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Abstract: A 0.5V LC-VCO implemented in 0.18 ym CMOS with a
novel switched varactor technique is described in this paper. This
novel switched varactor technique can increase the varactor control
voltage variation range and increase () of LC tank; also it can reduce
phase noise and power consumption of VCO. Forward-body bias
technique is used to reduce the threshold voltage and improve g, of
transistor. The measured operating current is 4.4 mA and the tuning
range is 4.6~5.2 GHz. The phase noise is —114 dBc/Hz at 1 MHz from
carrier frequency 4.8 GHz.
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1 Introduction

Low voltage circuit design techniques are widely researched for low power
communication systems [1, 2, 3, 4]. VCO is an important building block in
the frequency synthesizer. The difficulties of VCO design are the achievable
wide-tuning range with low phase noise and low power consumption.
Especially for low voltage VCO circuit design, these problems are more
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severe. Low power supply voltage leads to narrower tuning voltage range
and smaller output amplitude, and consequently decreases output
frequency tuning range and degrades phase noise performances of VCO.
Traditionally switched MIM capacitor techniques [6] shown in Fig. 1
cannot be used in 0.5V power supply VCO. Since the threshold voltage of
normal NMOS transistors in 0.18 um CMOS process is about 0.5V, the
normal transistors cannot be turned on. And the size of low-threshold
transistor M; needs to be larger to decrease the on resistance of transistor,
which can lead to large parasitic capacitance when the transistor is off. So
the switched MIM capacitor cannot achieve high Q and wide tuning range
simultaneously when the power supply voltage is 0.5 V.
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Fig. 1. Schematic of traditional switched MIM capacitor

2 Proposed techniques

To increase the output frequency tuning range in low voltage VCO,
switched varactor techniques have been used in Reference [1], but it
requires that the gate voltage (Vop, Vox) of varactor is biased at half of the
power supply to fully exploit the capacitance variation [2] shown in
Fig. 2 (a). So it isn't suitable for low voltage VCO structures whose Vop and
Von are biased at the power supply or ground. The schematic of proposed
switched varactor technique is shown in Fig. 2 (b). It consists of a varactor
Cp and a MIM capacitor C( in series, and the gate voltage V( of varactor is
biased by the output of inverter (Inv) through resistor Ry. The voltage Vg
(V- Vs) across the varactor used for coarse tuning is * Vpp, which is twice
as much as that in Ref. [1]. The total value Cs of C; and C( in series is
shown in equation (1) and derivation of Cs is shown in equation (2). When
the value of C is equal to Cy at Vs=0V, dCs/dVgg is 1/4 of dCy/d Vg
around Vgg=0V. The lower the dC,/dVgg is, the smaller the varactor
nonlinearity [5, 6. When the ratio of Cg and Cjy at Vgg=0V is smaller than
1, the series capacitance variation range is becoming smaller. When Cy is
equal to C; (Fig. 2 (a)) at Vgs=0V, to make the Cy capacitance variation
range 1/2 times that of (), the ratio of Cc and Cj is selected as 1.
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Fig. 2. (a) switched varactor in Ref. [1] (b) proposed
switched varactor technique
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For comparison of only one varactor in Ref. [1] with the proposed technique
using a varactor in seris with a MIM capacitor shown in Figs. 3 (a) and (b),
let the value of C; (with Vgs=0V) equal to the value of Gy (with Vgg=0V)
in series with Cg. The simulated capacitance value and derivation of these
capacitances versus Vgg of Fig. 3 are shown in Figs. 4 (a) and (b). Since the
power supply is 0.5V, it can be seen from Fig. 4 (a) that the ratio of Cy../
Chuin (the capacitance value at =0.25V) is 1.62 in Fig. 3 (a) and the ratio of
Crax/ Cuin (the capacitance value at £0.5V) is 1.52 in Fig. 3 (b). From
Fig. 4 (b) the derivation of capacitance is much lower in Fig. 3 (b) than that
in Fig. 3 (a), and the maximum dC/d Vs in Fig. 3 (b) is about one half of
that in Fig. 3 (a). In an LC oscillator, the approximation of oscillation
frequency is given by equation (3) and the gain Kycq is shown in equation
(4) [5], where L is the effective inductance and C,, is the effective
capacitance at balance. The smaller the capacitance derivation is, the lower
the Kvco. Moreover the smaller Kyco leads to lower phase noise and AM-
FM conversion noise in VCO [6]. So the proposed techniques can lead to
lower nonlinearity and phase noise of VCO than that in Ref. [1]. The @ of
MIM capacitor is much higher than that of varactor, so the @ of Fig. 3 (b) is
higher than that of Fig. 3 (a). The simulated @ of Fig. 3 shows that the @ of
Fig. 3 (b) is about 40% higher than that in Fig. 3 (a) from Fig. 5. The higher
Q of varactor leads to higher @) of LC tank, so the proposed techniques can
lead to higher output amplitude and lower power consumption of VCO [5,
6] than that in Ref. [1]. As a result, the proposed techniques can be used for
coarse tuning of low voltage VCO.
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Fig. 5. Simulated Q of conventional and proposed
techniques

