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Abstract—We present a fully integrated Phase Locked Loop in
an advanced 45nm CMOS technology. The loop filter is
integrated on chip under the voltage-controlled oscillator
inductor, resulting in significant area savings. The whole PLL
measures only 280um by 150um. The PLL has a dual-band
output for 2-2.5GHz and 4-5GHz. The circuit operates from a
0.85V supply and consumes 15.3mW for a -120dBc/Hz phase
noise at a 1MHz offset from a 2.0 to 2.5GHz carrier.

I. INTRODUCTION
Phase locked loops (PLLs) are essential building blocks
for almost all integrated circuits; they are used for clock
generation on digital ICs, for clock recovery in I/O circuits
and for carrier frequency synthesis in wireless transceivers.
As CMOS technologies continue to scale to smaller
feature sizes, the integration of analog and RF integrated
circuits becomes progressively challenging. Reliability as
well as power density reduction requirements have resulted in
significantly lower supply voltages down to sub-1-V supplies,
e.g., 0.9V for 45nm GP technologies. Supply scaling poses
significant challenges for the design of high performance
analog and RF circuits. Additionally, the area of digital
integrated circuits scales down quadratically with feature size
reduction, whereas the size of passive components does not
scale significantly. Every introduction of a new technology
generation raises questions about the feasibility and/or the
performance of analog and RF circuits
In this paper we investigate the design of a fully integrated
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PLL for frequency synthesis in wireless applications in an
advanced 45nm CMOS technology. All-digital PLLs have
been introduced (see e.g., [1][2]) since they offer better
compatibility to scaling, however, for wireless applications
they still rely on LC-based oscillators to meet stringent phase
noise and spur specifications [1]. We demonstrate that a very
compact analog PLL design, comparable in size to a digital
PLL and compatible with WLAN requirements, can be
realized by the use of special design and layout techniques that
allow the stacked integration of the PLL filter and the planar
inductor of the on-chip voltage-controlled (VCO) oscillator.
The VCO design further accommodates the low voltage
requirements of deeply scaled CMOS.
II. PLL DESIGN
The block diagram of the PLL synthesizer is shown in
Figure 1. The VCO oscillates between 8 and 10GHz and is
locked to a 40MHz external reference. Scaling to smaller
feature sizes allows the operation of the VCO and divider
circuits at higher frequencies. This not only allows the easy
generation of LO signals for multiple bands, it further allows
the use of smaller on-chip planar inductors for the VCO to
save area (see next section).
The VCO signal is buffered and drives a fixed divide-by-2
in the loop which has an output frequency between 4 and
5GHz. The programmable divider divides the signal further
down to the reference frequency and feeds it back to the tristate phase/frequency detector (PFD). The input of an

Block diagram of the phase locked loop test chip.
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additional divide-by-2 can be connected to the VCO buffer
output or the fixed divide-by-2 in the loop and generates
quadrature local oscillator output signals between 4 and
5.2GHz or between 2 and 2.6GHz.
The programmable divider is a truly modular design
consisting of a cascade of six divide-by-2/3 dividers [3]. The
fixed divide-by-2 and the first four divide-by-2/3 dividers in
the programmable divider are implemented with custom
pseudo-differential CMOS logic cells using poly load resistors
for higher speed and lower power performance. The last two
divide-by-2/3 stages in the programmable divider, as well as
the phase frequency detector (PFD), are implemented with
standard CMOS logic gates. The PFD is a regular tri-state
design with a lock detector. The charge pump is implemented
with source switched PMOS and NMOS current sources.
The size and performance of the digital blocks such as the
dividers and the PFD scale well with feature size and occupy
only a small fraction of the overall area. The current design is
an integer-N topology but the addition of a sigma-delta
converter to convert the PLL into a fractional-N synthesizer
will only incur a negligible area and power increase. These
additional circuits similarly benefit significantly from
transistor size scaling. We have focused our attention towards
the scalability of the analog and RF blocks of the PLL. The
significant area of the passive on-chip loop filter components
and of the VCO inductor, as well as, the reduced supply
voltage operation, have been identified as the major
challenges.

Figure 2

Schematic of the top-biased VCO.

III. VCO DESIGN
Deeply scaled transistors are more sensitive to reliability
issues and can only operate under progressively smaller
supply voltages. In a 45nm technology, the devices are
designed for a nominal supply voltage below 0.9V for a GP
technology and 1.1V for an LP technology [4]. Device
reliability and performance degradation often depends
exponentially on the applied gate voltage and over-voltage
stress needs to be avoided to prevent degradation of the device
characteristics or noise performance [5].
The VCO phase noise performance typically improves for
larger voltage swings across the LC resonator (see e.g., [6])
and in many VCO topologies the gate voltage of the active

