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SUMMARY In general, since the in-band noise of phase-locked loops
(PLLs) is mainly caused by charge pumps (CPs), large-size transistors that
occupy a large area are used to improve in-band noise of CPs. With the
high demand for low phase noise in recent high-performance communica-
tion systems, the issue of the trade-off between occupied area and noise in
conventional CPs has become significant. A noise-canceling CP circuit is
presented in this paper to mitigate the trade-off between occupied area and
noise. The proposed CP can achieve lower noise performance than conven-
tional CPs by performing additional noise cancelation. According to the
simulation results, the proposed CP can reduce the current noise to 57%
with the same occupied area, or can reduce the occupied area to 22% com-
pared with that of the conventional CPs at the same noise performance. We
fabricated a prototype of the proposed CP embedded in a 28-GHz LC-PLL
using a 16-nm FinFET process, and 1.2-dB improvement in single sideband
integrated phase noise is achieved.
key words: PLL, frequency synthesizer, phase-locked loop, charge pump,
noise-cancel, phase noise, jitter, in-band noise, occupied area

1. Introduction

Phase-locked loops (PLLs) are often used as frequency syn-
thesizers in most wireless and wireline communication sys-
tems. The phase noise of PLLs limits the signal-to-noise ra-
tio of transmitters and receivers. Recent high-performance
communication systems with multi-level modulation, such
as quadrature amplitude modulation and pulse amplitude
modulation, strongly require lower phase noise to improve
communication quality [1]–[9].

In recent years, digital PLLs have been widely used
because of their benefits, such as portability, small area, and
noise tolerance. However, analog PLLs are still an attractive
option for clock generation when lower noise is required or
when designing in older processes [32]. The in-band phase
noise of digital PLLs is usually determined by the resolu-
tion of the time-to-digital converters (TDCs) and digitally
controlled oscillators (DCOs). High-resolution TDCs and
DCOs can result in large circuits that consume a lot of power
and area. Therefore, digital PLLs have higher cost and
worse performance compared with analog PLLs when tar-
geting lower phase noise [33].

Typical analog PLLs consist of a feedback loop with
several blocks as shown in Fig. 1. Table 1 shows the transfer
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Fig. 1 PLL block diagram.

Table 1 Closed loop transfer functions for PLL blocks ( c©2020
IEEE [31]).

Fig. 2 Example of phase noise with contribution of each block.

functions and frequency response of the phase noise in each
block. The transfer functions are obtained from the linear
PLL model [10]–[12], and these transfer functions have dif-
ferent types of frequency response, including low-pass filter
(LPF), band-pass filter (BPF), and high-pass filter (HPF).
Figure 2 shows an example of the frequency response of
the phase noise in each block. The dominant components
of phase noise differ depending on the frequency region
because the frequency response of the noise transfer func-
tions differ between blocks. For example, inside the loop
bandwidth, the phase noise of voltage-controlled oscillators

Copyright c© 2021 The Institute of Electronics, Information and Communication Engineers



626
IEICE TRANS. ELECTRON., VOL.E104–C, NO.10 OCTOBER 2021

(VCOs) is not dominant since VCOs have an HPF trans-
fer characteristic, the in-band phase noise of VCOs is sup-
pressed. In contrast, the phase noise of PFD-CPs is domi-
nant inside the bandwidth, as shown in Fig. 2 [13], [14], ow-
ing to their LPF transfer characteristic.

There are methods for reducing in-band phase noise
from each block in a PLL. Reference clock noise generally
appears within several kilohertz-offset frequency, and can be
reduced by using low-noise crystal oscillators with high-Q
and enhancing the driving capability of the output buffers.
The noise of dividers can be suppressed by achieving high
slew rate using high-speed devices in advanced technolo-
gies like the FinFET process. The noise of the loop filters
is predominantly thermal noise from resistors, which can be
mitigated by adjusting the loop parameters to reduce the re-
sistances that comprise the loop filters [16]. The noise of
CPs can be reduced by increasing transistor sizes because
noise in devices such as MOSFETs can be suppressed by
using larger size devices. However, larger devices require
a larger occupied area, resulting in a higher fabrication cost
of low-noise CPs. This becomes a very serious issue when
using advanced technologies such as the FinFET process.

