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Abstract—This paper presents a differential Colpitts voltage 
controlled oscillator (VCO) employing the digitally controlled 
artificial dielectric to reduce the substrate loss so as to improve 
the phase noise. This 12GHz VCO has a resonant tank built with 
transmission lines, and four-layer metal strips placed underneath 
the transmission lines to form an artificial dielectric. Three-bit 
control signal applied to an array of MOS switches will program 
the dielectrics constant. The proposed VCO was fabricated in a 
0.13��m BiCMOS SiGe technology, and it achieved a phase noise 
of -106.7 dBc/Hz at 1MHz offset. The VCO core consumes 
6.8mW from a 1.8V power supply.  

Keywords—Voltage controlled oscillator (VCO), phase noise, 
artificial dielectric, Colpitts oscillator 

I.  INTRODUCTION  
Voltage controlled oscillators (VCO) suffer from degraded 

phase noise due to substrate and metal losses. In addition, the 
quality factor of integrated inductors degrades with increase of 
operating frequency. In order to reduce the substrate loss thus 
improving the Q factor, patterned ground shields are widely 
used underneath the inductors. Unlike the solid ground shield, 
the patterned ground shield reduces mutual coupling and the 
impedance to ground, providing a good short for the electric 
field [1]. Compared to the ground shield, the proposed artificial 
dielectric has multiple switches connected to these shielding 
metal strips thus has 8 combination of shielding patterns which 
can be used to improve the phase noise through 3 control bits. 

The artificial dielectric, a technique first used in 1948, was 
reinvented recently to reduce the substrate loss and increase the 
effective dielectric constant. The low-layer metal strips are 
inserted underneath the inductor and connected to a varactor 
array [2]. 2-D floating metal arrays placed under transmission 
lines has shown a two- to three-fold loss reduction compared to 
unshielded lines at frequencies below 30GHz [3]. 

Fig.1 (a) shows the conventional dielectric which has been 
widely used in microwave applications. Small conducting 
materials, for instance metal strips, are placed under a 
transmission line. When applied with an external field, the 
charges on each conducting metal strip are displaced, 
simulating the behavior of the molecules in an ordinary 
dielectric. The electrical field starts from bottom plate of the 
transmission line and ends at the lossy substrate in the 
implementation using standard CMOS technologies. The 
induced charge in the metal strips will alter the artificial 
dielectric constant. The transmission line is loaded with 
distributed parasitic capacitors. The effective dielectric 
constant is given by  
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Fig.1 (a) Conventional artificial dielectrics, and (b) proposed multi-layer 
digitally controlled artificial dielectrics. 
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Fig.2 Proposed differential Colpitts VCO with digitally controlled 
artificial dielectric. 
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where E is the electrical field and P is the polarization [4] 

  As known, the electrical field would end at the embedded 
conducting material if it is grounded. With the digital 
controlled switches, the artificial dielectric becomes 
reconfigurable by grounding the selected conducting materials 
as shown in Fig.1 (b). The multi-layer metal strips are used to 
make the dielectric configurable. Meanwhile less electrical 
field would leak to the lossy substrate thus less power would be 
dissipated. The quality factor of the LC tank could be improved 
by the placement of multi-layer artificial dielectrics. 

This paper presents a design of a Colpitts VCO with 
digitally controlled artificial dielectric. Section II discusses the 
challenge in designing low phase noise high frequency VCO 
and the appealing solution of using artificial dielectric. The 
detailed design of the VCO core is introduced in section III. 
The measurement results and chip fabrication are presented in 
Section IV.  

II. COLPITTS VCO WITH DIGITALLY CONTROLLED 
ARTIFICIAL DIELECTRIC 

In the LC VCO design, phase noise, tuning range and 
power consumption always trade-off with each other. It is a 
very challenging to achieve the low phase noise in a high 
frequency VCO running at 12GHz. The oscillation frequency 
may be greater than the peak Q frequency, and varactor Q may 
be degraded much in the process used at very high frequency.  
The alternative phase noise improvement technique is 
employed in this 12GHz Colpitts VCO using digitally 
controlled artificial dielectric.  

