Ultra-Low Power, Low Phase Noise 5.09-6.19 GHz LC VCO in the Sub Threshold Region

Abstract
This manuscript presents the design and simulation of an ultra-low-power LC voltage-controlled oscillator for low-voltage radio-frequency applications. The proposed circuit is implemented in 0.18 μm CMOS technology and uses an NMOS-only cross-coupled LC-tank topology biased in the subthreshold region. Subthreshold biasing is employed to reduce dc power consumption while maintaining the negative resistance required to compensate for tank losses and sustain oscillation. An additional PMOS transistor is placed at the drain side of the cross-coupled structure to regulate current flow and support low-power operation. Simulation results show that the oscillator operates from a 0.7 V supply and consumes approximately 0.175 mW of dc power. The tuning range extends from 5.09 GHz to 6.19 GHz, corresponding to approximately 17.5%. At an oscillation frequency of 6.19 GHz, the simulated phase noise is -108.6 dBc/Hz at a 1 MHz offset. The calculated figure of merit is approximately -192.1 dB. These results indicate that the proposed subthreshold-biased LC VCO can provide a low-power oscillator solution for energy-constrained RF transceiver systems under simulated circuit conditions. The operating frequency range may also be used with frequency division to support selected wireless communication bands. Overall, the design demonstrates the potential of subthreshold CMOS operation for reducing oscillator power consumption while retaining acceptable simulated phase-noise performance.
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 1. Introduction 
The design of low-power and low-phase-noise voltage-controlled oscillators (VCOs) remains one of the most critical and challenging tasks in radio-frequency (RF) front-end design. Modern wireless communication systems, including Global System for Mobile Communications (GSM), Bluetooth, wireless local area networks (WLANs), wireless personal area networks (WPANs), and wireless sensor networks (WSNs), require highly power-efficient circuit solutions to extend battery life and improve the portability of mobile devices [1], [17-18]. Consequently, considerable research effort has been directed towards VCO architectures that can simultaneously achieve low power consumption, low phase noise, a wide tuning range, and compact chip area. Despite these advances, the key performance parameters of VCOs involve strong trade-offs. Improvement in one specification often leads to degradation in others, making the simultaneous optimisation of power dissipation, phase noise, tuning range, and silicon area particularly challenging [2], [15-16]. Several circuit techniques have been proposed to address these issues. For instance, the current-reuse topology reported in [3] effectively reduces power consumption; however, the resulting differential output becomes asymmetric, which can degrade phase-noise performance. Similarly, the dynamic threshold MOSFET (DTMOS) technique enables operation at reduced supply voltages but increases the circuit's sensitivity to supply-voltage variation and process fluctuation [4,5]. The need for highly integrated, low-cost CMOS receiver architectures for multistandard mobile terminals has also been highlighted, with fully integrated multistandard CMOS receivers based on Zero-IF and Low-IF architectures proposed to support global wireless connectivity [6]. A wideband low-phase-noise VCO employing a low-coupled 8-shaped inductor has also been reported [8]. A 60 GHz millimetre-wave VCO was implemented in 40-nm CMOS technology using a second-harmonic extraction technique from a 30 GHz oscillator core. The design achieved a wide frequency tuning range while maintaining low phase-noise performance [9]. A thermal and high-frequency noise-suppressed LC-VCO (TH-LCVCO) using 65 nm CMOS technology for Ka-band applications achieved a phase noise of -112.6 dBc/Hz at a 1 MHz offset with 3.29 mW power consumption over a tuning range of 32.17-35.55 GHz [10]. A 5-GHz low-phase-noise CMOS QVCO employing switched biasing transistors for improved coupling and noise performance achieved phase-noise levels of -102 dBc/Hz at a 100 kHz offset and -117 dBc/Hz at a 1 MHz offset while consuming 5.28 mW of power [11]. A 2.4-GHz digitally controlled oscillator (DCO) in 65-nm CMOS technology for all-digital phase-locked loop applications achieved stable frequency synthesis with low phase noise and fine frequency resolution in the ISM band [19]. A low-power active inductor-based DCO and ADPLL architecture in 22 nm FDSOI technology for RF energy-harvesting and battery-less IoT applications has also been presented, offering ultra-low power consumption with a wide millimetre-wave frequency tuning range for energy-efficient wireless communication [20]. Recent CMOS RF and low-power VLSI studies further indicate that reducing supply voltage, power dissipation, and circuit complexity remains a continuing design concern in RF receiver support circuits and nanoscale CMOS blocks [21-22]. Recent LC-VCO studies have addressed related trade-offs through body-biasing and varactor optimisation, Gm-enhanced cross-coupled cores, substrate-bias and current-mirror approaches, linear I-MOS varactors, switchable weakly coupled cores, and compact main-tail inductor structures [23-28].
In this work, an NMOS-only cross-coupled LC-VCO operating in the subthreshold region is proposed to achieve ultra-low power consumption while maintaining low phase-noise performance. The proposed oscillator is designed to operate around 6 GHz and is suitable for multistandard WLAN applications, including IEEE 802.11a/b/g systems. The required local oscillator frequencies for these standards can be conveniently generated through frequency division by factors of two or four. The feasibility of achieving stable oscillation at approximately 6 GHz in the subthreshold regime is demonstrated using a 0.18 μm CMOS technology. The conventional NMOS-only cross-coupled differential VCO topology is particularly well suited to subthreshold operation because of its high transconductance-to-power ratio (gm/P) and favourable noise characteristics compared with superthreshold-biased designs [7]. As a result, the proposed VCO provides a combination of low power consumption and low phase noise, making it a potential solution for low-power RF transceivers. Figure 1 shows the conventional cross-coupled NMOS-only VCO.