We propose a noise-canceling CP that suppresses the
in-band noise and reduces occupied area. This paper is or-
ganized as follows. The trade-off issues of conventional CPs
are described in Sect. 2. Section 3 introduces the design
of the proposed CP that solves the trade-off. Section 4
presents experimental results. Finally, Sect. 5 provides our
conclusions.

2. Low-Noise Design Issues for Conventional CPs

2.1 General Issues of Conventional Low-Noise CPs

In the linear PLL model, the in-band phase noise associated
with the CPs can be expressed as

LCP ∝ N2

(ICP/2π)2
, (1)

where N is the number of divisions of the PLL, and ICP is
the CP output current value [15]. This shows that the in-
band phase noise associated with CPs can be adjusted us-
ing the loop parameters. Specifically, although the in-band
noise can be reduced by using smaller N and larger ICP, this
creates undesirable requirements for other blocks. For ex-
ample, increasing ICP causes larger capacitors to be required
in the loop filters, which increases the occupied area. Sim-
ilarly, reducing N results in the need for a higher-frequency
reference clock since the output frequency of the PLL is de-
termined by the reference frequency multiplied by N, and
this results in increased power consumption. Thus, adjust-
ing loop parameters such as N or ICP to improve the in-band
phase noise results in larger occupied area or power con-
sumption. Hence, the only practical method for reducing
the in-band phase noise is to adopt large-size transistors for
CPs.

Recently, the FinFET process has been widely used to

Fig. 3 Conventional architecture of CP.

Fig. 4 Images of PFD-CP transfer curve and waveform (a) without offset
current and (b) with offset current.

design advanced transceivers for wireline and wireless com-
munication systems. When FinFETs are used, the noise per-
formance of CPs tends to be degraded compared with planer
MOSFETs [17]. FinFET gates are limited to short lengths
owing to the process integration of the high-permittivity gate
dielectric and metal gate [17]. One typical method for im-
itating a long-gate-length transistor is to use stacked short-
gate-length transistors [18]. However, the number of transis-
tors in the stack is limited due to the voltage drops from the
large source resistance of the transistors [17]. As a result,
there are limits to increasing the gate length in each transis-
tor in CPs for low-noise performance, and low-noise design
techniques for CPs are becoming more and more important
in advanced FinFET processes.

2.2 Trade-Off between Area and Noise in Conventional
CPs with Phase Offset Generator

Figure 3 shows a conventional architecture for CPs using
a linearization method. In the linearized CP, it is common
to use an offset CP current as a phase-offset generator [19]–
[22]. Figure 4 shows the injected charge versus input phase
error characteristic, and waveforms of the reference (R) and
feedback (N) clocks in the PFD and the output current ICP

of the CP. When there is almost no phase offset between the
two clocks, the PFD and CP operate in a region around the
zero-phase error called the dead zone, as shown in Fig. 4.

This dead-zone is primarily derived from the delayed
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Fig. 5 Circuit diagram of conventional CP ( c©2020 IEEE [31]).

response of the “UP” or “DN” switches and current sources
to fine phase errors. As shown in the waveforms in Fig. 4 (a),
ICP is not output properly because CP cannot adequately fol-
low the fine phase error between the reference and feedback
clocks. Consequently, PLL performances such as phase
noise and spurs are degraded because the behavior of the
PLL differs from the ideal operation due to the dead zone.

The phase-offset generator Ioffset is used to deal with
above mentioned dead-zone issue. As shown in Fig. 4 (b),
by using the phase-offset generator, the loop is locked with
a constant phase offset between the reference and feedback
clocks depending on the offset current value. Therefore, the
PFD and CP can operate in a linear region, which means that
the PFD and CP can follow fine phase errors, and the PLL
with phase-offset generator can avoid performance degrada-
tion due to the dead zone. Moreover, the phase offset gen-
erator eliminates the need to consider the current mismatch
between the up and down currents which often causes trou-
ble when the PFD and CP operate in the region around the
zero-phase error [23]–[30].