Fig. 2 depicts the simplified diagram of the proposed 
differential Colpitts VCO with digitally controlled artificial 
dielectric. The core of the proposed VCO uses the differential 
Colpitts topology for better phase noise performance. The 
transmission line inductor has a higher quality factor in the 
target frequency range. In addition, the underlying artificial 
dielectric pattern can be easily implemented symmetrically 
with the transmission line inductor, compared to the spiral 
inductors in LC VCOs [5-8]. 

The artificial dielectric is composed of 4-layer metal strips 
underneath the transmission line. The metal strips are 
connected to an array of MOS switches that controls the metal 
strips to be either grounded or floating. The two states affect 
the parasitic capacitance to the resonant tank and the induced 
current in both metal strips and substrate. Consequently phase 
noise may vary when selecting different layer or number of 
metal strips to be grounded. Comparing to the MIM cap and 
varactor in the VCO tank, the variation of parasitic capacitance 
between inductor and artificial dielectric cross its control code 
is very small. The frequency variation due to the different 
control code would be negligible. In this design, 3-bit control 
signal selects the number and layer of the metal strips to be 
grounded or floating so as to optimize the phase noise while 
keeping the oscillation frequency almost same. 

III. CIRCUIT DESIGN 
Fig.3 shows the schematic diagram of the proposed VCO 

core. The VCO configuration includes a bipolar cross-coupled 
pair that provides a negative resistance of -2/gm to overcome 
the loss due to the parasitic and loaded resistance. C1 and CV 
constitute a feedback path in the Colpitts VCO. CT accounts for 
both capacitance of tank MIM capacitor and parasitic 
capacitance to the underlying metal strips. CV is the MOS 
varactor which has a much lower quality factor than MIM 
capacitor CT. CC is the coupling capacitor. All the above 
capacitors contribute to the tank capacitance. The noise on the 
control voltage Vtune coupled from environmental noise or 
power rail will degrade the VCO performance. In order to 
reduce the noise injected to the LC tank from the Vtune line, 
varactor pair is placed between current tails and the bipolar 
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Fig.3. Simplified schematics of the proposed Colpitts VCO. 
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Fig.4. Cross-sectional view of the proposed RF transmission line with 
underlying artificial dielectric. 
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cross coupled pair. 

The artificial dielectric is built with a large number of metal 
strips using four layers from M1 through M4 in a 1P7M 
0.13�m BiCMOS technology. The width and length of each 
metal strip are 1�m and 320�m, respectively. The spacing 
between two adjacent metal strips is set as 1�m. In order to 
reduce the electrical flux which directly goes to the lossy 
substrate, the metal strips in odd number of layers are shifted 
horizontally by 1um. In each layer there are 100 metal strips 
which are equally divided into two groups forming an inter-
digitized layout as shown in Fig. 4. Each of the total 8 strip 
groups is connected to a MOS switch and 3-bit artificial 
dielectric control word (ADCW) applied to these MOS 
switches configures the connectivity of the metal strips, either 
grounded or floating. The least 2 bits of the ADCW select 
which layer of the strips is connected to the ground. The MSB 
of the 3-bit ADCW determines that either the half or entire of 
the strips in the selected layer are grounded. For instance, in 
metal 4 layer, one group of metal strips are connected to a 
MOS switch that is closed only when ADCW=7. The other 
group is grounded when ADCW is set to either 3 or 7. 

IV. CHIP IMPLEMENTATION AND MEASURED 
RESULTS 

The proposed differential Colpitts VCO was implemented 
in a 0.13µm BiMOS technology. Fig. 5 shows the die photo of 
the VCO with digitally controlled artificial dielectric. The chip 
occupies an active area of 0.32 mm2, while the VCO core takes 
an area of 0.1 mm2. The output buffers were designed to boost 
output power for testing purpose. The VCO core consumes 
only 6.8mW power from a 1.8V voltage supply. The entire 
VCO chip consumes a current of 18mA and most of the power 
is dissipated in the output buffer stages. The VCO chip was 
packaged using 28pin QFN packages and a test board was 
developed using Rogers 4003 laminate material. 