3 The circuit design

The proposed VCO circuit is shown in Fig. 6 (a). Since the power supply
voltage is 0.5 V and the threshold voltage ( V;;,) of RF-NMOS with the body
voltage of OV in 0.18 yum CMOS process is about 0.5V, the NMOS
transistor can only work in the sub-threshold region and has lower cut-off
frequency (fr). If the transistors operate in the sub-threshold region and its
size need to be larger to make VCO start-up, its parasitic capacitance may
decrease the tuning range of VCO. Lower cut-off frequency may increase
the trans-conductor delay and make oscillation frequency shift back from
(1/LC)"? [6]. The simulated Vi, and fr of RE-NMOS transistor as body
voltage VB are shown in Figs. 7 (a) and (b) respectively. When the voltage
VB is 0.5V, the V;;, is 418 mV and the transistor can operate in the
saturation region. The fr increases from 9 GHz to 20.6 GHz when VB varies
from 0 to 0.5V. The turn on voltage of substrate-source (substrate-drain)
junction in 0.18 pm CMOS process is about 0.6 V, so the forward-body bias
voltage of 0.5V is adopted in the transistor to reduce the threshold voltage

UUU UUD _T G VSIC CT_

Vigne O——— Cy Cs
C, C .7 SN
” R RS | 26 26y 1, 2Cy 2Cc OPIONos. N
BO— o |— oN 1 Ce Ry \\
Switched [’ [
op vactoramys [ 00N o T Y BT =0t — 1 ot
Co !
. 4Cc 4Cy . 4C, 4CH \ ?
Vspa 110——, _| Vss |_ Vs N /I
/
M My S [see 8 01, 8Go 8¢ C, Q.
20 _| |_
R R
(a) } ’ (b)

Fig. 6. (a) Proposed VCO circuit (b) single-ended
switched varactor with gate bias resistor
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(Vi) and increase the g, without PN junction turned on. In strong
inversion, the noise level was found to be approximately independent of the
substrate bias Vgg [7].

The NMOS cross-coupled employing a network resonate at 2w, without
the tail current transistor is used in the VCO circuit. The power supply
affects the amplitude of oscillation. Therefore it has to be generated by a
low-noise low-drop out regulator. However, a similar problem also arises in
the topology with the tail current generator: the amplitude is set by the bias
current and by the tank parallel resistance. Even if the former is
independent of supply variations, the latter suffers from variations over
the tuning range and process spreads. A low-noise amplitude control loop is
therefore necessary in that case [6]. To improve the PSRR of the proposed
VCO, the de-coupling capacitance between the power supply and ground
should be as large as possible.