Figure 5 shows the circuit diagram of a conventional
CP with phase-offset generator. The CP has two current
sources M4 and M6 that are controlled by “UP” and “DN”
signals from the PFD, IREF is a constant current source, and
M1, M2, and M3 are current mirrors. In this circuit, a cur-
rent source M5 is added to the CP output as a phase offset
generator. Figure 6 (a), (b), and (c) show the current wave-
forms of the current pulse IUP, the constant current Ioffset,
and the CP output current ICPOUT, respectively. The pulse
width of IUP is automatically controlled by the PFD so that
the area “A” equals “B” in Fig. 6. This is because the to-
tal charge injected into the loop filter in one period is zero
when the PLL is locked [15]. The phase offset in the con-
ventional CP is realized by the offset current generator M5
in this way. The noise generated in M1 and IREF in Fig. 5
are copied to both M4 and M5 and included in IUP and Ioffset,
respectively. These noise elements in IUP and Ioffset can be
canceled, since the output charge accumulated by IUP is dis-
charged by Ioffset every cycle while the PLL is locked [15].
In contrast to IREF and M1, the noise of M2, M3, M4, and
M5 cannot be canceled, and are dominant noise elements in

Fig. 6 Current waveforms: (a) Current pulse of main CP; (b) Offset cur-
rent; (c) CP output current.

the conventional CP circuit. Incidentally, M6 is not a domi-
nant noise element because it has almost no operation while
the loop is locked with the phase offset.

In order to reduce the CP noise, the size of each tran-
sistor is determined as follows based on the above relations.
The sizes of M2, M3, M4, and M5 need to be large since
they are dominant noise sources. The size of M4 becomes
very large depending on the mirror ratio from M3, which
is usually more than 5 times, because the current value of
M3 cannot be designed so large to prevent extra power con-
sumption. Since the size of M5 is large even though it has
a small current value, the size of M6 also needs to be large.
This is because the size of M6 is more than 10 times that
of M5 depending on the current mirror ratio, because the
current value of M6 is usually designed to be more than 10
times the offset current of M5. Moreover, the current value
of M1 is usually designed to be close to M2 and M5, and
therefore, the size of M1 automatically increases to match
the size due to the mirror relation. In this way, although M1
and M6 are not dominant noise elements in the conventional
CP, their size needs to be large.

To achieve low-noise performance in conventional CPs
with a phase offset generator as shown in Fig. 5, large tran-
sistors are needed for M1, M2, M3, M4, M5, and M6. Since
many large transistors are used, a large occupied area is
needed for low noise performance, creating a trade-off be-
tween noise performance and occupied area in conventional
CPs with a phase-offset generator.

3. Circuit Design of Proposed Noise-Canceling CP

3.1 Principle of Offset Current Generation and Noise Can-
cellation in Proposed CP

We propose a novel CP circuit as shown in Fig. 7 that miti-
gates the trade-off between noise performance and occupied
area. By using the proposed CP, the noise of M2 and M3
in addition to IREF and M1 can be cancelled as described
later. A phase-offset generator using a capacitor CS is used
to flow the offset current instead of the offset current source
that is used in conventional CPs. It is necessary to repeatedly
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Fig. 7 Circuit diagram of proposed CP ( c©2020 IEEE [31]).

Fig. 8 Parts related to generating a phase offset.

charge and discharge for every period of the phase compar-
ison because current cannot flow continuously to a capaci-
tor. We use the current source M7, voltage-follower A1, and
some switches for the charge and discharge operations. The
upper- and lower-electrode voltage of CS, and the CP-output
voltage are defined as VU, VL, and VCP, respectively.

Similar to the conventional CP, the following-stage LF
is charged by the CP current Iup. After that, CS is charged
by ICHG in the proposed CP to realize the phase offset opera-
tion. Figure 8 shows the circuit diagram of the proposed CP
during a charging operation. In order to generate the phase
offset, switches S1 and S2 are turned on, and ICHG flows to
CS as shown in Fig. 8. At this time, IUP does not flow and
ICHG comes from the following-stage LF as ICPOUT. Note
that ICHG is strongly correlated with IUP because the LF is
previously charged by IUP. Figure 9 (a), (b), and (c) show the
current waveforms of the current pulse IUP in Fig. 7, the off-
set current ICHG, and CP-output current ICPOUT in Fig. 8, re-
spectively. The offset current ICHG flows and the charge cor-
responding to area “B” is stored in CS as shown in Fig. 9 (b).