devices is allowed to go beyond the supply voltage. In this
work in 45nm LP CMOS, we have used a top-biased VCO
topology with an NMOS cross-coupled switching pair, shown
in Figure 2. The VCO is operated from a 0.85-V supply and
through proper sizing of the NMOS switching pair and the
biasing current, the common-mode level of the LC tank was
designed to be around 0.6V, such that the transistors of the
cross-coupled switching pair are not over-stressed even when
the tank operates with voltage limited swings (~1.1VPP). The
VCO uses differential switchable metal-oxide-metal (MOM)
capacitors to provide discrete sub-band switching across the
entire frequency range, and the continuous tuning is
implemented with an NMOS inversion-mode varactor.
Technology scaling and faster transistor operation allows
moving the VCO frequency towards a higher frequency. This
enables the use of smaller inductors and thus a reduction of the
circuit area. The quality factor of the inductive part of the
impedance of an on-chip planar inductor is typically
comparable, or even better for higher frequency designs.
However, the quality factor of the capacitive part of the
impedance, due to the capacitance between the planar inductor
and the substrate, degrades when moving to higher
frequencies. Therefore the use of a patterned ground shield
[7] is desirable. In the next section we will demonstrate that
the loop filter capacitors can be stacked under the inductor,
thereby saving area, while at the same time improving the LC
tank quality factor.
IV. DESIGN AND LAYOUT OF THE STACKED LOOP FILTERRESONATOR STRUCTURE
As shown in the PLL block diagram of Figure 1 the onchip loop filter requires several grounded capacitors that can
be implemented with NMOS capacitors. Capacitor C2 in
series with resistor R2 is by far the largest component. MOM
capacitors are not area-efficient for such large value
capacitance. In the 2nd order loop filter configuration, C2 does
not need to have a high quality factor since it is in series with
resistor R2. We can thus use MOS capacitors which offer a
much higher capacitance density but with a limited quality
factor. We found that the reference spur performance of the
PLL was limited by charge pump mismatches or charge pump
to VCO power supply cross talk, and was not affected by the
gate leakage of the loop filter MOS capacitors.
To save area it is desirable to lay out MOS capacitor C2
under the on-chip inductor for the VCO. The layout and
electrical equivalent model of the stacked MOS capacitorinductor are shown in Figure 3. The NMOS inversion
capacitor is sliced into L-shaped stripes so that magnetically
induced eddy currents can be avoided [7][8]. The top plate of
the capacitor is formed by the poly gates of the NMOS
transistors that are laid out as a patterned ground shield for the
inductor. The bottom plate of the capacitor is the inversion
layer that is connected to the drain and source terminals,
which are shorted to ground. The source and drains of
neighboring stripes are laid out separately and only connected
at the center of the capacitor so that no eddy currents can flow
in the bottom plate.
Figure 3 also shows a lumped electrical equivalent model
for the stacked MOS capacitor-inductor structure.
Traditionally a patterned ground shield is grounded, however,
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Figure 3

[Left] (Simplified) Layout of the stacked NMOS-loop-filter capacitor and VCO inductor and [Right] electrical equivalent model

to maintain the NMOS capacitor inverted, a DC bias needs to
be applied to the gates of the NMOS capacitors. Even though
the patterned ground shield is not shorted to ground anymore,
it still improves the quality factor of the capacitive part of the
inductor, especially when the inductor is driven differentially.
Under differential drive, the differential capacitive currents
through Cox will return through the poly gate and avoid the
high losses in the substrate due to RSUB. Our VCO uses a
differential topology, and thus benefits from the presence of
the NMOS capacitor poly gate shield. Figure 4 shows the
results of an electro-magnetic simulation comparing the
quality factor of an inductor without components underneath
(‘no shield’), and with a stacked MOS capacitor with a
grounded gate (‘grounded shield’) or with a floating gate
(‘floating shield’) when measured in a balanced or unbalanced
configuration. We note indeed an improvement of the
balanced quality factor with a MOS cap underneath compared
to a bare inductor. All metal and poly wiring was included in
the simulation. The source and drain N+ regions were not
included but can be neglected since their resistivity is much
large than the metal runners on top [8]. A simulation with the
poly gates replaced by metal showed a negligible change in
the losses and the effect of the losses in the MOS channel is
thus assumed to be negligible.

V. EXPERIMENTAL RESULTS
A test chip was fabricated in an advanced LP 45nm CMOS
technology from ST Microelectronics. The chip layout plot is
shown in Figure 5. Thanks to the stacked loop filter-inductor
layout the fully integrated PLL only occupies a very small
area of 280!mx150!m or 0.042mm2. The dividers, CFP, and
charge pump occupy a very small area, and it is clear that the
addition of additional digital functionality can be done without
significant area increase.

Figure 5

Figure 4

Electromagnetic simulation of the on-chip inductor with stacked
MOS capacitors underneath.

Composit layout plot and die photo of the fully integrated PLL in
45nm CMOS

The chips were packaged in a 64-pin QFN package and
mounted on a PCB for testing. Due to package and board
parasitics, a good output match for the output buffer could
only be attained for the 2.0 to 2.5GHz band and measurements
will only be reported for that band.
The chip operates with a nominal 0.85V supply and the
VCO consumes 5mA, the synthesizer 13mA and the I/Q
gneration divide-by-2 and the output buffer 3mA. Figure 6
shows the measured phase noise at various offset frequencies
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when the carrier is swept across the synthesizable range. A
phase noise better than -120dBc/Hz at a 1MHz offset
frequency is maintained across a range from 2.0GHz to
2.6GHz. The corresponding figure of merit for the VCO* at
the center of the band is 182dBc/Hz. The 40MHz reference
spurs were at -52dBc. Figure 7 shows the measured phase
noise spectrum of the PLL for various output frequencies
across the output frequency range. The PLL has a bandwidth
of about 100kHz. The integrated phase error from 1kHz to
10MHz is 2.2degRMS. Some noise peaking is observed at the
PLL filter cut-off frequency. This peaking is most likely due
to deviations in the loop filter component values. The PLL
had also a few small gaps in the output frequency range
coverage due to variations in the MOS varactor and MOM
capacitor values in the VCO. This chip was designed with a
preliminary version of the device models and the design kit
and so that deviations between the designed performance and
obtained results is to be expected. These issues can easily be
addressed in a redesign.

operates at two or four times the output frequency to enable
scaling of the VCO inductor size and enable quadrature output
generation with dividers. The VCO topology is further
optimized to avoid gate oxide stress in the active VCO
devices. The PLL operates from a low 0.85V supply and
offers low noise and lower power operation.

Figure 7

Measured phase noise spectrum for various PLL output
frequencies.
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