
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS�II: EXPRESS BRIEFS, VOL. 56, NO. 7, JULY 2009 525

A Leakage-Compensated PLL in
65-nm CMOS Technology

Chao-Ching Hung, Student Member, IEEE, and Shen-Iuan Liu, Senior Member, IEEE

Abstract�A leakage compensation technique is presented to
compensate the on-chip loop �lter leakage for phase-locked loops
in 65-nm complementary metal�oxide�semiconductor technology.
Using the leakage compensation technique, the measured root-
mean-square jitter is reduced to 3.10 ps when the output frequency
is 950 MHz. This chip consumes 10 mW, and the active area is
0.14 mm2.

Index Terms�Leakage compensation, nanoscale CMOS,
phase-locked loop.

I. INTRODUCTION

PHASE-LOCKED loops (PLLs) are widely employed in
wireline and wireless communication systems, such as

clock generators, frequency synthesizers, and clock/data recov-
ery. A fully integrated PLL usually requires a passive loop �lter,
which may occupy a large active area. The MOS capacitor
is preferred to serve as a loop �lter because of its larger
capacitance density and lower cost. Unfortunately, the leakage
current becomes signi�cant, owing to the thinner gate oxide
[1]�[3] in nanoscale CMOS technology.

For the digital circuits, the leakage current may result in
high standby power consumption. However, for analog and
mixed-signal circuits, it severely degrades the performance. For
a phase-frequency detector (PFD) and a divider, the leakage
current increases the noises and the extra power consumption.
In a voltage-controlled oscillator (VCO), the leakage current
will make the common-mode voltage vary [4]. It may lead
a VCO not to operate at a low frequency [4]. In a charge
pump (CP) and a loop �lter, the leakage current may charge
or discharge the loop �lter while the CP is off. To consider
leakage current Ileak in the loop �lter, the phase error of a PLL
is expressed as

�e =
Ileak • 2�

Icp
(1)

where Icp is the CP current. According to (1), voltage ripple Vr
on the control voltage is given as

Vr =
Icp • �e

C1
•
Tref

2�
(2)
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Fig. 1. Leakage-compensated PLL.

where Tref is the period of the reference clock. The leakage cur-
rent in the loop �lter results in the voltage ripple on the control
voltage. It will degrade the jitter or phase noise performance in
a PLL. In the worst case, it may make the PLL unlocked.

An analog leakage compensation technique for a PLL has
been presented in [5]. Once the MOS capacitor suffers from
a leakage current, the operational ampli�er provides a compen-
sated current to stabilize the control voltage. This method works
well in a 0.13-µm process, because the order of the leakage
current is about 10 nA. However, according to the simulation
results, with a p-channel MOS (PMOS) capacitor of 200 pF in
65-nm CMOS technology, whose size is 650 µm by 20 µm, the
leakage current is up to 1.2 mA when the source-to-gate voltage
is equal to 1.2 V. An operational ampli�er must have high
current-driving capability, which is not practical in nanoscale
CMOS technology. Another leakage-suppression technique [6]
is presented by adopting the digitally controlled VCO with
multiple transfer curves. However, �nite transfer curves may
limit the suppression accuracy.

In this brief, a leakage compensation technique for PLLs is
presented. It compensates the leakage current of the PMOS
capacitor in a PLL using that of n-channel MOS (NMOS)
capacitors. This leakage compensation technique consumes low
power and reduces the jitter of a PLL. This brief is organized
as follows: Section II introduces this leakage compensation
technique. Section III describes the performance analysis and
design considerations of this technique. The experimental re-
sults are given in Section IV, and the conclusion is given in
Section V.

II. CIRCUIT DESCRIPTION

To compensate the leakage currents of the PMOS capacitor
and the CP, a leakage-compensated PLL is shown in Fig. 1.
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It is composed of a PFD, a CP, a second-order loop �lter, a
VCO, a frequency divider, and a leakage compensation circuit.
This leakage compensation circuit is composed of two parts:
1) coarse tuning and 2) �ne tuning. The coarse-tuning circuit
adopts the self-compensation technique for the sake of wide-
range compensation. When this PLL is locked, the signal
�Enable� is generated by a lock detector, which is not shown
here. Then, the �ne-tuning circuit is active and utilizes the
leakage currents of the switched NMOS capacitors to further
suppress the residual leakage current. The detailed circuits for
the PLL and the leakage compensation circuit will be discussed
as follows:

