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ABSTRACT An all-digital phase-locked loop (ADPLL) with a multiphase digitally controlled oscil-
lator (DCO) incorporating the bootstrapped and interpolated schemes is proposed in this paper. The
bootstrapped ring oscillator can boost the output voltage to a higher level than the supply voltage. Thus,
the oscillator can be operated in low-supply-voltage applications. MOS varactor is used in the bootstrapped
capacitor to reduce the area cost. Circuit analysis and simulated verification were performed for an optimized
design. The interpolated DCO has multiphase outputs and a high operating frequency. The test chip was
implemented in a 90-nm CMOS process, and the core area was 60 x 117 um?. The power consumptions at
1160 MHz and 20 MHz were 912.6 uW (at 0.6 V) and 2.94 uW (at 0.2 V), respectively. In the worst-case
jitter performance, the root mean square (RMS) jitters were less than 0.42%.

INDEX TERMS
phase-locked loop (PLL).

I. INTRODUCTION

Recently, low-supply-voltage phase-locked loops (PLLs)
using several digital, analog, and charge pump schemes have
been proposed for low-power and high-frequency applica-
tions. Fig. 1 depicts the relationship between the power
performance and operating frequencies of all-digital PLLs
(ADPLLs) [1]-[8], charge-pump PLLs (CPPLLs) [9]-[13]
and hybrid digital PLLs (HDPLLs) [14], [15] for low-
supply-voltage operations. Operating PLLs at low supply
voltage is difficult. Digital schemes do not require ana-
log components, such as operational amplifiers and current
sources. The design of digital circuits at low supply voltages
is easy. The international technology roadmap for semicon-
ductors (ITRS) was reported in [16]. The current trend of
internet of things (IoT) applications suggests a target of less
than 0.45 V for ultra-low-supply voltages in the future. Low-
voltage and low-power devices are constrained by their bat-
tery lives and operating lifetimes. A DC to DC convertor was
reported in [17] for an energy harvesting system from solar,
thermal, and vibration sources. This convertor can create an
output voltage of 0.2 V.
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Many techniques can be used in digital PLLs to reduce
power consumption and achieve a high operating frequency.
In [18], the duty-cycled technique was applied to a fre-
quency synthesizer of wireless sensor networks to reduce
its average power consumption. A dual-loop configura-
tion was used to achieve a low-frequency error. For the
fractional-N clock generators, the multiplying delay-locked
loops (MDLLs) were reported in [19], [20]. The digital cal-
ibration schemes were adopted to achieve excellent jitter
and spur performance. The injection-locked PLLs used the
fully-synthesizable fractional-N schemes and had good out-
put phase noise in [21], [22]. The studies [23]-[25] have
reported that applying LC oscillators to digital PLLs can
result in a superior operating frequency and jitter perfor-
mance to those achieved by ring-based oscillators. Further-
more, LC oscillators provide low phase noise in wireless
communication applications. To satisfy specific requirements
in some applications, ring-based oscillators have been used
in [26] and [27] for extending the operating frequency range
or for operation over a wide supply voltage range. ADPLL
designs have high tolerance to process, voltage, and tempera-
ture (PVT) variations, as described in [28] and [29]. Start-up
calibration and normalization were proposed in [28] to cali-
brate the digitally controlled oscillator (DCO) period with the
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FIGURE 1. Roadmap of low-supply-voltage PLLs.

resolution of a time-to-digital converter (TDC). The tech-
nique presented in [29] provided good loop stability and
performed independently of PVT variations. Among ADPLL
architectures, the TDC-based ADPLL is a popular scheme.
However, achieving a high TDC resolution is difficult. The
TDC resolution varies with PVT variations, especially at a
low supply voltage. Therefore, the jitter performance may
be negatively affected by a large TDC resolution at a low
supply voltage. The bang-bang phase detector (BBPD)-
based ADPLL can achieve low jitter and power consumption
because the TDC is replaced by a BBPD in [30].

