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1. INTRODUCTION 

A voltage controlled oscillator (VCO) is a circuit where 
the output frequency can be adjusted or varied through 
a DC input voltage. These oscillators are often referred 
to as voltage-to-frequency converters and can produce 
waveforms like sine, square, or other shapes depending 
on the circuit design.VCOs are crucial components in 
frequency synthesis applications, enabling effective 
frequency tuning and modulation. This article explores 
the principles of VCO operation, key components and 
architectures, performance metrics, design 

considerations, applications, and emerging trends in 
voltage controlled oscillators.A voltage-controlled 
oscillator (VCO) is an electronic oscillator whose 
oscillation frequency is controlled by a voltage input as 
mentioned in Fig. 1. The applied input voltage 
determines the instantaneous oscillation frequency. 
Consequently, a VCO can be used for frequency 
modulation (FM) or phase modulation (PM) by applying 
a modulating signal to the control input. A VCO is also 
an integral part of a phase-locked loop [1]-[5]. 
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Voltage Controlled Oscillators (VCOs) play a crucial role in frequency synthesis 
circuits, serving as the core component for generating signals across a wide range of 
applications, including communication systems, radar systems, and frequency 
synthesizers. This paper explores the design considerations and optimization 
techniques for Voltage Controlled Oscillators to achieve optimal frequency synthesis 
performance. Various aspects of VCO design, including topology selection, transistor 
sizing, and biasing strategies, are discussed in detail to meet the stringent 
requirements of modern communication systems such as high-frequency stability, 
low phase noise, and wide tuning range. Moreover, advanced design methodologies 
like varactor tuning and feedback techniques are examined to enhance the tuning 
range and linearity of VCOs while minimizing power consumption and phase noise. 
Additionally, the impact of process variations and environmental conditions on VCO 
performance is addressed, with proposed mitigation strategies to ensure robust 
operation across different operating conditions. Through comprehensive simulation 
studies and experimental validations, the effectiveness of the proposed design 
techniques in achieving optimal frequency synthesis performance for Voltage 
Controlled Oscillators is demonstrated, highlighting their relevance in next-
generation communication systems requiring high-performance frequency synthesis. 
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Fig. 1: Circuits used for ring-oscillator 

 
VCOs have been widely used in synthesizers to generate 
a waveform whose pitch can be adjusted by a voltage 
determined by a musical keyboard or other input. A 
voltage-to-frequency converter (VFC) is a special type 
of VCO designed to be very linear in frequency control 
over a wide range of input control voltages.VCOs can 
be generally categorized into two groups based on the 
type of waveform produced. A voltage-controlled 
crystal oscillator (VCXO) is used for fine adjustment of 
the operating frequency, with the frequency varying a 
few tens of parts per million (ppm) over a typical 
control voltage range of 0 to 3 volts due to the high Q 
factor of the crystals. A temperature-compensated 
VCXO (TCVCXO) incorporates components that partially 
correct the dependence on temperature of the 
resonant frequency of the crystal [6]-[8]. 

A. Importance in Frequency Synthesis 

VCOs are crucial components in frequency synthesis 
applications, enabling effective frequency tuning and 
modulation. A clock generator is an oscillator that 
provides a timing signal to synchronize operations in 
digital circuits, with VCXO clock generators used in 
areas such as digital TV, modems, transmitters, and 
computers. A frequency synthesizer generates precise 
and adjustable frequencies based on a stable single-
frequency clock, and a digitally controlled oscillator 
based on a frequency synthesizer may serve as a digital 
alternative to analog voltage controlled oscillator 
circuits. 
VCOs are used in function generators, phase-locked 
loops including frequency synthesizers used in 
communication equipment, and the production of 

