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A 1.0 V differential VCO in 0.13 �m CMOS technology�
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Abstract: A differential complementary LC voltage controlled oscillator (VCO) with high Q on-chip inductor is
presented. The parallel resonator of the VCO consists of inversion-mode MOS (I-MOS) capacitors and an on-chip
inductor. The resonator Q factor is mainly limited by the on-chip inductor. It is optimized by designing a single
turn inductor that has a simulated Q factor of about 35 at 6 GHz. The proposed VCO is implemented in the SMIC
0.13 �m 1P8M MMRF CMOS process, and the chip area is 1.0 � 0.8 mm2. The free-running frequency is from
5.73 to 6.35 GHz. When oscillating at 6.35 GHz, the current consumption is 2.55 mA from a supply voltage of
1.0 V and the measured phase noise at 1 MHz offset is –120.14 dBc/Hz. The figure of merit of the proposed VCO
is –192.13 dBc/Hz.
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1. Introduction

The voltage controlled oscillator (VCO) is one of the most
crucial building blocks in radio frequency transceivers. The de-
sign of low noise VCOs is challenging, with low supply volt-
age and noisy active devices in modern CMOS processes. Ac-
cording to previous worksŒ1�5�, there are many noise sources in
differential VCOs. In order to suppress phase noise, the VCO
should have fewer noise sources, lower voltage-to-frequency
gain and a higher-Q resonator. In this paper, we present a
CMOS differential LC VCO, which has no other active com-
ponents except for two pairs of cross-coupled transistors. The
Q factor of the resonator is optimized by designing a single
turn inductor with a simulated Q factor of about 35 at 6 GHz.
With the relatively high-Q resonator, the proposed VCO can
operate at a 1.0 V supply with a figure of merit (FOM) of
–192.13 dBc/Hz.

2. Circuit design and resonator optimization

The schematic of the proposed differential LC VCO
is shown in Fig. 1 which is a complementary VCO with
cross-coupled PMOS and NMOS transistors. A tail LC-tank
resonated at the second harmonic is used to block the sec-
ond harmonic. In the absence of a tail current source, the volt-
age headroom is released and the noise source is reduced. The
LC-tank resonator is formed by I-MOS capacitors and a sin-
gle turn differential inductor. The switched capacitors for sub-
frequency bands are inversion mode PMOS capacitors, and
varactors are inversion mode NMOS capacitors. In order to
program the VCO gain, the I-MOS varactors are controlled by
switches. When a varactor is switched on, its equivalent capac-
itance is controlled through the transmission gates in seriesŒ6�.

When the transistor is working in inversion mode, the
channel resistor of the I-MOS capacitor can be calculatedŒ7�.

So the inversion channel sheet resistanceRch;w can be deduced
to

Rch;w D
1

�Cox.jVGSj � jVTj/
; (1)

where� is the carrier mobility andCox is the unit area capacitor
of the gate oxide. The Q factor of the I-MOS capacitor can be
expressed asŒ8�
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where Rpoly;w is the sheet resistance of gate, and ! is the res-
onation frequency. W and L are the width and length of the
transistor. The channel resistor dominates the total series resis-
tance. From Eqs. (1)–(2), the Q factor approximates to

Q D
12

!CoxRch;wL2
D

12�.jVGSj � jVTj/

!L2
: (3)

Equation (3) shows that the Q factor of the proper channel
length I-MOS capacitors with sufficient overdrive voltage will
be high enough at the frequency below 10 GHz, e.g., minimum
length PMOS capacitors can have a Q factor higher than 100.
The inversion PMOS switched capacitor sources/drains are bi-
ased at the power supply higher than the VCO supply when
switched on to have sufficient overdriven voltage over the en-
tire oscillating cycle. The varactors are implemented by na-
tive NMOS transistors. All of the I-MOS capacitors, including
switched capacitors and varactors, have a high Q factor. Addi-
tionally, the proper biased switched I-MOS capacitors suppress
AM to FM noise conversion through their nonlinearity.

The inductor in the parallel LC-tank resonator is a single
turn spiral differential inductor. In physical analysis, the sim-
plified double-� inductor modelŒ9� is used as shown Fig. 2.
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Fig. 1. Circuit diagram of the proposed differential LC VCO.
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Fig. 2. Simplified double-� equivalent circuit of a single turn spiral
inductor.