For low jitter and phase noise applications, the
DCO output requires high-quality signals, such as LC tank
oscillators. Specific schemes with high PVT tolerance or
calibration techniques are designed to increase the stability
of ADPLLs. ADPLL loop stability should be considered in
ADPLLs with a wide supply voltage range. To achieve an
ADPLL with a wide operating frequency range, the oper-
ating frequency range of the DCO should be extended.
Low-power-consumption and low-supply-voltage applica-
tions were considered in this study. Therefore, a low-supply-
voltage ADPLL with multiphase outputs was implemented.

In the proposed multiphase DCO, a ring oscillator with
the interpolator scheme and bootstrapped techniques were
used to extend the maximum operating frequency in the
supply voltage range of 0.2-0.6 V. The ADPLL architecture
is described in Section II. The experimental and measurement
results are presented in Section III. Finally, the conclusion is
presented in Section I'V.

Il. ARCHITECTURE DESCRIPTION

A. MOS VARACTORS OF THE BOOTSTRAPPED DCO

Fig. 2 (a) and (b) illustrate the traditional and proposed
bootstrapped inverter cells of the DCO. The traditional boot-
strapped inverter can obtain an output voltage that is higher
than the supply voltage, as illustrated in Fig. 2 (a). At low
supply voltages, transistors operate in a subthreshold region.
Thus, the operating frequency and output drive of ring oscil-
lators are limited. Consequently, a bootstrapped technique
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FIGURE 2. Bootstrapped inverter cell of the DCO: (a) traditional scheme
and (b) proposed scheme.
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FIGURE 3. Operation of a bootstrapped inverter: (a) pull-down mode and
pull-up mode. (b) Simulated results of the operation of the bootstrapped
inverter (BT INV) at 0.2 V and 0.6 V.

was proposed in [2], [31], [32] to obtain a high operating
frequency and output drive capability. Depending on the
capacitor values C1 and C3, the voltage swing of the output is
from —BVpp to B2Vpp where B is the boosting factor. In the
pull-down mode, 8 can be defined as C1/(C1 +Cr), where Cr,
is the total parasitic capacitance of output (V,,,). In the pull-
up mode, g is equal to C>/(Cy + Cp) [31]. The output swing
can be higher and lower than the supply voltage (Vpp) and
ground (0 V), respectively. The bootstrapped technique used
in this study is depicted in Fig. 2 (b). Metal-insulator—metal
(MIM) capacitors are replaced by MOS varactors because
MOS varactors have a lower area cost than MIM capacitors
do. The proposed bootstrapped inverter is derived from the
one frontend inverter, as depicted in Fig. 2 (b).

Fig. 3 (a) presents the operation of the bootstrapped
inverter with MOS varactors. When the bootstrapped inverter
input varies from 0 V to Vpp, the bootstrapped inverter output
varies from 82Vpp to —BVpp, as the pull-down mode. M3,
M3 and pull-down capacitor (C1) pull down the output signal
(Vout). At the same time, MN3 and Mp; preset the pull-up
capacitor (C). Thus, V,,; can achieve a negative voltage
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TABLE 1. Performance comparison between the mim capacitor and pmos

varactor.
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FIGURE 5. Variations of the period and power with the MOS varactor size.

(—BVpp). When the bootstrapped inverter input varies from
Vbp to 0 V, the bootstrapped inverter output varies from
—BVpp to B2Vpp, as the pull-up mode. Mpy, Mp3 and C;
pull up the output signal (V,,). At the same time, Mp3
and My preset Ci. Thus, V,,; can achieve an increase in
voltage from Vpp to B2Vpp. The output voltage swing can
be from —BVpp to B2Vpp, which is useful in low-supply-
voltage designs. Fig. 3 (b) displays the simulated results for
the operation of the bootstrapped inverter at 0.2 V and 0.6 V.
At a supply voltage of 0.2 V, the output voltage range of
bootstrapped inverter is form —0.2 V to 0.4 V. At a supply
voltage of 0.6 V, the output voltage range of bootstrapped
inverter is form —0.5 Vto 1.1 V.