A. Coarse-Tuning Circuit

In the coarse-tuning circuit of Fig. 1, CS,rep_1 is the �rst
replica capacitor, and its size is 1/50 that of CS in the loop �lter.
Therefore, the leakage current of CS is nearly 50 times that of
CS,rep_1. The size ratio of Mg1, Mg2, and Mg3 is chosen as
1 : 50 : 1. As a result, the drain current of Mg2 is expected to
cancel the leakage current of CS . However, due to the process
and temperature variations, the residual leakage current always
exits. The leakage currents of the n-type varactors in the replica
switched-capacitor array (SCA) are used to compensate this
residual leakage current Ires. After the compensation by the
coarse-tuning circuit, the residual leakage current is expected
to be less than 20 µA. To compensate the residual leakage
current, a main SCA is adopted, which is composed of MOS
capacitors Cmk, where index k = 1 � 10, and switches. These
capacitors are realized by several unit MOS capacitors. For
example, Cm4 is realized by eight unit capacitors in parallel.
The size of the unit capacitor is 0.69 µm by 2 µm. This main
SCA is controlled by the �ne-tuning circuit. Mg3 and Mg1 copy
this replica leakage current Icoarse into the �ne controller for
further compensation.

When the ratio between CS,rep_1 and CS is larger than 50,
the accuracy of the current mirror (Mg1,Mg2) will degrade. On
the other hand, when the ratio between CS,rep_1 and CS is less
than 50, the capacitances in the main and replica SCAs increase.
To compromise the preceding problems, the ratio is chosen as
50. Note that the leakage compensation circuit will contribute
the in-band noise of this PLL to degrade the resulting jitter.

B. Fine-Tuning Circuit

The �ne-tuning circuit is shown in Fig. 2. CS,rep_2 is the
second replica capacitor, and its size is also 1/50 that of CS in
the loop �lter. A replica SCA is also adopted, and the sizes of
all its capacitors are chosen to be 1/50 those of the capacitors
in the main SCA, respectively, i.e., Crk = Cmk/50, where k =
1 � 10. The current difference between the leakage current of
CS,rep_2 and Icoarse coming from the coarse-tuning circuit is
proportional to the residual leakage current.

The initial state of the 10-bit successive approximation reg-
ister (SAR) [7] is set as (B10, . . . , B1) = (1, 0, . . . , 0), where
B10 is the most signi�cant bit and B1 is the least signi�cant
bit. Its timing diagram is shown in Fig. 3. Assuming that the
leakage current of CS,rep_2 is larger than the current summation

Fig. 2. Fine-tuning circuit.

Fig. 3. Timing diagram for the �ne-tuning circuit.

Fig. 4. Pulse generator to realize the reset signal.

of the replica SCA and Icoarse, V�ne is charged, and its voltage
rises with time. Then, the comparator detects the polarity of
the voltage difference �V = V�ne � Vcoarse,b, where Vcoarse,b
is the buffered voltage of Vcoarse from capacitor CS of the loop
�lter. If �V is positive, the SAR turns on the NMOS capacitors
in the replica SCA to sequentially decrease V�ne. If �V is neg-
ative, the SAR turns off some NMOS capacitors in the replica
SCA to increase V�ne. The outputs of the SAR control both the
main and replica SCAs. This technique is limited by the offset
of the comparator, which will be addressed in the next section.

To eliminate the memory, V�ne has to be reset for each
comparison. The �reset� signal is realized by a pulse generator
in Fig. 4. The pulse duration of this �reset� signal depends on
the required time to discharge V�ne and is determined by the
total delay times of the inverter, a buffer, and the D �ip-�op in
Fig. 4.

C. PLL

The VCO in this PLL is shown in Fig. 5 and composed
of three differential delay stages. It is a differential pair with
the cross-coupled load and voltage-controlled resistors. The
programmable divider is composed of �ve divide-by-2/3 cells
[8]. The division ratio ranges from 32 to 63. The PFD and CP
in [9] are adopted. The nominal CP current is 100 µA in this
work. The parameters for this PLL are listed in Table I, and
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Fig. 5. VCO in this PLL.

TABLE I
PARAMETERS FOR THE LEAKAGE-COMPENSATED PLL

the PLL is designed to have a phase margin of 56� and a loop
bandwidth of 2.1 MHz. The frequency of the reference clock is
25 MHz.

The comparator [10] in the �ne-tuning circuit is realized by
a source-coupled differential pair with a positive feedback to
achieve high gain. The input offset of this comparator is kept as
small as possible using the long-channel input transistors and a
careful layout technique.

III. DESIGN CONSIDERATIONS

The number of bits in the main and replica SCAs and the
offset voltage of the comparator in the �ne tuning limit the �nal
compensation performance. The clock of the SAR should be
low enough to guarantee the phase settling of the PLL during
switching of the NMOS capacitors. Since the NMOS capacitors
are switched, it may result in variations of the loop bandwidth
and settling time of the PLL. These design considerations will
be discussed, and some simulation results are also presented.

