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ABSTRACT

An ultra-low-voltage LC-VCO IC has been demon-
strated using 130nm CMOS technology. The LC-
VCO IC includes a cross-coupled NMOS pair, a sin-
gle symmetric inductor, AMOS varactors with capac-
itor ac coupling and a buffer amplifier. The LC-
VCO IC is designed, fabricated and fully evaluated
on wafer. The VCO IC exhibits measured frequency
tuning range of 17.4% and phase noise of -137 dBc/Hz
at 1 MHz offset from the 2.2 GHz carrier at a supply
voltage of only 0.5 V.

Keywords: LC-VCO, Ultra-Low-Power, Low Phase
Noise.

1. INTRODUCTION

The CMOS process is renowned for the capabil-
ity of high integration and cost effectiveness in mass
production. When the CMOS technology has evolved
into the deep submicron scale such as 45nm, the de-
vice current-gain cut-off frequency (fr) has exceeded
200 GHz. The fabrication cost, however, drastically
increases. In microwave analog circuits design, high
dynamic range with low DC power consumption and
low cost is essential. Thus, 130nm CMOS technol-
ogy is a good candidate, because it has (1) fp over
60 GHz, (2) a breakdown voltage of 1.5 V, (3) lower
cost than 45-90 nm CMOS technologies.

The operation voltage target is only 0.5 V, which
is the output voltage of solar cells. With the RF
transceiver 1Cs able to operate under 0.5 V voltage
supply, handsets could be powered by solar cells.

Previously, several VCOs are reported to improve
their performance such as low phase noise [1], lin-
ear Kvco [2] and ultra-wide band operation [3]. In
this paper, an ultra-low operation voltage and low
phase noise LC-VCO IC design is presented in 130nm
CMOS technology
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Fig.1: (a) Conventional Cross-coupled LC Oscilla-
tor, (b) Small Signal Model of Cross-coupled Pair.

2. DEVICE MODELING AND IMPROVE-
MENT

2.1 Theory Analysis

Low-voltage VCO design is challenging for many
reasons. Besides the transistor’s low voltage oper-
ation, one of the major difficulties is the resonator
design. Fig. 1(a) shows the conventional structure
of the LC oscillator. It’s noted that, for small differ-
ential ac signal, V does not change even if it is not
connected to Vpp. So this oscillator structure can be
seen as a lossy resonator (2L, C1/2, and 2R,) tied to
the port of an active circuit (M1 and M2), where R,
represents the equivalent parasitic resistance of the
inductor and capacitor [4].

It can be seen from the small signal model of the
cross-coupled pair as shown in Fig. 1(b), for gm1 =
gm2 = &m, that:

= — == 1

For oscillation to occur, the negative resistance
must cancel the loss of the tank:

2
-—+R, <0 (2)
g'ﬁl

As shown in Fig. 2, NMOS’s transconductance
(gm) performance is simulated with Vgs and Vds
swept from 0 V to 1.5 V. And transistor size is cho-
sen to 10 um finger width with 12 fingers and 130 nm
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Fig.2: NMOS Transistor’s Transconductance.

gate length. When Vgs=1 V and Vds=1.5 V, tran-
sistor’s transconductance reaches the maximum value
(gm=96 mS). However, with Vgs=Vds=0.5 V opera-
tion, gm is decreased to 55 mS, which is only 57.3%
of the maximum value. It can be seen that transis-
tor’s transconductance is not large enough in the low
voltage operation.

Hence, to satisfy the oscillation startup condition,
decreasing the parasitic resistance of the LC resonant
circuit (improving Q-factor of inductor and capacitor)
is very important for the ultra-low-voltage LC-VCO
design.

2.2 Inductor Improvement

Y-parameter matrix is common for the two-port
network parameter description, where Y11 represents
the admittance seen looking into port 1 when port
2 is shorted. So Q-factor of the inductor (two-port
network) can be defined by [5]:

Im(l/YH)

@ Re(i/var)

(3)

To improve the LC resonant circuit performance,
a single symmetric inductor is employed rather than
two asymmetric spiral inductors. In addition to sav-
ing area, a differential geometry (driven by differen-
tial signals) also exhibits a higher ) and a broader
range of operating frequency [6].

Fig. 4 shows the layout of two asymmetric spiral
inductors structure. The size of each inductor is cho-
sen to 2.5 turns with 15 pum wide top metal, and inner
radius is 56 pum. Total size is 680 pum by 380 pm.

Fig. 5 shows the layout of single symmetric induc-
tor structure. The size is chosen to 3 turns with 15
pm wide top metal, and inner radius is 90 pm. Total
size is 440 pm by 420 pm.

A comparison of the simulated inductive part of
input impedance and Q-factor between a single sym-
metric inductor and two asymmetric inductors are
shown in Fig. 6 and 7. At typical 2.4 GHz opera-
tional frequency, with nearly the same inductive part
of input impedance (3.2 nH), two asymmetric induc-
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Fig.3: (a) Oscillator with Two Asymmetric Induc-
tors, (b) Oscillator with Single Symmetric Inductor.

