A 9.1-12.7 GHz VCO in 28nm CMOS with a
Bottom-Pinning Bias Technique for Digital Varactor
Stress Reduction
Benjamin Hershberg, Kuba Raczkowski, Kristof Vaesen, Jan Craninckx
imec, Leuven, Belgium

Abstract— A wide tuning range class-B VCO in 28nm CMOS
targeted for software deﬁned radio applications demonstrates
a technique for minimizing device stress while simultaneously
optimizing off-state Q in digitally switched tank capacitor cells.
The proposed digital varactor structure can be implemented
using only capacitors and NMOS transistors, resulting in a very
compact layout. The VCO operates between 9.1 - 12.7 GHz,
achieving a tuning range of 32% and phase noise of -163.2 dBc/Hz
at 20 MHz offset referred to a 915 MHz carrier while consuming
9.5 mW for a FoM of -187 dBc/Hz.
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I. I NTRODUCTION
A core feature of CMOS technology scaling is the progressive reduction in the on-resistance of a minimum length
transistor when operated as a digital switch. In the design of
a wide tuning range VCO, where the parasitic capacitance of
large switches limits the fundamental tradeoff between a tank
capacitor’s Q and tuning range, this represents an opportunity
to leverage the latest CMOS technologies. However, until
now it has not been possible to take full advantage of this
scaling trend with existing techniques. For the conventional
switched capacitor cell of Figure 1, whose core functionality
is found almost universally in wide tuning range VCOs [1]–
[3], a number of stress rules will be violated when native
thin-oxide devices are used, especially in the off-state. In this
paper, we examine an alternate digital varactor cell approach
that does not suffer from these limitations (Figure 2).
The crux of the problem is illustrated by the transient
waveform and amplitude growth plots of Figure 3. When
EN = 0, the peak voltage at VA and VB will always exceed
VDD in the conventional structure of Figure 1. Although
some amount of peaking above the native VDD of the given
technology does not signiﬁcantly reduce device lifetime (since
the channel of MSW conducts no current in the off-state),
oxide stress and impact ionization at the source/drain overlap
regions still impose a fundamental upper limit on the allowable
voltage swing. Although this practical constraint is not always
properly addressed in experimental VCO designs (and the
associated penalties avoided), for industrial designs thickoxide transistors typically must be used [2]. Unfortunately,
the use of such thick oxide devices results in greater parasitic
capacitance and negates much of the potential performance
advantage of scaling down into nanoscale CMOS mentioned
earlier. In this paper, a simple and broadly applicable solution
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Fig. 1: The conventional digital varactor unit cell structure
used in many wide tuning-range VCOs [1].
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Fig. 2: Proposed digital varactor unit cell.

to this problem is proposed. We present a class-B VCO
utilizing a compact NMOS-only capacitor cell that reduces
device stress to an absolute minimum while simultaneously
optimizing the off-state Q.
II. C APACITOR C ELL WITH B OTTOM -P INNING B IAS
The proposed tank capacitor cell is shown in Figure 2.
When EN = 1, the operation is identical to the conventional
structure of Figure 1. The switch MSW differentially shorts
nodes VA and VB together and the linear capacitors CU add
to the overall tank capacitance of the VCO. The DC voltage
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Fig. 3: Comparison of node VA ’s behavior for the conventional and proposed structures: (a) transient waveform and (b) peak
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at VA and VB is forced to VSS by MP D , and ensures the
maximum conductance of MSW .
When EN = 0, switch MSW is open and VA and VB
appear as high impedance ﬂoating nodes at the frequency of
oscillation. In this off-state the capacitors CU do not contribute
to the overall VCO tank capacitance, except for parasitics. A
slightly attenuated replica of the VCO’s output waveform will
thus be present at VA and VB . The instantaneous voltage of this
ﬂoating waveform must never dip far below VSS , otherwise
the channel of MSW would begin to conduct and degrade the
Q of the cell. A conventional cell such as Figure 1 avoids this
problem by using a high-ohmic connection (RS ) to set the DC
level, typically to VDD .
