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Characteristics of Low-voltage Inverter-Based
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Abstract

This paper characterizes the inverted amplifiers which are the definite
components of low-voltage ring oscillators with various control voltages. Considering
the body terminal of a PMOS transistor, six-type of topologies are observed with their
transfer curves at the supply voltage of 0.5V. The frequency performances of 3-stage
ring oscillators composed of these six-type amplifiers are simulated in terms of

controlled voltage versus oscillating frequency at CMOS 0.18 um technology.
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1. Introduction

The massive progress of CMOS integrated circuit technology scales not only the
feature size but also the supply voltage. With the prediction of International
Technology Roadmap for Semiconductors (ITRS) in Fig. 1 [1], the supply voltage will
descend toward 0.68V in the year 2025. Nevertheless, due to the performance
considerations of digital circuits, the native threshold voltages of transistors are not
shrunk accordingly. In such low supply voltage, the inverter based ring oscillators are
the conceivable survivors to design the ring voltage-controlled oscillators (VCO) of the
phase-locked loop (PLL)[2][3][4]. Because the threshold voltage is near the supply
voltage, the body terminal of PMOS is commonly utilized to provide the additional
input without scarifying the voltage headroom in ordinary p-well CMOS process [5];
[6]. Since the additional freedom of input terminal, there are six major types of
inverted amplifiers can be selected to realize the voltage-controlled ring oscillators.
This paper analysis the characteristics of these voltage-controlled inverted amplifiers

in transfer curves and their tuning range in VCO via simulation.
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Fig. 1. ITRS power roadmap.

2. Characteristics Description

2.1. Conventional Approach



The conventional ring VCOs cascade N-odd stage inverters and control the
oscillation frequency through bias current (Ip) as shown in Fig. 2. The oscillation
frequency (f7) is given by
F— ].‘)'

2NV,C,°

£ (1)
where N is the stage number, V; is the amplitude and C,, is the parasitic capacitance
between PMOS and NMOS [7]. The Iy is determined with the control voltage (V).
Nevertheless, the stacked circuits above [ limit the conventional development under

low supply voltage environment.
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Fig. 2. The conventional approach of a ring-oscillator.

2.2. Body Controlled Inverters
Considering the body effect of a PMOS, the threshold voltage (Vrp ) is expressed

as [8]

IV,"H!” = IV‘I'HPOI * 7( I2¢w‘ + Vb’.\' - \ﬁ"2¢l" )» (2)

Where Viypy is the native threshold voltage, ¢ is working function, and V 5s 1S the
voltage between body and source. Accordingly, the drain current is altered by gate (G)
voltage and body (B) voltage. Since the delay time of a CMOS inverted amplifier is
correlated with the drain current, the controlled voltage of the constructed VCO is
realized with either gate voltage or body voltage. Base on this principle, six types (type
A~F) of the inverted amplifier for a ring-oscillator at low-voltage are depicted in Fig. 3.
Type A~D input their controlling voltage, V., from the gate of the PMOS. Type A
connects the body of the PMOS to the Vpp, type B connects the body of the PMOS to
the ground, type C connects the body of the PMOS to the V,,,. and Type D connects
the body of the PMOS to the V,,. Type E and F input their V,,,; from the body terminal
of the PMOS. Type E connects the gate of the PMOS to the ground, and type F
connects the gate of the PMOS to the V,,. To characterize the low-voltage properties of
these amplifiers, the CMOS 0.18um technology is applied in the design with a 0.5V



supply voltage. Because all amplifiers except type F are ratio dependent, the W/ of
PMOS and NMOS are designed with 1 Hm/0.72um and 2pum/0.18um for these six
amplifiers. Their corresponding transfer curves with different Ve In the dc analysis

are shown in Fig, 4.
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Fig. 3. Inverted amplifiers with considering the body terminals. (a) type A, (b) type
B, (¢) type C, (d) type D, (e) type E, and (f) type F.
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Fig. 4. Transfer curves of the inverted amplifier with various control voltage. (a) type
A, (b) type B, (¢) type C, (d) type D, (e) type E, and (1) type F.

The threshold is correlated with the drain current and is altered with the source to
body voltage in the PMOS. The switching threshold of an inverted amplifier depends
on the ratio of the drain currents between PMOS and NMOS. This drain current of a
MOS transistor is dominated with the gate to source voltage. Therefore, switching
threshold of these inverted amplifiers with controlled voltage at the gate of the PMOS
(type A~D) is more sensitive than those with controlled voltage at the body of the



PMOS (type E and F).
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Fig. 5. 3-stage voltage controlled ring oscillator.

It should be noted that although the inverted amplifiers (type A~D) with higher V,,,
are still with the functionality of inverting characteristic in the dec analysis, the small
|Ves| causes the PMOS transistor almost off. Consequently, the weak current cannot
perform fast switching due to the parasitic capacitances. When connecting three stages
of the six-type inverted amplifiers as a voltage controlled ring oscillator as shown in

Fig. 5, the simulated V,,, versus frequency is depicted in Fig. 6.
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Fig. 6. Controlling voltage versus oscillation frequency of 6-type ring-oscillators.

Because the body of the PMOS in type A inverted amplifier is tied to Vpp, the
magnitude of its threshold voltage is as the ordinary PMOS device. Therefore, when
the Ve exceeds 0.04V, the PMOS enters the subthreshold region and the oscillation
frequency is drop to an ultra-low value as shown in Fig. 6. The body of the PMOS in
type B is connected to ground. This approach minimizes the magnitude of the
threshold voltage of the PMOS and gets a wider tuning range than type A.
Nevertheless, the oscillation frequency still drops when V,,, is higher than 0.18V. Type



C and D amplifiers tie their body of the PMOS to the V,,, and Vin, Tespectively.
Accordingly, the magnitudes of their threshold voltage are between type A and B
amplifiers. Their characteristics are similar in tuning range and their duration of the
oscillation frequencies are between type A and B amplifiers. Type E and F amplifiers
input their 7, through their bodies. Because the body-driven circuits only affect the
threshold voltage, their drain current does not strongly correlated with the V,,;. Their
shape of transfer curves are less altered with V., in Fig. 4(e) and Fig. 4(f).
Consequently, their tuning range achieves wide inputs without suffering from
overcoming the threshold voltage as shown in Fig. 6. The type E is pseudo-NMOS
type amplifier. Its input capacitance is only derived from the NMOS. Therefore, the
input capacitance of type E is smaller than type F. Observing from Fig. 6 the
magnitude of K., of type E is almost twice than type F with the same aspect ratio.
Nevertheless, type E dissipates the static power during the NMOS is ON. The power
consumption of type E is larger than type F at the same oscillation frequency. The
simulation results indicate that the average power dissipation of type E and type F are
583nW and 453nW respectively at the oscillation frequency of S0MHz.

3. Conclusion

In this work, six types of inverted amplifier are characterized with the transfer
curves and the Ki.s in oscillation. The simulation results reveals that the transfer
curves and K,.,s are varied more severely with controlled voltage at the gate of PMOS
while their control ranges are quite limited. The largest K., is obtained with the body
tied to ground. The transfer curves and the K., are altered gently with wide controlled
range when the controlled voltages are applied at the bodies of PMOSs. The Kyeo 18
larger with pseudo-NMOS approach while at the cost of higher power dissipation.
These characteristics provide a guidance of designing a low-voltage ring oscillator

with inverted amplifiers.
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