The seven connected circuits of PMOS varactors are
depicted in Fig. 4 (a)-(g). The four cases (in Fig. 4 (a)-(d))
are dependent on the pull-down mode of the bootstrapped
inverter depicted in Fig. 3 (a). For the same PMOS size,
the capacitor—voltage (CV) curves are depicted in Fig. 4 (h).
The input voltage (Vi,) is varied from 0 V to Vpp through
the frontend inverter. The three cases (in Fig. 4 (e)-(g))
are dependent on the pull-up mode of the bootstrapped
inverter depicted in Fig. 3 (a). For the same PMOS size,
the CV curves are depicted in Fig. 4 (i). As depicted
in Fig. 4 (a) and (g), large capacitor values are selected for
operations at boosted voltages. For noise rejection, PMOS
varactors are superior to NMOS varactors because PMOSs
with an n- well process can effectively isolate noise from the
substrate.
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Area Reduction (times)

* Boost efficiency = (Vour — Vob) / Vbp

Table 1 lists the performances of the MIM capacitors
and PMOS varactors. Under the same capacitor value and
boost efficiency, the area cost of PMOS varactors can be less
than that of MIM capacitors. In the simulation, an inverter
with a MIM capacitor or MOS varactor was used at 0.6 V.
The boost efficiencies and powers at these two conditions
were similar for the MIM capacitor and PMOS varactor.
The layout area of the MIM capacitor was 8.02 times the
size of the PMOS varactor. Fig. 5 illustrates the varia-
tion in the period and power consumption with the MOS
capacitor size. In the simulations, a five-stage ring oscillator
was used at 0.6 V. When the size of the PMOS varactor
increased, the output frequency and power consumption also
increased, as depicted in Fig. 5. However, this trend plateaued
at a certain PMOS varactor size. When the charge current
increased, the output voltage swing and loading capaci-
tance increased. Therefore, the power consumption and out-
put frequency decreased when the PMOS varactor was too
large.

Fig. 6 illustrates the leakage currents of the bootstrapped
inverter under various processes and temperatures when the
operating frequency is 20 MHz. Under the temperature vari-
ations, the maximum leakage current is in the FF corner at
120 ° C, and its value is 617 nA. The leakage current ratios
between —20°C and 120 °C are 13.4 (in the FF corner), 16.8
(in the TT corner), and 24.4 (in the SS corner) at 0.6 V.
However, the worst-case leakage current occurred at a low
supply voltage of 0.2 V. The leakage current ratios between
—20° C and 120 ° C are 21.8 (in the FF corner), 36.1 (in
the TT corner), and 55.3 (in the SS corner). Fig. 7 displays
the boost efficiency and power consumption of a five-stage
bootstrapped delay chain (five-stage bootstrapped inverters)
when the supply voltage was varied from 0.2 V to 0.6 V at
120 °. This bootstrapped delay chain with MOS varactors can
obtain the same output voltage swing as that of a traditional
scheme operated from 0.3 V to 0.6 V. For the fair condition
in the simulation, the operating frequency is defined to illus-
trate the boost efficiency and power consumption in Fig. 7.
Therefore, the leakage current was not the main factor of
power consumption. The bootstrapped inverter with MOS
varactors consumed almost the same power as a bootstrapped
inverter with MIM capacitors. This oscillator was conducted
at a high operating frequency. Thus, the dynamic power had
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FIGURE 6. Variation of the leakage currents of the bootstrapped inverter
under various processes and temperatures.
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FIGURE 7. Variations in the boost efficiency and power consumption with
the supply voltage.

a higher effect than the leakage power did. The boosting
factors of traditional and proposed bootstrapped inverters
(Bviv and Bmos) are also shown in Fig. 7. MOS varactor
has a smaller capacitance value than MIM capacitor at supply
voltage of 0.2 V. Thus, Bmos is also smaller than By at the
supply voltage of 0.2 V.

Fig. 8 presents the simulated results of the delay time (sum
of the rise time and fall time), total current and leakage current
of the bootstrapped inverter. According the reported paper
in [31], the discharge current in the proposed bootstrapped
inverter is

w 1
Ip = pCox - (B2VbD — Vin) Vo — 5(VDD>2 (1

where  and Cpy are the mobility the depletion capacitance,
respectively. W and L are width and length of MOS, respec-
tively. Vi, denotes the threshold voltage. The fall time of
bootstrapped inverter can be defined as 2.2Rp7Cr, where
Rpr is equal to Vpp/Ip and Cy, is the total parasitic capac-
itance of output. In this study, the parameter of uCpx of
NMOS is 337.5 uA/V2. The ratio of W/L, Vi and Cp, are 4,
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FIGURE 9. Proposed multiphase DCO (a) block diagram (b) 10-stage ring
oscillator with a 3-stage sub-feedback loop.