Once the PLL is locked, the areas “A” and “B” in Fig. 9
are exactly the same, because the output charge accumulated
by IUP is exactly discharged by ICHG every cycle while the
PLL is locked. In other words, the time over which IUP flows
is controlled so that the areas “A” and “B” are the same by
the locked PLL. Therefore, the noise elements of IREF, M1,

Fig. 9 Current waveforms: (a) Current pulse of main CP; (b) Offset cur-
rent; (c) CP output current.

Fig. 10 Proposed CP with parts related to discharging method high-
lighted.

M2, and M3 in IUP are pulled out by ICHG, and this is the
principle of the noise cancellation in the proposed CP.

Discharging the capacitor CS is required in order to
achieve sufficient phase offset. If CS is not discharged suf-
ficiently, the offset current is small and the phase offset is
also small. The development of the discharge method is the
most significant part of the proposed CP because noise per-
formance greatly depends on the discharging method.

Figure 10 shows the proposed CP circuit during the dis-
charge operation. Figure 12 (b), (c), and (d) show the wave-
forms of ICPOUT, QS, and VCs, respectively, where QS is the
charge stored in CS, and VCs represents the voltage differ-
ence between VU and VL. It is crucial to prevent charge from
leaking from CS during this time because any leak is un-
correlated with the current mirrors and degrades the noise-
canceling effect. Therefore, the capacitor CS is controlled to
be disconnected from CPOUT except while being charged,
and the voltage follower A1 and switch S3 are used to keep
VU the same as VCP while S1 is turned off. After that, S4 is
turned on to discharge CS, and the current flows to the lower
electrode of CS from M7. As a result, VL is pulled up by
this current and QS is discharged as shown in Fig. 12 (c) and
(d).
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Fig. 11 Transistor sizes in the proposed CP.

Fig. 12 Timing diagram of the operation of the proposed circuit.

Note that the charge and discharge currents of CS orig-
inate from current sources M4 and M7, respectively, and
both current sources copy the current of M3. The common
noise elements included in the charge and discharge currents
(i.e. the noise of IREF, M1, M2, and M3) can be canceled
in the proposed CP. Thus, additional noise-canceling effects
are obtained, and the noise performance of the proposed CP
is further improved compared with conventional CPs.

3.2 Device Size Considerations of the Proposed CP

Figure 11 shows a circuit diagram of the proposed noise-

cancelling CP including the example of the transistor sizes.
First, M1, M2, and M6 can be designed small because they
are not dominant noise sources. Next, the size of M3 can
be reduced because of the additional noise-canceling effect
of the proposed CP. Finally, it is necessary to determine the
sizes of M4 and M7 carefully to be large enough depend-
ing on the target noise specifications. Thus, although many
large MOSFETs are needed in a conventional CP, the pro-
posed CP needs only two large MOSFETs and offers an area
efficient design.

In actual implementation, incomplete cancellation oc-
curs for the correlated noise contained in IUP and IDCHG.
Therefore, when this incomplete cancellation is taken into
account, extremely small transistors need to be avoided.

3.3 Detailed Circuit Operation of the Proposed CP

Figure 12 shows detailed waveforms for the proposed CP.
First, S1 and S2 are turned on and charge is drawn into CS

generating the offset current ICHG. VU rises to VCP and QS

becomes charged, as shown in Fig. 12 (c) and (d). At the
same time, S5 is also turned on and the current generated in
M7 flows to ground. Next, S1 and S3 are turned off and on,
respectively, and CS is disconnected from the node CPOUT
and connected to the voltage follower A1 to keep VU the
same as VCP before the phase comparison. After this, the
current pulse IUP is output from M4 to compensate the offset
charge. After IUP stops, S5 is turned off and switches S2 and
S4 are turned on to discharge CS by M7. VL is pulled up by
the current of M7 and QS is discharged as shown in Fig. 12.