electronic music to generate variable tones in 
synthesizers. Analog phase-locked loops typically 
contain VCOs, with high-frequency VCOs used in phase-
locked loops for radio receivers, where phase noise is 
the most important specification. Audio-frequency 
VCOs are used in analog music synthesizers, where 
sweep range, linearity, and distortion are often the 
most important specifications.Microwave frequency 
generation has posed significant challenges to 
engineers over the years, requiring in-depth knowledge 
of analog, digital, and radio frequency (RF) and 
microwave electronics—specifically that of phase-
locked loop (PLL) and voltage controlled oscillator 
(VCO) integrated circuit (IC) components—together 
with a need for tuneable filtering, wideband 
amplification, and gain equalization. Advances in 
microwave circuit design in recent years have enabled 
low phase noise VCOs on silicon technology to cover an 
octave range of frequency, with integrated output 
dividers on the same IC permitting several octaves of 
lower frequency coverage, and multipliers allowing 
frequencies as great as 32 GHz to be generated using a 
single IC [9]-[11]. 

2. Principles of VCO Operation 

A voltage-controlled oscillator (VCO) is an electronic 
oscillator whose oscillation frequency is controlled by a 
voltage input. The applied input voltage determines 
the instantaneous oscillation frequency. Consequently, 
a VCO can be used for frequency modulation (FM) or 
phase modulation (PM) by applying a modulating signal 
to the control input. A VCO is also an integral part of a 
phase-locked loop can be observed from Fig. 2. 
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Fig. 2: The Design of the Roland Juno oscillators 

 

A. Oscillator Fundamentals 

A voltage-to-frequency converter (VFC) is a special 
type of VCO designed to be very linear in frequency 
control over a wide range of input control voltages. 
VCOs are used in analog applications such as frequency 
modulation and frequency-shift keying. The functional 
relationship between the control voltage and the 
output frequency for a VCO (especially those used at 
radio frequency) may not be linear, but over small 
ranges, the relationship is approximately linear, and 
linear control theory can be used.The instantaneous 
frequency of a VCO is often modeled as a linear 
relationship with its instantaneous control voltage. The 
output phase of the oscillator is the integral of the 
instantaneous frequency. 

B. Control Mechanisms 

Tuning range, tuning gain and phase noise are the 
important characteristics of a VCO. Generally, low 
phase noise is preferred in a VCO. Tuning gain and 
noise present in the control signal affect the phase 
noise; high noise or high tuning gain imply more phase 
noise. Other important elements that determine the 
phase noise are sources of flicker noise (1/f noise) in 
the circuit, the output power level, and the loaded Q 
factor of the resonator (see Leeson's equation).VCOs 
generally have lower Q factor compared to similar 
fixed-frequency oscillators, and so suffer more jitter. 
The jitter can be made low enough for many 
applications (such as driving an ASIC), in which case 
VCOs enjoy the advantages of having no off-chip 
components (expensive) or on-chip inductors (low 
yields on generic CMOS processes) [12]-[14]. 

3. Resonator Circuits 

Commonly used VCO circuits are the Clapp and Colpitts 
oscillators. The more widely used oscillator of the two 
is Colpitts and these oscillators are very similar in 
configuration. A voltage-controlled crystal oscillator 
(VCXO) is used for fine adjustment of the operating 
frequency. The frequency of a voltage-controlled 
crystal oscillator can be varied a few tens of parts per 
million (ppm) over a control voltage range of typically 
0 to 3 volts, because the high Q factor of the crystals 
allows frequency control over only a small range of 
frequencies. A temperature-compensated VCXO 
(TCVCXO) incorporates components that partially 
correct the dependence on temperature of the 
resonant frequency of the crystal. A smaller range of 
voltage control then suffices to stabilize the oscillator 
frequency in applications where temperature varies, 
such as heat buildup inside a transmitter. Placing the 
oscillator in a crystal oven at a constant but higher-
than-ambient temperature is another way to stabilize 
oscillator frequency. High stability crystal oscillator 
references often place the crystal in an oven and use a 
voltage input for fine control [15]-[17].  

