-to-binary (T2B) decoder converts the
thermometer code to a 4-bit binary one. Fig. 4 shows the char-
acteristics of the TDC in different corners at 0.5 V.
The DLF is a 2nd-order digital filter whose parameters

are obtained by a bilinear transformation from those of its
analog counterpart, as depicted in Fig. 5. It contains two signal
paths—the proportional path ( ) and the integral path ( ).
The transfer function is

(1)
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Fig. 3. Circuit schematic of the TDC.

Fig. 4. Transfer curve of the TDC at different corners.

Fig. 5. Circuit schematic of DLF.

The -domain transfer function is

(2)

B. BDCO

For near-threshold operation, the driving capability, linearity
and variability are major concerns. In the proposed ADPLL,
BDCO is used to address these issues and support high speed
and energy efficiency. It is composed of a 5-stage BTRO with
its supply voltage controlled by aWTRN, as shown in Fig. 6.
The details of its operations are introduced as follows.

1) BTRO: As in our previous work [18], a BTRO that can op-
erate in the near-threshold region has been proposed. The boot-
strapped delay cell ideally generates an output swing of
to . When , and is precharged
to by . After transits to , rises to
and boosts to . The boosted at is transferred
to via . An output voltage of ( ) pushes the
NMOS (PMOS) transistors in the next bootstrapped delay cell
into the super-threshold region and increases their driving ca-
pability. It also exponentially suppresses the PMOS (NMOS)
leakage current. Therefore, the operating frequency can be in-
creased without causing the leakage problem that arises when
large-width transistors are used. Furthermore, since transistors
are operated in the super-threshold region, they have better lin-
earity and immunity against process variation than is achieved
in near-threshold or sub-threshold operation.
2) WTRN: As mentioned above, the BTRO exhibits high lin-

earity with respect to the supply voltage, as will be discussed
later. Therefore a WTRN is designed to regulate its using
a 9-bit digital controlled PMOS array, as illustrated in Fig. 7.
The resistor network consists of 9-bit PMOS transistor array, a
binary-to-thermometer (B2T) code converter and an SDM. The
total of 13 control bits comprise two for coarse tuning, three for
medium tuning, four for fine tuning, and four for dithering by
an SDM to further improve the resolution.
Resistor networks are used to form a voltage divider with

DCOs [16], [17]. Therefore, the equivalent output can be
regarded as the supply voltage of the DCOs. However, full ther-
mometer control in [16] occupied a large area and complicated
wiring. The hybrid architecture of binary and thermometer con-
trol in the work of Lin [17] was not sufficiently linear. Here, a
WTRN design is used. The PMOS switches are designed with
weighted sizes as determined by their equivalent resistance be-
havior to improve linearity. Fig. 8 plots the DCO output fre-
quency as a function of the coarse and medium control codes
at 0.5 V. As compared to the binary-weighted control, the pro-
posed WTRN has better linearity with a gain of 563 kHz/code
in TT corner.
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Fig. 6. Circuit schematic of the BDCO and BTRO.

Fig. 7. Detail circuit schematic of the BDCO with the WTRN.

C. SDM

To improve the resolution of the BDCO, a 4-bit 1st-order
SDM is used to dither the least-significant bit (LSB). Fig. 9
shows its block diagram. It consists of a 4-bit adder and a reg-
ister. With SDM dithering, the BDCO exhibits equivalently a
16-fold improvement in resolution. Table I lists the parameters
of the ADPLL at 0.25 V and 0.5 V.

III. DETAILED EVALUATION ON BTRO

A. Power Analysis of BTRO

As mentioned above, an oscillator is consumed most of the
power in a PLL. Unlike an analog VCO, in which the constant
biasing current is the major consumer of power, DCO consumes
no DC current. However, dynamic power is the major concern,

especially for a BTRO, owing to its large output swing from
to , where is the boosting efficient factor [18].

As shown in Fig. 10, the total capacitance is sum of the output
capacitance at node and the input capacitance
at node . denotes the total capacitance at the output
nodes of the and , where the output swings are from
GND to . The total dynamic power consumption of a 5-stage
BTRO is

(3)

Although a bootstrapped delay cell has several leakage cur-
rent paths, leakage current can be reduced by a negative over-
drive voltage. As shown in Fig. 10, when , one of
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Fig. 8. DCO output frequency versus coarse and medium codes in corners.