The design consideration when controlling these
switches is to prevent unnecessary leaks from CS. There-
fore, it is necessary to control the on and off timings of the
switches so that the voltage across CS does not change. For
example, in order to maintain VU when Cs is disconnected
from CPOUT via S1, S3 needs to be turned on in conjunc-
tion with S1 being turned off. In the same way, S4 needs
to be turned on in conjunction with S2 and S5 being turned
off the moment Cs is disconnected from ground via S2 to
maintain VL to ground.

These operations are repeated every period of the phase
comparison; that is, the operation frequency of S1–S5 is the
same as the frequency of the phase comparison. Therefore,
S1–S5 need to be designed properly considering whether
they can operate at the target reference frequency, since they
may become one of the factors that limits the CP operating
speed. Although the operation speed using the proposed CP
is lower than that using the conventional CP, the proposed
CP can operate up to 500 MHz in our simulation, which is
sufficient for 100 MHz used in this work.

3.4 Simulated Results of Proposed CP

Figure 13 shows simulation results of the CP current noise
for conventional and proposed CPs. The simulation results
indicate that the in-band noise can be improved because
of the additional noise-canceling effect of the proposed CP.
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Fig. 13 Simulated CP current noise ( c©2020 IEEE [31]).

Table 2 Comparison of noise contributions ( c©2020 IEEE [31]).

These simulations were executed using periodic noise anal-
ysis under conditions equivalent to the loop being locked,
which means that the input phase error of the PFD between
the reference clock and feedback clock are set so that the
output charge equals zero. The sizes of IREF, M1, M2, M3,
M4, and M6 are the same in each CP with only the offset
generator differing for easy comparison.

Table 2 shows the noise-contribution ratio for the simu-
lation results for the conventional and proposed CPs shown
in Fig. 13. In the conventional CP, the contribution of M5
is the highest and the contributions of M4, M3, and M2
are higher, as we expected. In the proposed CP, the con-
tribution of M7 is the highest, and the contribution of M4
is the second, that is, M7 and M4 are the dominant noise
sources in the proposed CP as expected. In these simulation
circuits, IREF was designed with the approximately mini-
mum size of PMOSFET because the noise of IREF can be
canceled. However, IREF cannot be cancelled completely
in actual simulations and represents a slightly high contri-
bution in both CPs.

It is necessary to consider the noise contributions of
the additional switches and the voltage follower in the pro-
posed CP. However, these components can be designed us-
ing smaller transistors compared with the current-source

Fig. 14 Simulation results for relation between CP area and CP noise
( c©2020 IEEE [31]).

transistors in the conventional CP because of the relatively
small noise contributions of the switches and voltage fol-
lower as shown in Table 2.

Figure 14 shows simulation results for the relation be-
tween occupied area and integrated current noise for the pro-
posed and conventional CPs. These data were plotted by
sweeping the transistor sizes of the current sources in CP
and simulating the CP current noise. It can be clearly seen
that lower-noise performance can be realized with smaller
occupied areas by using the proposed CP. The proposed CP
can reduce the value of the current noise to 57% for the same
occupied area. When the same noise performance is re-
quired, the occupied area of the proposed CP can be reduced
to 22% compared with the conventional CP. Moreover, al-
though the lower limit of current noise of the conventional
CP is about 9.18 nArms, a noise current value of 8.05 nArms
can be achieved using the proposed CP with small occupied
area.

4. Experimental Results

We fabricated a prototype of the proposed CP embedded in
a 28-GHz LC-PLL using a 16-nm FinFET process. Both
conventional and proposed CPs were implemented and se-
lectable by changing the mode to evaluate the effectiveness
of the proposed CP. The frequency of the reference clock is
100 MHz. It was generated by doubling the 50-MHz fun-
damental frequency of the crystal oscillator considering the
suitability for mass production in terms of its cost and avail-
ability. The power-supply voltage of the PLL is 0.9 V. The
die micrograph is shown in Fig. 15. The fully integrated
PLL occupied an area of 280 μm × 340 μm, and the area
occupied by the CP is only 140 μm × 45 μm. In order to
achieve the same noise performance using the conventional
CP, a CP area of at least 4.5 times is required according to
estimates in Fig. 14. This difference in area occupied by the
CPs has a large impact on the area occupied by the whole
PLL.

The measured output phase noise of the PLL is shown
in Fig. 16. The red line shows the phase noise using the pro-
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Fig. 15 Die micrograph ( c©2020 IEEE [31]).