Fig. 6 depicts the measured output power spectrum of the 

proposed VCO with reconfigurable artificial dielectric. The 
output power is about -18.83 dBm at the output frequency of 
12.88 GHz. This reading includes all the losses through cable, 
connectors and the PCB. Fig. 7 shows the measured phase 
noise curve of the VCO. This VCO achieves a phase noise of -
106.7dBc/Hz at 1MHz offset frequency and -123.6dBc/Hz at 
10MHz offset. 

The proposed VCO oscillates at the central frequency of 
12.9GHz. As discussed above, changing the artificial dielectric 
control code will not shift the VCO resonant frequency much 
due to the artificial dielectric structure. Fig. 8 shows the 
variation of measured curve of VCO resonant frequency versus 
tuning voltage with all 8 combinations of artificial dielectric. 
The larger ADCW denotes that the higher layer of metal strips 
is grounded and consequently the tuning curve will shift up a 
little bit. The maximum frequency shift is less than 10MHz in 
this design.  

The dependence of the phase noise on the artificial 
dielectric has been investigated. As known, VCO close-in 
phase noise is mainly contributed by the flicker noise from the 
VCO core devices and the bias circuit. The tank Q and 

 
Fig.5 Die photo of the Colpitts VCO MMIC. 

 
 

Fig.6 The measured power spectrum of the proposed VCO.  

 
Fig.7 The measured phase noise of the proposed VCO. 
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substrate loss have more impact to the far-out phase noise than 
the close-in phase noise. Therefore the phase noise at 1MHz 
offset was selected for the investigation. The phase noise was 
measured versus the combination of 3-bit artificial dielectric 
control word (ADCW) under 5 different settings of the tuning 
voltages. The phase noise data under each tuning voltage and 
ADCW code were averaged from 10 consecutive 
measurements. As shown in Fig. 9, the measured phase noise at 
1MHz offset vs. tuning voltage were plotted for 2 scenarios: 
non-optimized ADCW and the optimized ADCW for best 
phase noise. The VCO frequency does not change much when 
sweeping the ADCW code as indicated in Fig. 8. The phase 
noise variation was caused by the ADCW code only, and 
changing the control code can improve the VCO phase noise.  
The phase noise can be improved by up to 1.7dB with the 
optimized ADCW code.  

Table I summaries the comparison between the features of 
the proposed VCO and previously published VCOs. This 
design achieves a figure of merit (FOM) of -180.7dBc/Hz, 
which is calculated based on the following expression: 

)
1

log(10)log(20)(
mW
P

f
ffLFOM

offset

o
offset ���   (2) 

V. CONCLUSION 
We have presented a 12.9 GHz differential Colpitts VCO 

with digitally controlled artificial dielectric fabricated in a 
0.13um BiCMOS technology. The artificial dielectric is 
reconfigurable by grounding the selected layer of the artificial 
dielectric. It can reduce the substrate losses thus improving the 
VCO phase noise.  The phase noise can be further improved 
with the optimized artificial dielectric control word, without 
causing the resonant frequency shifted much. The proposed 
VCO exhibits a phase noise of -106.7dBc/Hz at 1MHz offset 
and a FoM of -181dBc/Hz. 
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Fig.8 The measured VCO frequency vs. tuning voltage curves with digital 
controlled artificial dielectric. 
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Fig.9 The measured phase noise @ 1MHz offset vs. tuning voltages of 
varactor with optimized artificial dielectric control word. 

 

TABLE I.  SUMMARY OF PERFORMANCE 

Ref Tech. 
(um) 

Frequency 
(GHz) 

VDD 
(V) 

Power 
(mW) 

Phase noise 
@1MHz 

FOM 
(dBc/Hz) 

[5] 0.18 11.22 1.8 6.84 -109.4 -181.8 

[6] 0.09 11.75 1.2 7.67 -106 178.5 

[7] 0.18 11.55 1.8 8.1 -110.8 -183 

[8] 0.13 12.4 3.3 69 -103.9 - 
this 

work 0.13 12.9 1.8 6.8 -106.7 -180.7 
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