The series Rsi and Lsi .i = 1, 2) characterize the uniformly dis-
tributed DC current inside the conductor. The additionalRi and
Li ladder is used to capture the different current density caused
by the skin effect when the frequency goes up. The substrate
network can be modeled by Coxi, Csubi and Rsubi, with Coxi
representing the metal–oxide capacitance, and Csubi and Rsubi
representing the substrate capacitance and resistance, respec-
tively. The components representing the coupling capacitance
between adjacent tracks and the overlap capacitance between
the spiral and underpass metal are negligible, because it is a
single turn inductor without any crossover interconnections.
The inductor is fully symmetrical, and then relationships of the
components in the equivalent circuit are shown in Eqs. (4) and
(5). The series branch partition:

R1

R2

D
Rs1

Rs2
D

L1

L2

D
Ls1

Rs2
D 1: (4)

The oxide capacitance and substrate branch partition:

Cox1

Cox2
D

Rsub1

Rsub2
D

Csub1

Csub2
D 1: (5)

The summation rules for the middle branchCox3 D Cox1C

Cox2; Csub3 D Csub1 C Csub2; 1=Rsub3 D 1=Rsub1 C 1=Rsub2
Œ9�

will be accurate.
Single turn inductors can have superior quality factors be-

cause the ohmic loss in the top metal trace is less and the prox-
imity effect leading to Q factor degradation at high frequency
is ruled out. The eddy current in the relatively high resistivity
substrate (10 ��cm) is not the dominating substrate loss com-
pared to the substrate ohmic losses from displacement currents
conducted through turn-to-substrate capacitors Coxi

Œ10�. The
inductor suffers significant power dissipation mechanisms, in-
cluding ohmic losses in the substrate and interconnections, and
the skin effect at high frequency. The skin effect loss will be
reduced when the trace width increasesŒ11�, but the substrate
ohmic losses will be increased under the same conditions. It
will be seen directly after parameter extraction and mapping
that Ri , Rsi , Rsubi and Li will decrease while Coxi and Csubi

will increase. The inductor Q factor can be optimized by tak-
ing tradeoff of the skin effect loss, DC ohmic loss and substrate
ohmic losses into consideration. The optimized single turn dif-
ferential spiral inductor has a simulatedQ factor of about 35 at
6 GHz and its self resonation frequency is 48 GHz in the Agi-
lent Momentum environment. The results are shown in Fig. 3.
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Fig. 3. Simulated Q factor and inductance of the on-chip inductor.

Fig. 4. Chip photograph of proposed differential LC VCO.

3. Measurement

The VCO was designed and fabricated in the SMIC
0.13 �m 1P8M MMRF CMOS technology. Two single-ended
RF open sources on chip output buffers are used to drive the
test instrument. Figure 4 shows the micrograph of the proposed
VCO, which has a chip area of 1.0 � 0.8 mm2, including pads.
The VCO chip is supplied by Agilent E3631A at a voltage of
1.0 V. The phase noise of the proposed VCO is measured by
an Agilent E4440A spectrum analyzer. Figure 5 illustrates the
measured phase noise at 6.35 GHz with current consumption
of 2.55 mA. The figure of merit (FOM) is defined as

FOM D Lf�!g C 10 lg
PDC

1 mW
� 20 lg

!0

�!
; (6)

where !0 is the oscillating frequency, �! is the offset fre-
quency, Lf�!g is the phase noise at �! and PDC is the
DC power consumption of the oscillator. The phase noise is
–120.14 dBc/Hz at 1MHz offset from the oscillation frequency
of 6.35 GHz. The FOM of this proposed differential VCO is
–192.13 dBc/Hz at 1MHz offset. The measured oscillating fre-

Fig. 5. Measured phase noise of proposed differential LC VCO.

Table 1. VCO performance comparison.
Ref. Tech.

(�m)
Freq.
(GHz)

Vdd
(V)

PDC
(mW)

Phase noise
@ 1 MHz
(dBc/Hz)

FOM

[12] 0.18 5.2 1.8 9.7 –113.7 –180.0
[13] 0.18 5.46 1.8 6.4 –120.2 –186.9
[14] 0.18 5.6 1.2 2.4 –119.1 –190.3
[15] 0.13 2.17 1.2 5.92 –119.1 –189.5
[16] 0.18 5.6 1.4 6.44 –122.7 –189.6
This 0.13 6.35 1.0 2.55 –120.1 –192.1

quency can be tuned from 5.73 to 6.35 GHz, and the VCO gain
(Kvco/ can be programmed from 2 to 200 MHz/V. This feature
is very useful for changing the bandwidth when implemented
in the phase lock loop (PLL). Table 1 lists the comparison of
differential VCO performance. The proposed VCO has better
performance thanŒ12�16�.

4. Conclusion

Adifferential complementary LCVCOhas been proposed.
The VCO has a parallel LC resonator constituted by I-MOS ca-
pacitors and a single turn differential inductor. The Q factor of
the resonator is mainly limited by the on-chip inductor. The in-
ductor Q factor is optimized by taking advantage of its single
turn geometry and taking the tradeoff of losses into consider-
ation. The simulated Q factor of the single turn spiral induc-
tor is about 35 at 6 GHz. Also, the complementary structure
without current source reduces the noise source and the tail
tanks resonated at second harmonic block the second harmonic
which degrade the Q factor. The 5.73 GHz to 6.35 GHz tun-
ing range VCO has been implemented in the SMIC 0.13 �m
1P8MCMOS technology. The current consumption is 2.55mA
from a 1.0 V supply at 6.35 GHz. The measured phase noise at
1 MHz offset is –120.14 dBc/Hz and the FOM of the proposed
VCO is –192.13 dBc/Hz.
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