0.2 V and 10 fF, respectively. The fall time can be approx-
imate calculated. The rise time also can be calculated via
the same way. Therefore, the calculated and simulated delay
times are shown in Fig. 8. The simulated results of the total
current and leakage current are also presented in Fig. 8. Under
the supply voltage range of 0.2-0.6 V, the ratios of total
current and leakage current are around 3%. The delay times
are dependent on the supply voltage variations.

B. PROPOSED DCO WITH THE BOOTSTRAPPED AND
FORWARD INTERPOLATION TECHNIQUES

Fig. 9 (a) illustrates the block diagram of the proposed mul-
tiphase DCO. A current-mode scheme was used to tune the
operating frequency and a delta-sigma modulator (DSM) was
used to increase the resolution of the DCO. For the inverter
cell of the DCO, an interpolator scheme with a bootstrapped
technique was operated at a low supply voltage. In the for-
ward interpolator scheme, a main loop path was adopted
to create multiphase outputs and an aided path (2" loop)
was adopted to achieve high operating frequency, as depicted
in Fig. 9 (b) [13], [33]-[36]. In the stable ring oscillator,
the output phase has only one phase value. An N-stage ring
oscillator with a 3-stage sub-feedback loop scheme has three
conditions for the all possible conditions as reported in [33].
When N is equal to 3p+1, the relationship between N and the
phase angle can be expressed as follows: 6=(240°4-(120/N)).
In this study, Fig. 9 (b) presents a 10-phase oscillator with a
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FIGURE 11. Variations in the operating frequencies of the conventional
and proposed bootstrapped ring oscillators under the supply voltage.

3-stage sub-feedback loop (N = 3p + 1). The equation of the
phase position and phase angle can be expressed as follows:

P <i>= (i x ) mod 360° )

where i is a positive integer. The relationship between the
phase (0) and the phase position (P <9:0>) is defined by
Eq. (2) [34]. Fig. 10 shows the simulated results of size ratio
of main loop (10-stage ring oscillator) and 2" loop (3-stage
sub-feedback loop). The results indicate that the operating
frequency and power-delay product (FOMpgwer) vary with the
supply voltage. This simulation used a traditional inverter to
determine the optimized size design. For a fair comparison,
the total size of the main loop and 2" loop (SL) is maintained
constant. If the size ratio of the main loop and SL is too
large or small, the ring oscillator causes non-oscillation or has
the same phases (less than oscillator’s output number). Thus,
the size ratio of the main loop and SL should be designed
carefully. In Fig. 10, the optimized size ratio of the main
loop and SL is 2:1 (8:4). This size ratio also exhibits the
maximum operating frequency and minimum power-delay
product, even at a supply voltage of 0.2 V. Therefore, this
10-phase DCO achieves a maximum operating frequency as
high as an operating frequency of a 3-stage ring oscillator and
achieves a higher operating frequency [37].

Fig. 11 depicts the operating frequencies of the conven-
tional and proposed bootstrapped ring oscillators under the
supply voltage vary. A ten-stage ring oscillator and a ten-
stage bootstrapped ring oscillator with a forward interpolation
technique were used in the simulation of the traditional and
proposed schemes, respectively. The operating frequency of
the proposed ring oscillator was 27.9% and 10.5% higher
than that of the conventional scheme at 0.6 V and 0.2 V,
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respectively. Fig. 12 displays the simulated the process vari-
ations of the proposed DCO at 0.2 V and 0.6 V. The standard
deviations are 421 kHz and 12 MHz, with means of 20.3 MHz
(at 0.2 V) and 1.35 GHz (at 0.6 V), respectively, at Monte
Carlo simulations of 1000 hits. The mean frequency varia-
tions are 2% at 0.2 V and 0.8% at 0.6 V, therefore, the process
variation did not considerably affect the operation of the
device at a low supply voltage. Fig. 13 presents the simulated
results of phase noise of the traditional and proposed DCOs
at 0.2 V and 0.6 V. the proposed DCO can achieve the better
phase noise and obtain the higher operating frequency. The
integrated jitter (Int. jitter) is used to compare their jitter
performance. The offset frequency range is from 100 kHz to
10 MHz.