Fig.5: Layout of Single Symmetric Inductor.

tors exhibit a simulated Q-factor of 9.6, while the sin-
gle symmetric inductor exhibits a simulated Q-factor
of 15.4, which is 60% higher.

Table 1 shows the characteristic comparison of two
asymmetric spiral inductors and a single symmetric
inductor. It can be clearly seen that the single sym-
metric inductor structure is effective to save the area
and improve the Q-factor (decrease the parasitic re-
sistance).

2.3 AMOS Varactor Improvement

A varactor is a voltage-dependent capacitor. Two
critical attributes of varactor are concentrated: (1)
the capacitance range, especially the ratio of the max-
imum and minimum capacitances that the varactor
can provide, (2) the Q factor of the varactor.

A large varactor with high C,,4z/Ciin ratio can
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Fig.7: Simulated Q-factors of Two Asymmetric In-
ductors and a Single Symmetric.

Table 1: Characteristic Comparison.
Characteristic Asyravrfe tric Syfrirr;g;ric Improve
| S b
@;.E;ng%{z 3.24 3.29 1%
Q @2.4 GHz 9.6 15.4 60%

exhibit a wider frequency tuning range [7], because:

Tuning = Cuimas ¥ Cria (4)
Cmmin + sza:

Where Cy is the varactor capacitance and Cy;, is
the fixed parasitic capacitance.

To startup oscillation at 2.2 GHz with 3.2 nH in-
ductor, the AMOS varactor size is optimized to 2 pum
width and 1.6 pm length per finger, 60 fingers per
group and 2 groups. The simulated C-V and Q-V
characteristics at 2.4 GHz operational frequency is
shown in Fig. 8. The varactor has a Cyuaz/Cmin
about 4.5 over a tuning voltage of 1 V.

For resonant circuit design, capacitor ac coupling
topology shown in Fig. 9 is used to allow positive and
negetive voltages across the varactors. This topology
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Fig.8: Simulated C-V and Q-V Characteristics of

AMOS varactor at 2.4 GHz.
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Fig.9: AMOS Varactor Ac-coupling Structure.

can increase the frequency tuning range and cover
greater process variation. But the size of coupling
capacitors must be large enough otherwise this fixed
capacitance in series with the varactor will reduce
tuning range of the varactor [8].

Obviously, DC gate to source bias voltage across
the AMOS varactor is:

Vgs =V _biasl =V _ctrl (5)

Since the VCO design is for 0.5 V voltage supply
system, V_ctrl has a changing range from 0 to 0.5
V. As shown in Fig. 10, if V_biasl is set to 0 V,
Vgs changing range is -0.5-0 V; Varactor capacitance
changes not so linearly form 1.3 to 3.1 pF, but Q-
factor is high (12.5-30). If V_bias] is set to Vdd/2
(0.25 V), Vgs changing range is -0.25-0.25 V; Varactor
capacitance changes linearly from 2 to 4.1 pF, but Q-
factor is lower (9.6-20). It means that there is a trade-
off between the capacitance changing range, linearity
and Q-factor.

It is noted that while lager capacitance results in a
better theoretical frequency tuning range, the actual
tuning range can be degraded due to the Q-factor
limitation [5].

Fig.11 shows the simulated frequency tuning range
with different V_biasl value in the actual cross-
coupled VCO design. The VCO has a tuning range
of 17.9% (2.3-2.74 GHz) with V_bias1=0.25 V, and
18.7% (2.47-3 GHz) with V_bias1=0.5 V. Because of
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Fig.10: Capacitance and Q-factor changing range
of AMOS wvaractor with different V_biasl.
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Fig.11:  Simulated Oscillation Frequency wversus
Tuning Voltage with 0.25V and 0.5V Varactor Bias.

the system design target, V_biasl is set to 0.25 V in
the VCO IC design.

Considering the cross section of AMOS varactor
shown in Fig. 12 [9], the equivalent circuit with phys-
ically meaningful lumped elements is proposed in Fig.
13(a), which can be simplified to the model shown in

Fig. 13(b). And the substrate-related components
Ruwetr; Rsup, Csupr and Cgupe can be simplified to:
1 1
Zc :Rwell +—+ Rsub aav—
chsubl | | jwcsub2
Rsub
:Rwe +
T @R Cl) (6)
[ 1 wcsubgRiub
J wcsubl 1 + (WRsuszub2)2

Based on the simpilified AMOS model shown in
Fig. 13(b), common source connection and common
gate connection of the two AMOS varactors shown in
Fig. 14(a) and 14(b) are discussed and compared.

For the two AMOS varactors common gate con-
nection shown in Fig. 14(a), the parasitic impedance
Zc will increase varactors capacitance and decrease
varactors Q-factor. So the frequency tuning range of
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Fig.13: (a): Equivalent Circuit of AMOS Varac-
tor,(b) Simplified Model of AMOS Varactor.
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Fig.14: Equivalent Circuit of Varactors (a) Com-
mon Gate Connection, (b) Common Source Connec-
tion.

VCO design will be decreased by Zc.