Fig. 16 Measured PLL phase noise ( c©2020 IEEE [31]).

posed CP showing that in-band phase noise is suppressed
compared with that using the conventional CP. Single side-
band integrated phase noise from 1-kHz to 40-MHz off-
set frequency is improved by 1.2 dB. The dashed line in
Fig. 16 shows the simulated phase noise of the PLL using
the proposed CP. The measured phase noise of the proposed
PLL is close to the simulation result. Figure 17 shows the
simulation results, including the breakdown of noise in the
PLLs with proposed and conventional CPs. Except for the
CPs, the other blocks are common to both PLLs. It is clear
that the improvement in the in-band phase noise is due to
the improvement in the CP noise owing to the additional
noise-canceling effect of the proposed CP. These measure-
ments were made by evaluating the PLL output signal af-
ter division by four using a Keysight E5052A signal source
analyzer.

Figure 18 shows the calculation results for the differ-
ence between the two phase noise curves in Fig. 16 in each
offset frequency. It can be seen that the phase noise is
improved in all regions inside the loop bandwidth (1.0 MHz)
with a maximum improvement value of 4.9 dB at 2.2-kHz
offset. The phase noise of the PLL using the proposed CP
is degraded in the region from 1-MHz to 3-MHz offset, it is
due to the slight difference in the loop bandwidth. The effec-
tive gain of the PFD with the conventional CP was smaller
than the proposed one because the IUP is reduced by Ioffset

Fig. 17 Simulated phase noise profile with breakdown of each block.

Fig. 18 Improvements in phase noise.

Fig. 19 Comparison of measured spurs.

during phase comparison in the conventional CP as shown
in Fig. 6 (c), but IUP is not reduced during phase comparison
in the proposed CP as shown in Fig. 9 (c). Therefore, the
loop bandwidth was a little wider in the PLL with the pro-
posed CP and phase noise is slightly degraded compared to
the PLL with the conventional CP in the region from 1-MHz
to 3-MHz offset.

We measured the spurs in order to check the effects of
the additional operations of switches in the proposed CP.
Figure 19 shows measured reference spurs of the PLL using
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Table 3 Performance summary

the conventional and proposed CPs. Since there was almost
no difference between the two lines in Fig. 19, the spurs us-
ing the proposed CP were virtually not degraded owing to
the additional switching operations. It is assumed that the
additional operations of the switches have less effect on the
spurs because the number of switches directly connected to
CPOUT is only one (S1) as shown in Fig. 7 and the current
flowing through the switch is small enough. The spurs were
caused by sharing the power supplies of the VCO, crystal
oscillator, and other PLL blocks in the prototype. The spur
at 50-MHz offset was due to the fundamental frequency of
the crystal oscillator, and other spurs such as 200-MHz, 300-
MHz, and 400-MHz offsets were primarily due to harmonic
frequencies. These measurements were made by evaluating
the PLL output signal after division by four using a Keysight
N9020A signal analyzer.

Finally, the implementation and measurement results
are summarized in Table 3. At 28-GHz output and 0.9-V
supply, the measured RMS integrated jitter of the PLL using
the conventional and proposed CPs was 848 fs at 10.0 mW
and 735 fs at 11.2 mW, respectively. The power consump-
tion of the CP increased by 1.20 mW from 0.48 mW to
1.68 mW, and the 98% of the increase was due to the
voltage-follower A1 in Fig. 7. Consequently, the FoM of
−232.2 dB was achieved with the proposed CP compared to
−231.4 dB with the conventional CP.

5. Conclusion

We proposed a noise-canceling CP circuit in this paper that
employs a capacitor CS instead of a current source to re-
alize offset phase operation in a low-noise CP. By care-
ful designing the charge and discharge methods of the CS

taking correlations into account, additional noise cancela-
tion was achieved, and the trade-off between occupied area
and noise performance was mitigated. The simulated and
measured results indicated the effectiveness of the proposed
CP. The proposed noise-canceling CP can be applied to re-

cent high-performance communication systems which re-
quire low-noise PLLs with small occupied area. In partic-
ular, it is effective when high-cost advanced technologies
such as FinFET process are used.
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