Fig. 9. Block diagram of the SDM.

TABLE I
DESIGN PARAMETERS OF THE PROPOSED ADPLL

the leakage paths is from pre-charge node to the output
through , and another is from the ground to the boosted
node through . Since is applied to the gate on
and to the gate on , all of these transistors are biased
with negative . Similarly, functions the other two paths
on the and . As a result, all leakage currents are
substantially reduced to an extent that they can be neglected,
making the BTRO more energy efficient.

Fig. 10. Power analysis example of the BTRO.

B. Linearity Analysis of BTRO

An inverter-based ring oscillator can serve as a supply-reg-
ulated VCO. However, its poor linearity in the near-threshold
region affects the tracking and locking behavior as well as the
jitter performance. The period of an -stage inverter-based
ring oscillator is

(4)

where is the delay time of a single stage. Assume that the
rising and falling times are not exactly the same; can then
be given by

(5)

where and are the propagation delays The linearity
can be analyzed with reference to the propagation delays. As-
sume that is the effective load capacitance at output node of
a single stage,

(6)

In the single stage of an inverter-based ring oscillator, is dis-
charged by the NMOS with . is the expres-
sion of the delay time of an inverter-based delay cell. As deter-
mined by the discharging characteristics in the near-threshold
region, has one of two forms, depending on whether

exceeds the threshold voltage [21]. The switching op-
eration is either in the saturation region or in sub-threshold re-
gion. Thus, (6) can be rewritten as

(7)

From the - expressions in saturation region and in
sub-threshold region [22], we can derive from (6)
and (7) as (8) and (9):

(8)
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Fig. 11. Delay time calculation for the BTRO.

(9)

where is the effective mobility; is the gate oxide ca-
pacitance per unit area; and are the width and length of
the device; and is the depletion capacitance; is the
thermal voltage; and is the factor of sub-threshold slope. In
(8), channel-length modulation is neglected. According to (9),

is not proportional to the reciprocal of . As a re-
sult, the frequency of the inverter-based ring oscillator is not
linear as regulating supply voltage.
Unlike an inverter-based ring oscillator, the BTRO behaves

highly linearly throughout the period of operation period. It fea-
tures boosted swings from to , which push the
operation of the and into the triode region. Fig. 11
displays the falling edge. Equation (10) plots the driving current.

(10)

We can derive from (6) and (10) as

(11)

Assume that the supply voltage is set between 0.25–0.5 V and
is 90%, then (11) can be approximated by

(12)

The period of the BTRO can be determined from and
. As a result, the frequency of the BTRO is highly

proportional to ( ), and so the BTRO is suitable
for use as a supply-regulated VCO in the near-threshold region.
Fig. 12 plots results of a simulation of a 5-stage supply-reg-

ulated VCO at 25 in different process corners. The BTRO
has higher linearity than an inverter-based VCO in the near-
threshold region, and is less affected by the process variation.

IV. EXPERIMENTAL RESULTS AND COMPARISONS

A. Chip Implementation

The proposed ADPLL has been fabricated using 90 nm 1P9M
SPRVTCMOS process. According to technical documents from

Fig. 12. Transfer curves of two supply-regulated VCOs.

Fig. 13. Block diagram of the test circuits.

the foundry, the nominal values of NMOS and PMOS de-
vices are 240 mV and 180 mV, respectively. The test chip in-
cludes two test circuits, the proposed BTRO and the ADPLL.
Fig. 13 shows the block diagram of the test circuits. Multi-stage
bootstrapped level shifters with an intermediate supply voltage
of are used to drive open drain devices. Fig. 14 shows
the chip micrograph. The overall active areas of the BTRO and
the ADPLL are 31.5 m 61.5 m and 326 m 175 m, re-
spectively. The test chip is mounted on an FR4 test board with
SMA connectors, as shown in Fig. 15. An Agilent 81130A pulse
generator provides the reference clock; an Agilent 54382D and
anMSO9404A are used to measure output waveforms and jitter.
A Keithley 2400 power meter provides DC power and measures
power consumption. Phase noise wasmeasured using anAgilent
E4440A Spectrum Analyzer.