Figure 1.  The conventional cross-coupled NMOS only VCO
The remainder of this paper is organised as follows. Section 2 describes the methodology employed for the design and analysis of the proposed subthreshold-biased VCO. Section 3 presents the results and discussion, including the performance evaluation and comparison with existing designs. Finally, Section 4 concludes the paper by summarising the key findings and contributions of the proposed work.
Research gap
Although the reviewed studies demonstrate several approaches for reducing power consumption, improving tuning behaviour, and suppressing phase noise in CMOS oscillators, there remains a need, within the scope of this manuscript, to evaluate a simple NMOS-only LC-VCO structure that can operate in the subthreshold region with very low simulated dc power while retaining acceptable phase-noise performance around the 6 GHz range.
Objectives

The objective of this study is to design and simulate an NMOS-only cross-coupled LC-VCO in 0.18 μm CMOS technology, biased in the subthreshold region, and to evaluate its tuning range, power dissipation, phase-noise performance, and figure of merit under the stated simulation conditions.
2. Methodology 
2.1 The Operation of Sub-threshold region
As MOS integrated-circuit technology has evolved towards increasingly smaller device structures, it has become important to examine the minority carriers present under the gate when the gate voltage is lower than the threshold voltage, that is, in the subthreshold region. These carriers cannot be completely neglected and play an important role in device and circuit performance. Initially, they were viewed primarily as a problem because they caused undesirable leakage currents and limited circuit performance. It is now recognised that they also enable a useful mode of MOSFET operation and that the subthreshold region is as important as the traditional cut-off, linear, and saturation regions of operation. This current is significant in at least three respects. It can limit the gain of a MOSFET linear amplifier, it is a major source of power dissipation and heating in modern VLSI digital ICs when the IC is in the off state, and it can be used to realise very-low-voltage, ultra-low-power integrated circuits. The gain of a MOSFET can be improved by increasing the W/L ratio. Because an oscillator is an analogue device used in the ON state, this region can be exploited to design very-low-voltage, ultra-low-power integrated circuits.

2.2 Phase Noise Considerations in the Subthreshold Regime 
When a MOSFET operates in the threshold region, the channel becomes tapered and the electron velocity is high enough to allow penetration into the oxide region, which causes 1/f² noise in the circuit, as shown in Figure 2.



Figure 2. Movement of electron in threshold region

When a MOSFET operates in the subthreshold region, the channel becomes uniform and the electric field remains parallel to the oxide layer. This reduces the likelihood of electron penetration into the oxide layer, as shown in Figure 3.


Figure 3. Movement of electron in sub-threshold region
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where Kf is the technology-, device-, and bias-dependent parameter, K is the Boltzmann constant, T is the absolute temperature, q is the electron charge, and IDS is the net drain current. As seen from equations (1) and (2), the white noise of MOS transistors is dominated by thermal noise in the superthreshold region and by shot noise in the subthreshold region. If both transistors have the same transconductance values, the shot noise in the subthreshold MOS transistor will be comparable to the thermal noise in the superthreshold transistor; therefore, the phase noise can be reduced in the 1/f² region. The flicker noise in both the subthreshold- and superthreshold-biased MOS transistors has no significant dependence on the gate voltage and is nearly equal in both regions. Thus, biasing the transistor in the subthreshold regime does not improve the oscillator phase noise in the 1/f³ region. However, using large-size MOS transistors leads to lower Kf factor values; therefore, the phase noise in the 1/f³ region can be decreased. In the next section, the design procedure for the new structure operating in the subthreshold region is described, with the aim of reducing the overall phase noise of the oscillator.
3. Results and Discussion  
Figure 4 illustrates the design of the proposed VCO circuit. The cross-coupled NMOSFET pair (M2 and M3) is employed to provide the negative differential resistance required to compensate for the losses in the LC tank. Although a complementary topology comprising both NMOS and PMOS cross-coupled pairs may also be adopted, an NMOS-only cross-coupled configuration is preferred in this work, as it enables operation at a supply voltage below the threshold voltage while also reducing dc power dissipation. The oscillation frequency of the VCO is primarily determined by the LC tank, which consists of the inductor (L) and the effective circuit capacitance. This effective capacitance includes the varactor capacitances (Cvar), together with all parasitic capacitances present in the circuit, which are mainly governed by the dimensions of the cross-coupled transistor pair. Therefore, careful sizing of the active devices is essential to achieve the desired tuning range and oscillation performance.
An additional PMOS transistor is incorporated at the drain terminal of the oscillator circuit. It is well established that the current flowing through a MOSFET depends on its W/L ratio, and this characteristic is utilised in the present design. The additional PMOS transistor helps to maintain the current required to sustain oscillation while simultaneously contributing to reduced power dissipation. In designing the oscillator structure, standard components available in the 0.18 μm CMOS process were used, and the circuit simulations were carried out using the Advanced Design System (ADS) simulator. The corresponding simulation results are presented in the following section. To theoretically demonstrate the effectiveness of the proposed technique, the circuit may be considered as a current-biased oscillator, with the distinction that the described inductor arrangement is used in place of an active current source. Accordingly, the analytical phase-noise expression for the current-biased structure can be represented by equation (3).
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Figure 4. The proposed VCO with a PMOS to control the current in inductor