A. Number of Bits in the Main and Replica SCAs

Our goal is to have the phase error caused by the leakage cur-
rent less than 0.001Tref . For (1), the expected leakage current
has to be less than 100 nA in the main SCA for the CP current
of 100 µA. Assume that the NMOS capacitors in the main and
replica SCAs are binary weighted. Since the residual leakage
current Ires is expected to be less than 20 µA, the required
number of bits in the main and replica SCAs should satisfy the
following inequality:

2Nb >
Ires

Imin
(3)

where Nb denotes the number of bits in the main and replica
SCAs and the SAR. Finally, based on (3), Nb = 10 is chosen in
this brief.

B. Clock of the SAR

The 10-bit SAR controller in [8] and [11] is adopted as shown
in Fig. 1. Assume that the PLL is locked in the beginning.
Hereinafter, when the SAR is turned on or off, the PLL will
perform phase acquisition again. The controlled voltage in the
loop �lter may have a large perturbation during the phase
acquisition. If the SAR loads the result before the PLL becomes
stable, a wrong detection occurs. Therefore, the clock period
of the SAR should be larger than the acquisition time of the
PLL [11]. From Table I, the simulated locked time of this PLL
is about 12.875 µs. Thus, the reference clock of 25 MHz is
divided by 512 to have a clock period of 20.48 µs for the SAR in
this work.

C. Offset Voltage of the Comparator

For the �ne-tuning circuit, voltage V�ne is integrated for a
clock period (TSAR = 20.48 µs) of the SAR by the replica
minimum leakage. Voltage V�ne should be larger than the offset
voltage of the comparator, as given by

Imin
50 • TSAR

Cs
50

> Vo�set. (4)

For the expected minimum leakage current of 100 nA in the
main SCA and a Cs of 200 pF, the offset voltage of the
comparator should be less than 10 mV.

D. Variation in the Loop Filter

When the main SCA is switched, the equivalent capacitance
on Vcoarse also varies. Therefore, the critical loop characteris-
tics of this PLL should be considered, such as the phase margin
and the locked time.

For a PLL, its open-loop transfer function G(s) with the
second loop �lter is given as [11], [12]

G(s)|s=j•� =
�Icp • Kvco • (j • � • T2 + 1)
�2 • Cs • N • (j • � • T1 + 1)

•
T1

T2
(5)

where N is the divider�s ratio, T1 = Rs • ((Cs • Cp)/(Cs +
Cp)), and T2 = Rs • Cs [11]. Phase margin �margin(�) is
given as

�margin(�cut_o�)=tan�1(�cut_o� •T2) � tan�1(�cut_o� •T1)
(6)

where �cut_o� = 2� • 2.1 MHz in this work. Since the equiv-
alent capacitance on Vcoarse is altered, the phase margin of
(6) should be large enough to guarantee the stability of this
PLL. Fig. 6 shows the simulation results for the phase margin
due to variations of Cs. The original phase margin is 56.133�.
When the main SCA produces the capacitance variation of 3 pF,
the maximal deviation of the phase margin is only 0.1%. The
stability of this PLL can be guaranteed.

This capacitance deviation in the main SCA also affects the
locked time of this PLL. The closed-loop phase error transfer
function He(s) is derived in [11]. Taking our parameters into
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Fig. 6. Simulated locked time and phase margin for different capacitances on
Vcoarse.

Fig. 7. Die photo.

that equation, the simulation results for the locked time accord-
ing to the variations of Cs are also shown in Fig. 6. The original
locked time is 12.875 µs. When the main SCA produces the
capacitance variation of 3 pF, the maximal deviation of the
locked time is only 3%.

IV. EXPERIMENTAL RESULT

This PLL with the leakage compensation circuit has been
fabricated in a 65-nm CMOS process. Its die photo is shown
in Fig. 7. The simulated and measured transfer curves of the
VCO are shown in Fig. 8. The measured frequency range of this
VCO is 874�1135 MHz. When both the coarse- and �ne-tuning
circuits are active, the measured output spectrum of this PLL
is shown in Fig. 9(a). The measured reference spur is less than
�58.82 dBc. The measured phase noise is shown in Fig. 9(b).
The measured phase noise is �101.87 dBc/Hz for the offset
frequency of 1 MHz. The undesired low-frequency spurs in
Fig. 9(b) may be generated by the clock of the SAR and its
harmonics and the noises from the power supply.

When the coarse- and �ne-tuning circuits are turned off,
this PLL cannot lock. When only the coarse-tuning circuit is
active, the PLL has a very poor jitter performance, as shown
in Fig. 10(a). The measured rms jitter and peak-to-peak jitter is
32.68 and 133.3 ps, respectively. Fig. 10(b) shows the measured

Fig. 8. Measured transfer curve of the VCO.

Fig. 9. (a) Measured output spectrum of the PLL. (b) Measured phase noise
of the PLL.

jitter performance, with both the coarse- and �ne-tuning circuits
active. The rms jitter and peak-to-peak jitter are decreased to
3.10 and 27.6 ps, respectively.

Table II gives the performance summary of this PLL. The
area of the leakage compensation circuit is about half of
the total active area. The power consumed by the leakage
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