B. Measured Results

Figs. 16(a) and (b) show the measured output waveforms of
the BTRO at 0.2 and 0.6 V. Fig. 17 plots in detail frequency/
power of the BTRO versus voltage between 0.2 and 0.6 V.
These measured results match the simulated ones in the TT
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Fig. 14. Micrograph of the test chip.

Fig. 15. Photo of the test board.

corner. The BTRO exhibits a relatively linear oscillation fre-
quency versus supply voltage near the threshold and in the sub-
threshold region.
The range of measured output frequencies of the proposed

ADPLL is from 176 to 480 MHz at a supply voltage of 0.5 V
and 36.8 to 48 MHz at a supply voltage of 0.25 V. Fig. 18 plots
locked clock waveform at 480 MHz. The jitter histogram shows
that the output RMS jitter and peak-to-peak jitter are 7.93 ps
and 61.1 ps, respectively. Figs. 19 and 20 plot the measured
output spectrum and phase noise at 0.5 V and 0.25 V, respec-
tively. With a reference of 30 MHz (3 MHz), the measured spur
at 480 MHz (48 MHz) under a 0.5 V (0.25 V) is 42.5 dB
(39.8 dB) below the carrier. The phase noise is 94.0 dBc Hz
( 89.8 dBc Hz) at a 1 MHz offset and 85.3 dBc Hz
( 78.2 dBc Hz) at a 10 kHz offset when the output frequency
is 480 MHz (48 MHz). The noise peaks in Figs. 19 and 20
are associated with DCO noise. This ADPLL is designed for
general low-power applications and the loop bandwidth in the
proposed design cannot be adjusted to suppress high-frequency
DCO noise. Accordingly, a power-performance trade-off is
made. Finally, Table II summarizes the major characteristics of
the test chip.

Fig. 16. Measured output waveforms of the BTRO at (a) 0.6 V ; (b) 0.2
V .

Fig. 17. Comparisons with measured and simulation results.
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Fig. 18. Measured jitter histogram at 480 MHz.

Fig. 19. Measured spectrum and phase noise at 0.5 V.

C. Comparisons

Table III compares low-voltage VCOs and DCOs in terms of
their performance. The BTRO can operate at a supply voltage
of as low as 0.2 V. Additionally, the measured energy per cycle
indicates that the BTRO is power-efficient. Table IV summa-
rizes recent state-of-the-art PLLs using a near-threshold supply.
Previous works [7], [26] have realized LC-VCO with very fa-
vorable low phase noise. However, the designs therein occupy
a large die area using passive resonant elements and provide
only two or four phases of output frequency. On the contrary,
ring-VCO PLLs are area-efficient; have more phases of output
frequency, but have inherently inferior phase noise. The pro-
posed ADPLL has 10-phase output frequency and consumes
78 W at 480 MHz under a of 0.5 V; 53.8% of the area
that is occupied by the DCO. The proposed design is effective
even at with a lock range of 36.8 to 48 MHz.

Fig. 20. Measured spectrum and phase noise at 0.25 V.

TABLE II
TEST CHIP SUMMARY

The figure of merit (FoM) in pJ/cycle is almost an order of mag-
nitude better than that of the DCO in [24].

V. CONCLUSIONS

This work presented a near-threshold ADPLL. A BTRO was
proposed to be less affected by the PVT variation and to reduce
the supply voltage. The oscillation frequency was 602 MHz
at 0.5 V and 40 MHz at 0.2 V. To improve the control of the
linearity and resolution, a weighted thermometer-controlled
resistor network was proposed for the voltage regulation.
The ADPLL was designed and implemented using a 90 nm
1P9M SPRVT CMOS process. It could operate at a frequency
of 480 MHz with a 7.9 ps RMS jitter and a phase noise of
94 dBc Hz at a 1 MHz offset. Its energy efficiency was

163 fJ/cycle at 0.5 V. At 0.25 V, its oscillation frequency was
36.8 to 48 MHz. The RMS jitter was 103 ps at 48 MHz consis-
tent with Table IV and its phase noise was 89.8 dBc Hz at
1 MHz.
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TABLE III
PERFORMANCE COMPARISONS OF LOW-VOLTAGE OSCILLATORS

TABLE IV
COMPARISONS OF LOW-VOLTAGE PLLS
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