However, when we consider this minimum-voltage constraint alongside device stress constraints, it is clear that device
stress will be minimized when the minimum voltage of the
ﬂoating waveforms at VA and VB are held at VSS , regardless
of the amplitude. The transistors MP IN of Figure 2 provide
this bottom-pinning functionality. They act as ﬂoating source-
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followers and force the minimum voltage of the waveform
(VM IN ) to a ﬁxed value equal to VBIAS - VT N . The theory
of operation can be understood by considering two possible
initial conditions. In one case, when VM IN < VBIAS − VT N ,
MP IN will conduct at the bottom of the waveform and inject
some charge from VDD into the ﬂoating node. This will
progressively raise the DC level of the ﬂoating node by some
amount each period until VM IN = VBIAS − VT N . In the other
scenario, where initially VM IN > VBIAS − VT N , parasitic
conduction paths at the ﬂoating node will naturally discharge
the DC level until it halts at VM IN = VBIAS −VT N as MP IN
begins to conduct.
Figure 3b provides a comparison of the off-state peakvoltage growth versus oscillation amplitude of the proposed
and conventional cells. The proposed cell provides a large
region of operation in which VDD is never exceeded for
small to moderate oscillation amplitudes, and then optimally
minimizes stress as the amplitude grows larger. By contrast,
the conventional cell exceeds the native VDD for any signal
amplitude, and generates comparatively more stress for all
practical amplitudes.
Up to this point, we have considered a transistor with a
sharp cutoff at VGS = VT N . In reality, the value of VM IN
will be the voltage for which the DC current entering and
exiting the ﬂoating node is equal. Speciﬁcally, the current
ﬂowing from VDD into the ﬂoating node through MP IN
must equal the sum of all parasitic leakage currents ﬂowing
out of the node. It is thus unavoidable that MP IN conduct
slightly. This highlights another key advantage: at steadystate, the average conductance of MP IN is the exact value
required to counterbalance all leakage. The result is that this
structure naturally produces the highest off-state Q possible.
By contrast, the series resistance RS of Figure 1 must be
chosen to ensure stable operation under worst-case leakage
conditions (high-swing), which will result in a sub-optimal
Q for normal leakage conditions (moderate-swing). Layout
area tradeoffs further constrain the design of RS . In nanoscale
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CMOS this leakage issue is particularly relevant; the reversebias breakdown voltage of the intrinsic source-bulk and drainbulk junction diodes can be as little as 1.8 V for some
transistor options in 28nm CMOS, and leakage current can
be on the order of several micro-amps even at 1.5 V.
A comparison of capacitor cell Q using practical design
values is plotted in Figure 4 for the unit capacitor cell
illustrated in Figure 5. An off-state Q ≥ 50 is targeted for this
design. This is achieved in the conventional Figure 1 structure
by choosing RS to be 250 kΩ, which results in a peak offstate Q of 53 for the unit cell. In addition to the area penalty
required to implement such large resistors, it also places a
tight constraint on the amount of leakage current that can be
tolerated. For example, just 2 μA of leakage current would
shift the common-mode voltage down by 500 mV, causing
any VCO amplitude greater than 400 mV to allow MSW
to accidentally conduct and signiﬁcantly degrade the tank Q
(assuming VDD = 900 mV).
By contrast, the bottom-pinning transistors of Figure 2
adaptively control the channel resistance in order to counterbalance leakage; even if leakage degrades Q, the greater threat
of MSW conducting will still be avoided. It is for this reason
that the slopes of the Q curves in Figure 4 under high swing
conditions differ. The conventional cell has a steep Q roll-off
beginning at about 1.5 V due to leakage induced commonmode droop that leads to MSW to conduction. The proposed
cell has a more gradual Q roll-off due to the unavoidable
but increasingly large leakage currents under high-swing conditions. The pinning transistors cancel out this leakage and
prevent MSW from conducting.
For on-state operation, the size of MSW in Figure 2 was
chosen to provide a total VCO tuning range of at least 30%.
The simulated on-state Q is 43 for both cells (shown in
Figure 4), and reduces to 36 in post-layout extraction, with
an extracted CON /COF F ratio of 3.1.
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Fig. 5: Class-B VCO (left) and layout ﬂoor plan of the NMOSonly digital varactor unit cell (right).