The fine tuning technique also uses the varactor Cy and MIM capacitor
(s in series and the ratio of them at Vgg=0V is set to 1. To make the
varactor Cy operate in the linear region the gate voltage of Cy is biased at
0.15V through the resistor Rp. The bias resistor Ry has a trade-off between
@ of the tank and phase noise of VCO [6]. The equivalent effective
capacitance is denoted by C with a quality factor of Q). shown in Fig. 6 (b),
(' has a maximum value C,,, with a quality factor @.x and a minimum
value Gy, with a quality factor Q...p, and its difference value (Cyy) is given
by equation (5), where Cppax and Cou, are the maximum and minimum
capacitance of Cj, and @, is given by equation (6). Since the ratio of four
switched varactor and MIM capacitor in series shown in Fig. 6 (a) is set to
1:2:4:8, when the ratio of resistors Ry~ R3 (Ry:R1:Ro:R3) used for gate bias of
four switched varactors is 8:4:2:1, the Q.nax of four switched varactors
would be equal from equation (6), also the Q. of four switched varactors
would be equal too. Only when the above conditions are satisfied, the ratio
of four equivalent effective capacitance differences (Cyy) is 1:2:4:8 from
equation (5), and consequently the step size of switched varactor arrays
capacitances used for coarse tuning is equal.

Cydiff - Cmax - C'min 9 9
_ C'O,max . CC . c,max B C’O,min . C’C . c,min (5)
CO,max + C'C 1+ Q?:,ma.x CO,min + C'C 1+ Qg,min

Co

Q. = wCo Ry (1 + C—c) (6)

4 The measurement results

The die photograph of VCO is shown in Fig. 8 (a) and the area is 900 pm X
850 um. The power supply of test buffer enclosed by the dashed lines is
1.8V and its linearity is high. The VCO is tested using on wafer probing
and the measured current is 4.4 mA. The measured tuning curves are shown
in Fig. 8 (b) and the operating frequency range is 4.6~5.2 GHz The
unequal intervals between the tuning curves are caused by the rphpoly-rf
resistors in series whose value doesn’t increase linearly with the number of
resistors at high frequency, so the ratio of Ry~ Rj3 is not 8:4:2:1 around
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Fig. 8. (a) Chip photograph of VCO (b) Measured tuning
curves of VCO (c) Measured phase noise at
48 GHz (d) Measured amplitude of single-ended
output signal of VCO

5 GHz. The Kyco is 180~250 MHz/V from Fig. 8 (b). The measured phase
noise is —114dBc¢/Hz @1 MHz from carrier frequency 4.8 GHz shown in
Fig. 8 (c¢). The measured output amplitude of single-ended signal of VCO
excluding the test buffer gain is from 380mV to 450mV versus the
oscillation frequency shown in Fig. 8 (d). The FoM of VCO is given by
equation (7) [6], and the performances compared with other previous works
are shown in Table I, which shows that the FoM of proposed VCO is the

highest.
1 ) wo 2 (7)
L- Pd Wm

Table 1. Performances compared with other papers

FoM =

Performance parameters [1] [2] [3] [4] This paper
Process (umCMOS) 0.09 0.25 0.35 0.18 0.18
Power supply voltage(V) 0.5 2.5 2.7 1.8 0.5
Kyco(MHz/V) 220 200 100 92 220
Oscillating frequency ay(GHz) 2.6 5.44 4.7 5.8 4.8
Phase noise of wy@1MHz(dBc/Hz) -113 -116 -110 -110 -114
Power consumption (mW) 2 6.25 10.8 8.1 2.2
Tuning range (GHz) 24~2.6 | 5.14~5.7 | 4.45~4.7 | 5.860~6.026 4.6~5.2
FoM 178.3 182.8 173.1 176.2 184.2

5 Conclusions

The proposed technique is attractive to solve the low voltage VCO coarse
tuning problems. Moreover the forward-body bias voltage technique can
improve the g, of transistor and be used in the low voltage circuit design.
The measured results verified that the proposed technique is robust and
feasible for low voltage VCO.
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