However, for the common source connection shown
in Fig. 14(b), node A (common source point) serves
as the virtual ground. So Zc is short to ground and
the AMOS varactor substrate parasitic effect will not
influence VCO'’s performance. Fig. 15 shows the sim-
ulated frequency tuning range with different AMOS
varactors connection method. For common gate con-
nection, frequency tuning range is 17.3% (2.27-2.70
GHz). And for common source connection, frequency
tuning range is 17.5% (2.29-2.73 GHz). It can be seen
that the common source connection exhibits a better
performance.
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As a conclusion, ac coupling and common source
connection topology can effectively improve AMOS
varactors capacitance tuning range and Q-factor,
which is useful for the LC resonant circuit design,
especially for the low voltage LC-VCO design.

2.4 Circuit Design

Based on the Inductor and AMOS varactors im-
provement, the schematic of LC cross-coupled VCO
circuit is proposed as shown in Fig. 16. The opera-
tion voltage (Vce) is 0.5 V.

The standard 130-nm CMOS process offers an
NMOS device with 400 mV threshold voltage, which
exhibits T of 66 GHz and fy;ax of 53 GHz with
Vgs=Vds=0.5 V DC bias voltage. The size of cross-
coupled NMOS transistor is optimized to 10 pm fin-
ger width with 12 fingers (120 pum total gate width)
and 130 nm gate length for the negative resistance
generation.

A transistor gate bias circuit is inserted with re-
sistors. V_Dbias2 can change DC gate to source bias
voltage to make the cross-coupled NMOS transistor
operate mostly in saturation region during on-state,
minimizing load Q-factor degradation [10].

The LC resonant circuit consists of (1) a single
symmetric inductor that is simulated to be 3.2 nH
with Q-factor of 15.4 at 2.4 GHz operational fre-
quency, (2) AMOS varactors which have a capaci-
tance tuning range from 2 to 4.1 pF over a tuning
voltage of £0.25 V, with capacitor ac coupling and
common source connection structure. V_biasl is set
to 0.25 V (Vce/2), and V__ctrl is changed from 0 V
to 0.5 V to control the oscillation frequency tuning.

A source follower amplifier is connected at the out-
put ports as the buffer amplifier to drive the power
meter with 50  input impedance.

Fig.17 shows the simulated performance of VCO’s
oscillation frequency tuning. The frequency tuning
range is 17.5% (2.3-2.74 GHz).
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Fig.16: Schematic of the LC-VCO Core Clircuit.
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Fig.17: Simulated Performance of Oscillation Fre-

quency.

3. FABRICATION AND MEASUREMENT

Fig. 18 illustrates a photograph of the fabricated
VCO IC. The chip size is 0.70 mm by 0.75 mm, while
the VCO core size (without pad) is only 0.45 mm
by 0.7 mm. The VCO IC measurements are car-
ried out with on-wafer probes. The dependence of
the measured frequency tuning range (solid line) and
the output power (dotted line) on the control voltage
(V_ctrl) is depicted in Fig. 19. The supply voltage
(Vee) is 0.5 V and the DC current consumption of the
VCO core circuit is 5.89 mA. The VCO IC exhibits a
frequency tuning range from 2.17 to 2.59 GHz and an
output power of around 1.0 dBm. The tuning range
of 17.4 % is achieved by control voltage of only 0.5
V. The measured Kvco is from 740 to 900 MHz/V.
Thus, Kvco ratio is 1.216 which is extremely linear
comparing with previous linear VCO [2].

Fig. 20 shows measured phase noise of the VCO IC
at an operation voltage of 0.5 V. The VCO IC exhibits
a phase noise of -137 dBc/Hz at 1 MHz offset from
the 2.2 GHz carrier. The well-known figure of merit
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Fig.18: Photograph of the fabricated LC-VCO IC.
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Fig.19: Measured performance of oscillation fre-
quency (solid line) and output power (dotted line).

(FoM), which is defined by phase noise, oscillation
frequency, offset frequency and DC power dissipation
(ex. [11]), is

FOM = Phase Noise — 20 log % +10log -

~ —196dBc/Hz

Table 2 summarizes the performance of the VCO
IC with recently reported VCO ICs. The VCO IC
presented in this paper has exhibited excellent FoM
with ultra-low voltage.

4. CONCLUSION

This paper introduces the LC resonant circuit im-
proving method for the VCO design, which consists of
1) a single symmetric inductor instead of two asym-
metric inductors; 2) AMOS varactors using ac cou-
pling and common source connection topology. And
a 2.4 GHz band low voltage and low phase noise LC-
VCO IC has been demonstrated in 130 nm CMOS
technology. The VCO IC exhibits measured fre-
quency tuning range of 17.4% and phase noise of -
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Table 2: Performance Summary and Comparison.

This Work [12] [13]
Technolo 130 nm 65 nm 65 nm
& | cMOS | CMOS | CMOS
Supply 0.5V 18V | 12V
voltage
2.17-2.59 2.62-3.3 | 4.1-6.5
Frequency GHz GHz GHz
FoM -196.1 -183 -186.6
dBc/Hz | dBc/Hz | dBc/Hz

137dBc/Hz at 1 MHz offset from the 2.2 GHz carrier
at an operation voltage of only 0.5 V.
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