C. ARCHITECTURE OF THE ADPLL

Fig. 14 illustrates the block diagram of the proposed ADPLL,
which consists of a BBPD, digital loop filter (DLF), DCO,
DSM, and divider (/64). In DLFs, a retiming circuit (Z7P)
is used to isolate the glitches resulting from adders to obtain
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superior jitter performance. A larger D increases the output
jitter, as reported in [38]. Thus, the value of D was selected
as 1 in this study. When the ADPLL began its operation,
the BBPD created phase and frequency errors. The phase
and frequency errors were detected and converted to a digital
code and applied to the DLF to align the DCO and reference
frequencies. The phase error between Frgr and Fpack was
determined in the BBPD. The signal Sign determined whether
the control code of the DLF would increase or decrease.
To increase the resolution of the DCO, a three-bit DSM was
used. The DSM can improve the resolution of the DCO by
eight times. The division ratio should be determined accord-
ing to the speed of the subcircuits [2]. In this study, the output
frequency was divided by 64 and the sample clock of the DLF
was used as the reference frequency. Therefore, the clock of
the three-bit SDM should be one-eighth the output frequency.
A second-order analog PLL was used to analyze the fre-
quency response of the ADPLL [39]. A proportional—integral
scheme was used in the DLF algorithm (Fig. 14), where Kp
is a proportional item of DLF parameter and Kj is an integral
item of DLF parameter. The loop function of the ADPLL is
calculated as follows:
2nKpcoKppFrerKI
s2N
where Kpco and N denote the gains of the DCO and the
divisor of the divider, respectively; w, represents the zero
frequency, which is equal to K;Fgrer/Kp; and Kpp is the
BBPD gain, which can be defined as follows [39]:

1
Kpp =
ojV 2

where 0j is the standard deviation of the Gaussian clock jitter
(0j = RMS jier/Trer). According to the condition UG(s =
j wugBw) U = 1, the DLF parameter of Kp is calculated as
follows:

G(s) =

1+ 3)
Wy,

“

_ o ijUGBW sin(PM)
/27 Kpoc

where the phase margin of the ADPLL is tan~! (wugew/®,)
and wygew 1is the unity gain frequency for this transfer
function. Thus, the DLF parameter of K; can be expressed
as follows:

Kp &)

K
KI _ PWUGBW (6)
Frer tan(PM)

We examined the ADPLL design parameters for a voltage
supply range of 0.2 V and 0.6 V. In Table 2, the phase margin
and unity gain bandwidth values are defined assuming that
the standard deviation of the Gaussian clock jitter (o7) is 0.5%.
The DCO gains corresponded to the simulated results at 0.2 V
and 0.6 V. When the multiplication factor was 64, the output
frequencies were 20 MHz and 1 GHz at 0.2 V and 0.6 V,
respectively. The DCO ranges at 0.2 V and 0.6 V are from
14.3 to 24.6 MHz and from 933 to 1205 MHz, respectively.
Therefore, the phase margin and unity gain bandwidth were
62.64° and 18.8 kHz, respectively, at 0.2 V. The phase margin
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TABLE 2. Parameters of the ADPLL.

! Parameter | ADPLL

Supply Voltage (V) 0.6 0.2
Output Frequency (MHz) 1000 20
DCO Gain (kHz/LSB) 83.25 2.14

Reference Frequency (Hz) 15.625M 312.5k
BBPD Gain 79.78 (6A=0.005)
Divider 64
DLF Parameters Kp=2"; K=2"
Phase Margin (deg) 57.68 62.64
Unit Gain Bandwidth (kHz) 770 18.8
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FIGURE 15. Variations in the delay times of the inverter, NAND gate, NOR
gate, and XOR gate with the power supply.
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FIGURE 16. Chip photograph of the proposed ADPLL.

and unity gain bandwidth were 57.68° and 770 kHz, respec-
tively, at 0.6 V.