A. Active Devices 

The control voltage, VC, is applied to the center tap of 
the tank inductor to properly drive the varactors while 
preventing power supply noise from affecting the phase 
noise performance. A 3-D view of the VCO tank 
transformer along with the adopted metal stack and its 
main parameters are shown in Figure 2.  

B. Frequency Tuning Techniques 



52        National Journal of RF Engineering and Wireless Communication | Jul - Dec 2023 

Designing Voltage Controlled Oscillators for Optimal Frequency Synthesis 

 

 
 

 
Fig. 3: Microwave synthesizer 

 
A voltage-to-frequency converter (VFC) is a special 
type of VCO designed to be very linear over a wide 
range of input voltages as mentioned in Fig. 3. The 
frequency of a ring oscillator is controlled by varying 
either the supply voltage, the current available to each 
inverter stage, or the capacitive loading on each stage. 
The converter in this implementation uses a set of 11 
comparators with hysteresis and a resistor string. The 
latter sets the comparator threshold voltages that in 
turn define the segments of the coarse conversion, 
which are properly overlapped to reduce the varactor 
size. As far as the capacitor array is concerned, it is 
made up of high-Q MOM capacitors, C, connected to 
MOS switches that are implemented as shown in Figure 
3. Each element of the SC array is driven by a 
comparator and provides an equivalent unit capacitor, 
CU, equal to C/2. Assuming that the high and low 
threshold voltages of the k-th comparator are VTk,H 
and VTk,L, respectively, the varactor is sized to 
guarantee the following condition U to compensate for 
process tolerances and temperature variations [18]-
[19]. For the sake of completeness, the simulated 
varactor response as a function of the control voltage is 
shown in Figure 4.  
C reaches the value of threshold voltage VTk,H, the k-
th comparator switches high, and a further unit 
capacitor is placed in parallel to the varactor, thus 
increasing the overall tank capacitor. After comparator 
switching, control voltage VC will increase toward 
VTk+1,H or will decrease toward VTk,L, depending on 
the PLL output frequency, fO. Specifically, if fO after 
switching is, for instance, higher than the value 
imposed by the PLL reference and divider, VC will go 
higher than VTk,H, and if it reaches VTk+1,H a further 
unit capacitor will be added in parallel to the varactor. 
If instead after switching of the k-th comparator fO is 
close to its steady-state value, this means that VTk,H is 
the coarse conversion of VC, which will settle around 
VTk,H according to the condition C and hence the PLL 

output frequency would oscillate around the steady-
state value defined by the coarse conversion. Actually, 
hysteresis enables the flash A/D converter and allows 
fast, discrete coarse conversion and continuous fine 
conversion to be simultaneously achieved without any 
additional delay [20].  

4. Performance Metrics 

A. Phase Noise 

Tuning range, tuning gain and phase noise are the 
important characteristics of a VCO. Generally, low 
phase noise is preferred in a VCO.Tuning gain and noise 
present in the control signal affect the phase noise; 
high noise or high tuning gain imply more phase 
noise.Other important elements that determine the 
phase noise are sources of flicker noise (1/f noise) in 
the circuit,the output power level, and the loaded Q 
factor of the resonator [6] (see Leeson's equation).  
The low frequency flicker noise affects the phase noise 
because the flicker noise is heterodyned to the 
oscillator output frequency due to the non-linear 
transfer function of active devices. The effect of 
flicker noise can be reduced with negative feedback 
that linearizes the transfer function (for example, 
emitter degeneration).  
VCOs generally have lower Q factor compared to 
similar fixed-frequency oscillators, and so suffer more 
jitter. The jitter can be made low enough for many 
applications (such as driving an ASIC), in which case 
VCOs enjoy the advantages of having no off-chip 
components (expensive) or on-chip inductors (low 
yields on generic CMOS processes) [21].  

