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In the past decade, the best frequency synthesizers of millimeter-
wave communication systems were made from III-V (GaAs or
InP) compound based HBTs because of high fT and fmax, low 1/f
noise, low substrate loss, and high-Q on-chip transmission lines
and passive components [1, 2]. More recently, SiGe HBTs were
also used for VCOs due to their low 1/f noise and high speed
properties [3, 4]. However, these HBT technologies are more cost-
ly and less available than mainstream CMOS. It is thus benefi-
cial to build high integration, low-cost communication systems
using super-scaled modern CMOS technologies.

Although the speed of super-scaled CMOS is approaching that of
III-V and SiGe HBTs, the lossy silicon substrate and metal inter-
connects of CMOS inevitably lead to low-Q transmission lines
and lossy on-chip passive components. These issues hinder the
development of key transceiver building blocks such as the VCO.
Prior art has proposed use of a floating metal strip slow-wave
structure underneath the transmission line to reduce the length
of on-chip interconnects [5] and oscillators [6]. This approach has
been extended to the use of embedded 2-dimensional artificial
dielectrics [7] in order to shrink the resonator size, reduce
metal/substrate losses and enhance resonator Q. In addition,
CMOS varactors can be used to alter the artificial dielectric con-
stant and thus tune the resonator frequency.

Figure 17.4.1 shows a coplanar strip line λ/4 standing wave res-
onator with underlying artificial dielectric consisting of a 2-
dimensional array of conducting strips. These strips are embed-
ded into a dielectric medium with permittivity ε.  When an exter-
nal electric field E is applied, the charges induced on the obsta-
cles result in a dipole field with polarization density P. The dis-
placement D is given by D = εE + P = ε’E, where ε’ is the effective
permittivity of the artificial dielectric. The artificial dielectric
constant boost-factor is given by [7]

where C’ and C are the respective unit volume capacitance with
and without the artificial dielectric.

Several advantages exist for this artificial dielectric medium.
First, a large dielectric constant boost-factor leads to small size
and high Q resonators. The plot in Fig. 17.4.2 of κ versus conduct-
ing strip horizontal spacing d, shows the size reduction of a res-
onator designed with and without an artificial dielectric. For our
design with d = 0.6µm and κ = 22, the λ/4 resonator was reduced
from 700µm, without artificial dielectric, to 150µm. Second, since
current flow of the resonator is perpendicular to the conducting
strips, conductive loss for the artificial dielectric is low. Third, the
conducting strips shield the electromagnetic field from penetrat-
ing into the conductive substrate, and hence dramatically
reduces the substrate losses.

A 60GHz VCO was designed and implemented in UMC 90nm
CMOS to verify the effects of the embedded artificial dielectric on
resonator size, loss, and noise reduction. As shown in the circuit
diagram of Fig. 17.4.3, our design uses W/L=2µm/80nm NMOS
for both the cross-coupled pair and the open drain output buffers.
The coplanar line λ/4 resonator was designed for differential
mode operation. The coplanar line, implemented in the top metal
with w = 25µm and s = 50µm, occupies an area of 0.1×0.15mm2.
The artificial dielectric embedded underneath the coplanar line
uses a total of 250 evenly distributed 0.6µm×100µm metal strips

in the two lower metal layers. The artificial dielectric resonator,
with simulated Q of 80, has reduced the resonator area by 79% as
compared to a resonator without the artificial dielectric. 120
metal strips are individually connected to varactors, each made
up of back-to-back NMOS pairs, with device size of W/L =
2µm/80nm. In order to block signal leakage from the frequency
tuning path, the control voltage Vctrl is externally applied through
a bias-T and all of the varactor common ends are connected
together at the symmetrical plane of the differential resonator
where the differential signal “sees” a virtual ground (Fig. 17.4.3).

Frequency tuning is obtained by altering the electric length of the
resonator through capacitance variation of the varactors. The
tuning range for the VCO, ∆f/f can be estimated from

where κC is the equivalent capacitance for the artificial dielectric,
Cν is the total capacitance of the varactors, and ∆Cν is the avail-
able varactor tuning range. Using simulated C=0.2pF and assum-
ing ∆Cν/Cv=10%, Fig. 17.4.4 plots ∆f/f as a function of κ. Tuning
range decreases with higher κ and increases with larger Cv. The
estimated frequency tuning range for this design is limited to
under 0.6%, since this VCO is designed for large reductions of
size, loss and noise. Limited tuning range is also due to the small
varactor area (120×2×2µm×80nm) that covers only 0.3% of the
effective area underneath the resonator and to the low varactor
capacitance (about 400fF). The measured frequency tuning range
was limited to 100MHz (0.2%) and can be improved in future
designs by using more and larger varactors.

Figure 17.4.5 gives the measured VCO phase noise, the output
spectrum and the performance summary. With the total current
of 1.9mA from the 1V supply, the phase noise at 1MHz offset is
measured as -100dBc/Hz.  Fig. 17.4.6 shows that the correspon-
ding figure of merit (FOM=L(f0)—20log(f0/foffset)+10log(PDC/1mw)) is
-193dBc/Hz.  Note that even with CMOS 1/f noise typically one
to two orders larger than that of the III-V and SiGe HBTs [1-3],
this VCO, with embedded artificial dielectric resonator, achieves
lower phase noise and FOM. These results confirm the effective-
ness of the artificial dielectric in size, loss and noise reduction.
Fig. 17.4.7 shows a die micrograph of the 60GHz CMOS VCO
with the artificial dielectric resonator.

In summary, we have realized a 60GHz CMOS VCO with a meas-
ured phase noise of -100dBc/Hz and a -193dBc/Hz FOM at 1MHz
offset. This VCO dissipates 1.9mW from a 1V power supply and
occupies a chip area of 0.015mm2 which is less than 10% of prior
art (Fig. 17.4.6).
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Figure 17.4.1: Quarter wavelength standing wave resonator with underlying artificial
dielectric made of CMOS interconnects.

Figure 17.4.2: Dielectric constant boost-factor versus horizontal spacing of conducting
strip and resonator length shrink effect.

Figure 17.4.3: VCO schematic with varactor connection enlargement.

Figure 17.4.5: Measured Phase noise, spectrum and VCO performance. Figure 17.4.6: FOM comparison.

Figure 17.4.4: Frequency tuning versus dielectric constant boost-factor.
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Figure 17.4.7: Die micrograph.

Varactor
area

150 m

10
0

m

Resonator with 
underlying 
artificial dielectrics



•  2006 IEEE International Solid-State Circuits Conference 1-4244-0079-1/06 ©2006 IEEE

ISSCC 2006 / SESSION 17 / RFID AND RF DIRECTIONS / 17.4

Figure 17.4.1: Quarter wavelength standing wave resonator with underlying artificial dielectric made of CMOS interconnects.
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Figure 17.4.2: Dielectric constant boost-factor versus horizontal spacing of conducting strip and resonator length shrink effect.
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Figure 17.4.3: VCO schematic with varactor connection enlargement.
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Figure 17.4.4: Frequency tuning versus dielectric constant boost-factor.
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Figure 17.4.5: Measured Phase noise, spectrum and VCO performance.
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Figure 17.4.6: FOM comparison.
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Figure 17.4.7: Die micrograph.

Varactor
area

150 m
10

0
m

Resonator with 
underlying 
artificial dielectrics