For operating frequency of logic gate designs, the low-
threshold voltage devices are used for low supply voltage
circuits. The threshold voltages of NMOS and PMOS are
both around 200 mV. Under the NMOS and PMOS sizes
(L/W) are 0.2um/0.1um and 0.6um/0.1um, respectively. The
NMOS and PMOS currents are 30 uA and 25 uA at 0.6 V,
respectively. The NMOS and PMOS currents are 500 nA and
300 nA at 0.2 V, respectively. Fig. 15 presents the simulated
delay times (sum of the rise time and fall time) of the inverter,
NAND, NOR, and XOR gates when the supply voltage range
is form 0.2 V to 0.6 V. For this simulation, delay chains
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FIGURE 17. Jitter performance: (a) 1160 MHz at 0.6 V, (b) 870 MHz at 0.6 V, (c) 20 MHz at 0.2 V, and (d) 16 MHz at 0.2 V.
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FIGURE 18. Jitter performance and power consumptions at (a) 0.6 V, (b) 0.5 V, (c) 0.4 V, (d) 0.3 V, (e) 0.2 V and (f) the measured performances under

supply voltage variations.

are used to measure the rise time and fall time at the input
frequency of 20 MHz. The voltage swing can be defined by
rise time and fall time. In general, the output voltage of the
logic circuit has a full swing, which is a critical factor for
digital signals. Therefore, the XOR gate can use operating
frequencies of 300 MHz at 0.2 V and 1 GHz at 0.6 V. In this
ADPLL, the operating frequencies of the digital part are less
than 312.5 kHz at 0.2 V and 18.125 MHz at 0.6 V. However,
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the delay time increases by a large value when the supply
voltage is less than 0.3 V.

IIl. IMPLEMENTATION OF AND EXPERIMENTAL RESULTS
FOR THE PROPOSED ADPLL

Fig. 16 displays the chip photograph of the proposed
ADPLL. The chip area and core area of the test chip were
390 x 468 ,bLI’n2 and 60 x 117 ,urn2, respectively, in a
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TABLE 3. Performance comparison between the proposed ADPLL and other ADPLLs.

This Work (4] (1] [40] 2] [36]
Technology (nm) 90 28 90 65 90 90
Supply Voltage (V) 06 | 02 06 | 03 052 | 052058 05 | 025 0.6
Phase Number 10 4 8 8 5 8
Operating Frequency 1160 20 617 20 120 245 480 48 1600
(MHz)
RMS Jitter (ps) 290/48% | 2095 268 11.9% 7.9 103 38
P : : : (0.55V) : :
P2P Jitter (ps) 24.78 2168 155 - 61.1 337
RMS Jitter/Period (%) 035 0.42 032 0.15 0.38 0.49 0.61
Area (mm?) 0.007 0.043 0.065 0.049 0.057 0.036
Power (uW) 912.6 2.94 669 774 37 30% 78 3 9100
Int. Jitter (ps) 48 9.45 ) 23.6 894.2
(Range) (10k-10M) (10k-100M) (10k-10M) (10k-10M)
FOMyccr (dB) -206.8 2222 220% 2236 -206.2
FOMpoyr (WW/MHz) 0.8 0.1 1.1 0.4 03 0.2 02 0.1 5.7

* at 130 MHz ; FOMir = 10log[(Int. Jitter/1s)*(Power/1mW)] ; FOMpqy= Power / Operating Frequency.
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’
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FIGURE 19. Measured and simulated results of ADPLL frequencies under
various supply voltages.

90-nm CMOS. Fig. 17(a) and (b) represents the maximum
and minimum operating frequencies and jitter histogram at
0.6 V, respectively. The power consumptions at 1160 MHz
and 870 MHz were 912.6 uW and 616.8 uW, respectively.
Fig. 17(c) and (d) represents the maximum and minimum
operating frequencies and jitter histogram at 0.2 V, respec-
tively. The power consumptions at 20 MHz and 16 MHz were
2.94 uW and 2.62 uW, respectively. Fig. 18 illustrates the
jitter performance and power consumptions of the proposed
ADPLL in the supply voltage range of 0.2-0.6 V. At the
supply voltage of 0.6 V, the maximum percentages of P2P and
RMS jitters were 2.9% and 0.35%, respectively. At the supply
voltage of 0.2 V, the maximum percentages of P2P and RMS
jitters were 4.3% and 0.42%, respectively. Fig. 18 (f) sum-
marizes the jitter and power performance for various supply
voltage. The terms FOMpower and FOMRpys are the power-
delay product and the ratio of the RMS jitter and period,
respectively. The currents of DCO and the digital part are
also displayed in Fig. 18 (f). The DCO current was majorly
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FIGURE 20. Variations in the jitter and period under the supply voltage
with the supply noise frequency.