where k is the Boltzmann constant, T is the absolute temperature, I0 is the current that passes through the current source, and V1 and R are the peak voltage across the resonator and the loss of the LC resonator, respectively. The quality factor and resonance frequency of the resonator are denoted by Q and ω0, respectively, and ωm denotes the offset frequency from the resonance frequency. The three terms in the right braces express the effects of resonator noise, differential-pair noise, and tail-current noise on the total phase noise, respectively. Because the tail current source in this circuit is not a MOS transistor, the third right-most term in the braces vanishes. Consequently, the total expression for the phase noise of the proposed circuit can be approximately expressed as equation (4).
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This expression is apparently smaller than that for a tail-biased oscillator. Figure 5 demonstrates the simulated phase noise for the proposed VCO structure.
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Figure 5. The simulated phase noise for the proposed VCO structure
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where L(∆ɷ) is the phase noise at the offset frequency ∆ɷ, ɷ0 is the oscillation frequency, and DC is the dc power consumption of the oscillator. The calculated FOM for the proposed VCO using equation (5) is -192.01 dBc/Hz. Table 1 summarises the state of the art and compares the performance parameters of ultra-low-power and low-phase-noise VCO designs with the proposed structure and selected previous references.

Table 1. Performance comparison of different works


	Terms  
	      [1] 
JSSC
  2005
	[4] 
MWCL
      2007
	[5] 
MWCL 2010
	[7] 
MWCL 2007
	[12] 
TMTT 2010 
	[13]
MTT-S
2011
	[14]
C&S
2013
	This work

	Technology (μm) 
	0.18 
	0.18 
	0.13 
	0.18 
	0.18 
	0.18 
	0.18 
	0.18 

	Supply Voltage (V) 
	0.5 
	0.34 
	0.3 
	0.45 
	0.43 
	1.2 
	0.46 
	0.7

	Power Dissipation (μW) 
	570 
	103.7 
	225 
	430 
	200 
	816 
	346 
	174

	Oscillation Central Frequency (GHz) 
	3.8 
	1.1 
	3.759 
	2.63 
	2.41 
	2.72 
	10.94 
	6.19

	Phase Noise @ 1 MHz offset (dBc/Hz) 
	−119 
	−121.2 
	−116.9 
	−105.9 
	−115.6 
	−123.2 
	−107.8 
	−108.6 

	Tuning Range (%) 
	8.4 
	7 
	20 
	8 
	20 
	8 
	7.5 
	17.5 

	FOM (dBc/Hz) 
	−193 
	−192 
	−194.4 
	−125.92 
	−191 
	−192.7 
	−193.8 
	−192.1




4. Conclusion
This study presented a simulated ultra-low-power LC voltage-controlled oscillator implemented in 0.18 μm CMOS technology. The proposed circuit adopts an NMOS-only cross-coupled LC-tank topology operating in the subthreshold region, with an additional PMOS device used for current control. This configuration was intended to reduce dc power consumption while providing the negative resistance required to compensate for resonator losses and maintain oscillation. The simulated VCO operated from a 0.7 V supply and consumed approximately 0.174-0.175 mW of dc power. It achieved a frequency tuning range of 5.09-6.19 GHz and a simulated phase noise of -108.6 dBc/Hz at a 1 MHz offset from the 6.19 GHz carrier. The corresponding figure of merit was approximately -192.1 dB. These results suggest that subthreshold biasing may be useful for low-power RF oscillator design where reduced energy consumption is an important constraint. However, practical suitability should be confirmed through layout-level and measurement-based validation.
Limitations
The work is limited to circuit-level simulation and does not include fabricated-silicon measurements. Device dimensions, LC-tank component values, varactor parameters, biasing details, layout information, post-layout parasitic extraction, process-voltage-temperature analysis, and Monte Carlo mismatch analysis are not fully reported. Therefore, the simulated performance should be interpreted cautiously until experimental validation is completed.
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