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Abstract—A miniaturized (0.224 mm2) 4.5~5.0 GHz 3-D LC 
VCO possessing area-efficient metal-6 on-chip inductors is 
implemented in 0.18 um 1P6M CMOS technology. With 
inductors directly above the other devices, this VCO shows a 
measured phase noise of -124.6 dBc / Hz at 1 MHz offset from 
the 4.9 GHz carrier while dissipating 24 mW. The figure-of-
merit (-184.7 dBc/Hz) achieved is better than most of the 
previous state-of-art results of the CMOS LC VCOs while 
occupying only half the die area.  

I. INTRODUCTION 

Inductors are important passive devices for the building 
blocks of radio-frequency (RF) circuits such as voltage 
controlled oscillators (VCOs), low noise amplifiers (LNAs), 
and power amplifiers (PAs). Monolithic inductors are 
definitely the best solution to the single chip wireless 
communication systems. Thanks to the advance of 
semiconductor technology, monolithic inductors with 
moderate quality factor Q (8~10) at GHz-band are now 
available in CMOS technologies and widely used in 
commercial radio-on-a-chip products [1] [2]. However, 
these monolithic spiral inductors occupy considerable 
precious die area (~ 0.3 mm x 0.3 mm) and hence handicap 
a high-density integration. Compact circuit designs which 
occupy small die area are always desirable, as area-efficient 
designs directly translate into reduction in cost [3]. In order 
to minimize the die area of the RF building blocks and 
enhance the Q values of inductors simultaneously, the 
concept of fabricating inductors with a thick dielectric layer 
(usually polyimide) above ICs by post-IC processing 
technology has also been proposed and realized [4] – [7]. 
However, excess cost and production complexity prevent 
the post-processing technology from wide-spread 
applications. It has been demonstrated by [8] – [10] that 
excellent phase noise performance can still be achieved 
even for those VCOs with low Q (< 10) inductors if the 
VCOs are optimally designed. Consequently, it may not be 
necessary to fabricate high-Q inductors above the IC by 
post-processing. Alternatively, a simpler solution to 
reducing the die size is to place the circuits under the low-Q 
inductors fabricated by standard CMOS metal interconnect 

technology and thus reuse the occupied area of the on-chip 
inductors. To some extent, on-chip inductors must 
electromagnetically interact with the devices in their 
neighborhood. However, we are not aware of any report on 
how severely the circuit performance is affected by such 
interaction. On the contrary, it has been proven recently that 
such interaction makes no apparent impact on the operation 
of N-MOSFETs [11].  

In this paper, a three-dimensional LC VCO with active and 
passive devices placed under the metal-6 on-chip inductors 
is implemented in a standard 0.18 um 1P6M CMOS 
technology. To our knowledge, this area-efficient topology 
has never been realized on RF circuits operating at GHz-
band and hence the results of this work are important to the 
RF design community.  

II. CIRCUIT DESIGN

The frequency range (4824 MHz ~ 4960 MHz) of the VCO 
is targeted to be twice the application band of the most 
popular WLAN, i.e. 802.11b/g, so that the LO pulling 
effect can be alleviated in a direct conversion transceiver 
using this VCO followed by a divide-by-2 circuit. The 
schematic of our 3-D LC VCO is shown in Fig.1.  

Fig.1 VCO schematic 
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The cross-coupled PMOS pair is used to generate the 
negative conductance required for the sustaining of a 
stable oscillation. Instead of an FET current source, a 
polysilicon resistor which is substantially free of 1/f noise is 
used to define the tail current [12] [13].  

The oscillation frequency is determined by the 
accumulation-mode N-MOSFET varactors and the in-
house designed inductors, which are made of the metal-6 
(M6) of the 1P6M CMOS technology and placed closely (< 
5 um) above the cross-coupled pair to save the precious die 
area as shown in Fig.2. The total die area excluding the 
testing pad of control voltage is 0.224 mm2, which is almost 
half the die area of the VCO with a traditional layout [14] 
where the inductor is placed alongside the other devices 
instead of above them. 

Fig.2 A perspective view of the 3-D LC VCO. The PMOS cross-coupled 
pair, biasing resistors, and capacitors are placed under the in-house 
designed inductors made of the top-metal layer (M6) of 1P6M CMOS 
technology and hence almost 50 % reduction in VCO die size compared to 
traditional design is achieved. 

The desired inductance is estimated to be about 0.6~0.7nH. 
The geometrical feature of the in-house designed inductor is 
shown in the Fig.3 (a). After several iterations, an inner area 
of 787 um x 285 um is determined. 