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Fig. 6: Measured performance for high efﬁciency and low
phase noise modes of operation.

III. C LASS -B VCO I MPLEMENTATION
The well-known class-B VCO architecture of Fig. 3 is
implemented in a 28nm CMOS technology. Although classC and class-D VCOs provide higher theoretical efﬁciencies,
the simplicity and robustness of class-B provides a good test
bench for characterizing the proposed cell [3], [4]. A digital
varactor utilizing ultra-low VT thin oxide transistors provides
6-bit digital coarse frequency tuning, and an analog varactor
provides ﬁne tuning. The cross-coupled −gm transistors, MC ,
see the full VCO swing and are implemented as thick oxide
devices, with only a minor penalty in tuning range. A digitally
tunable tail resistor can be used to trade power consumption
for phase noise performance based on the requirements of the
software-deﬁned radio that this VCO is used in.
A further advantage of the cell of Figure 2 is its compact,
NMOS-only implementation. As seen in the capacitor cell
ﬂoor plan of Figure 5 used for this VCO design, it can be realized as a single composite NMOS block placed between the
two unit capacitors. By comparison, the conventional cell uses
both PMOS and NMOS transistors and a polysilicon resistor,
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which cannot be abutted. This layout, in conjunction with the
inherent density scaling of a nanoscale CMOS process, yields
a layout area of only 117 μm x 15 μm for the 15 element
thermometer plus 2 element binary CDIG array of Figure 5.
IV. M EASURED P ERFORMANCE
The prototype VCO, fabricated in a 28nm 9M digital CMOS
process, occupies 500 μm x 250 μm. For testing purposes
VBIAS of Fig 2 is provided by an off-chip reference. In future
implementations, on-chip biasing can easily be implemented,
since VBIAS requires neither high-accuracy nor very low-noise
and has an optimal value that depends only on VT N . For
example, a simple diode-tied NMOS current mirror with a
small bias current would provide a near-optimal bias voltage
for the bottom-pinning transistors.
A summary of measured performance is tabulated in Figure 6 for both a high efﬁciency and a low phase noise
mode of operation. In the high efﬁciency conﬁguration, the
measured phase noise at 20 MHz offset is −163.2 dBc/Hz
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In Figure 10 the VCO is compared to other state-of-the-art
VCOs operating with similar center frequencies and tuning
ranges. This VCO compares favorably in all key metrics of
area, tuning range, and power efﬁciency, especially when considering the Class-B topology and the ﬂicker-noise problems
discussed here that can be improved in future implementations.
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Fig. 10: Comparison to other state of the art cellular TX VCOs
with fmin ≥ 6 GHz.
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Fig. 8: Performance versus frequency for the high-efﬁciency
operating mode tabulated in Fig. 6.

(at 9.1 GHz carrier referred to 915 MHz) with a FoM of
−187.0 dBc/Hz while consuming 9.5 mW. The VCO operates
between 9.1 GHz and 12.7 GHz with a tuning range of 32%.
Analog tuning is available via an accumulation-mode varactor
with a minimum tuning range of 100 MHz at 9.1 GHz.
The phase noise spectrum at the maximum and minimum
oscillation frequency is given in Figure 7. A higher than
expected 1/f noise corner degrades spot noise at 20 MHz
offset-from-carrier by approximately 2 dB. It was determined
that this high 1/f noise corner is due to a limitation of the
transistor noise modeling, and the core transistors (MC of
Figure 5) need to be made larger in future implementations
to account for this uncertainty.
For the low noise conﬁguration tabulated in Figure 6, the
phase noise at 20 MHz offset is −165.2 dBc/Hz (at 9.0 GHz
carrier referred to 915 MHz) with a FoM of −185.4 dBc/Hz
while consuming 20.8 mW. Performance is sufﬁcient for SAWless operation across all major wireless standards.
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V. C ONCLUSION
The digital varactor cell presented in this paper provides
the best possible operating conditions for thin-oxide switches,
and can be broadly applied to improve the performance and
reliability of many VCO architectures, both in nanoscale
CMOS and otherwise. It is implemented in a compact NMOSonly layout and can be biased with a simple current mirror.
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