consumed by the ADPLL and accounts for 90% of the chip’s
total current. Fig. 19 displays the measured and simulated
results for the ADPLL frequencies in the supply voltage
range of 0.2 V to 0.6 V. In the simulated results, the process
variations (the TT, FF and SS corners) for different supply
voltages were shown in Fig. 19. When the supply voltage was
0.6 V, the measured ADPLL frequency was 1160 MHz and
the ADPLL frequency in the TT corner was 1500 MHz. When
the supply voltage was 0.2 V, the measured ADPLL frequency
was 20 MHz and the ADPLL frequency in the TT corner
was 30 MHz. Thus, the measured results were approximately
0.7 times the frequencies of the TT corner.

Fig. 20 depicts the variations in the measured RMS and
P2P jitters with the supply noise frequency. The supply volt-
age of the ADPLL was mixed with a sinusoidal waveform by
using a pulse generator for verifying the performance of sup-
ply noise suppression. Under a 900-MHz output, the ADPLL
operated at 0.6 V &+ 30 mV (10%) and the additional supply
noise frequency varied from 100 kHz to 100 MHz. In the
absence of supply noise, the RMS and P2P jitters at 900 MHz
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were 0.35% and 2.46%, respectively. Under a supply noise
of 100 kHz, the RMS and P2P jitters at 900 MHz were 0.51%
and 5.13%, respectively. Under a supply noise of 100 MHz,
the RMS and P2P jitters at 900 MHz were 0.47% and 4.74%,
respectively. Fig. 21 displays the measured spectra of the
proposed ADPLL at 1 GHz, and the amplitude difference
with the reference spur is 38.44 dB. Fig. 17(b) depicts
the measured phase noise at 1 GHz. The phase noise was
82.69 dBc/Hz at a 1 MHz frequency offset. Table 3 lists the
performance of the proposed multiphase ADPLL and other
ADPLLSs presented in the literature. The prior ADPLLs can
operate at a lower supply voltage than their process supplied
the supply voltage. In addition to multiphase outputs under
an ultralow supply voltage, this PLL with the multiphase
DCO can achieve higher operating frequency than the pre-
viously presented ADPLLs. In [36], an operating frequency
of 1.6 GHz with 10 phases was achieved at 0.6 V. However,
the power consumption was 9.1mW for the sub-feedback loop
scheme. At the operating frequency of 1.1 GHz, the power
consumption of the proposed system was eight times lower
than that of the design proposed in [36]. For the integrated
jitter, the output buffer should be redesigned to archive the
stable output signals at an ultra-low supply voltage in our
work, such as that [2] adopted the bootstrapped inverters or
level shifters as output buffers. The proposed ADPLL imple-
mented in a 90-nm CMOS process can operate at frequencies
of 1160 MHz and 20 MHz at 0.6 V and 0.2 V, respectively.
The proposed design achieved a higher operating frequency
and lower operating voltage than the previously proposed
designs.

IV. CONCLUSION

A low-supply-voltage and multiphase ADPLL is proposed
in this study. A bootstrapped and interpolated ring oscillator
was used in the DCO. MOS varactors were used to save the
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area cost and replace MIM capacitors in the proposed boot-
strapped inverter. The proposed interpolated scheme achieved
a high operating frequency at a low supply voltage. The
proposed ADPLL can operate at frequencies of 1160 MHz
and 20 MHz at 0.6 V and 0.2 V, respectively. A sub-0.6 V
10-phase ADPLL was fabricated in a 90-nm CMOS process.
This ADPLL exhibited a good jitter performance, a small
area, and low power consumption and required ultralow sup-
ply voltage.
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