(a) 

(b) 

Fig.3 In-house designed area efficient inductors: (a) layout; (b) model 
parameters obtained by the EM simulation of ADS Momentum 

The EM simulation provided by ADS Momentum is applied 
to the inductor layout and the extracted model parameters 
are shown in the Fig.3 (b). Note that because of this 
carefully designed in-house inductor, the die area of VCO is 
efficiently minimized. Fig.4 shows the microphotograph of 
the fabricated 3-D LC VCO. 

Fig.4 The microphotograph of the 3-D LC VCO. The total die area 
excluding the testing pad of control voltage is only 0.224 mm2.

III. RESULTS AND DISCUSSION

The core of the VCO draws a current of 10 mA from a 2.4 
V supply. The characteristics of the VCO are measured by 
Agilent Signal Source Analyzer (HP E5052A) in a shielding 
chamber. Fig.5 shows the measured tuning range of the 
VCO. Clearly, the VCO carrier frequency can be varied 
from 4519 MHz to 5019 MHz, covering the required 
specification of 4824 MHz ~ 4960 MHz.  

Fig.5 Measured VCO tuning range. The 3-D VCO operates from 4519 to 
5019 MHz, corresponding to a center frequency of 4769 MHz and tuning 
range of 10.5 %. 

The measured phase noise is shown in Fig.6. Phase noises 
of -118.5 dBc / Hz and -124.6 dBc / Hz are obtained at 600 
kHz and 1 MHz offsets, respectively, from the carrier 
frequency of 4945.7 MHz. The achieved phase noise 
performance meets the WLAN 802.11b/g requirements 
marked in Fig.6. 
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Fig.6 Measured VCO phase noise. Phase noises of -118.5 and -
124.6 dBc / Hz are obtained at 600 kHz and 1 MHz offsets, 
respectively, from the carrier frequency of 4945.7 MHz. 

For a fair comparison of VCOs with different oscillation 
frequencies and power consumption, the widely-accepted 
power-frequency-normalized figure-of-merit (FOM) [15] 
given below is calculated for recently reported 4~6 GHz 
VCOs [14] - [19] and summarized in Table I. 

{ } ( )1

0

2

suplog10 fL
f

f
PPFN off

off +⎟⎟⎠

⎞
⎜⎜⎝

⎛

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

•=

, where L{foff} represents the SSB phase noise measured at 
the offset frequency foff from the carrier frequency f0 and Psup

is the power consumption in mW. 

TABLE I SUMMARY of 4~ 5 GHz MONOLITHIC LC VCOs 
(phase noise and FOM at 1MHz offset) 

PDC

(mW) 
FOSC

(GHz) 
Phase noise  

(dBc/Hz) 

Tuning 
Range 

(%) 

FOM 
(dBc/Hz) 

Chip 
area 

(mm2)
This 
work 

24 4.9 -124.6 10.5 -184.7 0.224 

[14] 5.9 5.6 -116.7 11.3 -184.0 0.392 

[15] 17.3 5.3 -126.0 3.8 -188.2 0.705 

[16] 7.5 4.0 -117.0 13.0 -180.3 0.500 

[17] 7 5.0 -117.0 21.3 -182.4 N.A. 

[18] 7 5.6 -116.0 5.6 -182.5 N.A. 

[19] 5 5.8 -112.0 12.8 -180.3 N.A. 

From Table I, it is clear that the FOM of this 3-D VCO is 
better than most of published results while occupying the 

smallest die area. The best FOM is achieved by the VCO in 
[15], where the good phase noise performance may be partly 
resulted from connecting a pair of high Q MIM capacitors in 
parallel with the tank of the VCO. However, this 
improvement in phase noise is achieved at the expense of 
reduction in tuning range because the variable capacitance 
in percentage is decreased by this way.  

IV. CONCLUSION

A 4.5~5.0 GHz area-efficient 3-D LC VCO with active 
transistors and passive capacitors/resistors placed under the 
inductors made of top-metal by standard CMOS 
interconnect technology is designed and implemented. 
Consequently, the die size of this 3-D VCO is solely 
determined by the area of the inductor and almost 50 % 
reduction in die size can be achieved. Experimental results 
show that a phase noise of -124.6 dBc / Hz at 1 MHz offset 
from the 4.9 GHz carrier with power consumption of 24 
mW is obtained. The achieved phase noise performance 
meets the 802.11b/g requirements and the calculated FOM 
is better than most of the previous state-of-the-art results 
while demanding smaller die area. It is believed the RF 
industry can benefit from this area-efficient topology in the 
future. 
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