B. Frequency Stability 

Frequency stability represents short-term and long-
term variations in the output signal. Short-term 
stability is associated with variations that are much 
smaller than one complete period of the signal. These 
variations are expressed in terms of phase jitter and 
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phase noise.Phase jitter defines small fluctuations in 
the phase of a signal in the time domain, and the phase 
noise is its spectral representation described by the 
relative noise power level contained in a 1 Hz 
bandwidth at various offsets from the carrier 
frequency.  
If the frequency variations occur over a longer period 
of time, we usually talk about long-term stability, 
which describes the drift of the output frequency 
(typically expressed in parts per million or ppm) due to 
various aspects including temperature, load conditions, 
and aging.  

C. Tuning Range 

A voltage-to-frequency converter (VFC) is a special 
type of VCO designed to be very linear in frequency 
control over a wide range of input control voltages.  
A voltage-controlled crystal oscillator (VCXO) is used 
for fine adjustment of the operating frequency, with 

the frequency varying a few tens of parts per million 
(ppm) over a typical control voltage range of 0 to 3 
volts due to the high Q factor of the crystals.  
A temperature-compensated VCXO (TCVCXO) 
incorporates components that partially correct the 
dependence on temperature of the resonant frequency 
of the crystal [22]. 

5. Design Considerations 

A. Trade-offs and Optimizations 

An important trade-off exists between PLL phase noise 
and loop bandwidth, and it is vital to explore this 
balance, particularly when targeting low output 
jitter.At the heart of every PLL is a voltage controlled 
oscillator (VCO) which greatly influences the 
performance of the PLL itself and is typically the 
biggest noise contributor in the system as given in Fig. 
4.  

 

 
Fig. 4: Digital frequency synthesizer 

 

B. Noise Analysis 

In this paper, a novel time domain VCO noise model is 
proposed, which incorporates transistor level noise 
behavior whilst maintaining simulation efficiency.The 
proposed model enables circuit designers to correctly 
and efficiently predict true time domain noise 
performance in VCOs, allowing them to make informed 
decisions about transistor sizing as a result. Phase noise 
is a crucial performance metric for VCOs. Generally, 
low phase noise is preferred.Tuning gain and noise 
present in the control signal affect the phase noise; 
high noise or high tuning gain imply more phase 
noise.Other important elements that determine the 
phase noise are sources of flicker noise (1/f noise) in 
the circuit,the output power level, and the loaded Q 
factor of the resonator [6] (see Leeson's equation). The 
low frequency flicker noise affects the phase noise 
because the flicker noise is heterodyned to the 
oscillator output frequency due to the non-linear 
transfer function of active devices. The effect of 
flicker noise can be reduced with negative feedback 
that linearizes the transfer function (for example, 
emitter degeneration). VCOs generally have lower Q 
factor compared to similar fixed-frequency oscillators, 
and so suffer more jitter. The jitter can be made low 
enough for many applications (such as driving an ASIC), 
in which case VCOs enjoy the advantages of having no 

off-chip components (expensive) or on-chip inductors 
(low yields on generic CMOS processes) [23].  

C. Layout Techniques 

1. Devices formation &fabbrication process.  
2. Design rule document and GDS layer usage.  
3. Basic knowledge on design capture & verification 

tools (cadences, laker. mentor, etc)  
4. Follow the guidelines (matching, current ratings, 

critical nets, routing, etc)  
5. Specifications (datasheet)  
6. Verification runs (drc, lvs, dfm, pex)  

It is up to your frequecny of VCO. if the frequency is 
larger GHz, the most important is paracitor CAP of the 
wire. Sometime it will very impact you design. but if 
the frequency is very low, the matching will be more 
important. In VCO layout we have to take care for 
phase signals also. phase zero (P0) signal has 
connection to digital part. we have to take care about 
net lengths and parasitics for phase signals [24].  

6. Applications and Integration 

VCOs are widely used in various applications and 
systems, playing a crucial role in frequency synthesis 
and signal processing. Here are some key applications 
and integration aspects of VCOs: 

A. Phase-Locked Loops (PLLs) 
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A Phase-Locked Loop (PLL) is an electronic circuit with 
multiple applications in radio, telecommunications, 
computers, and other areas that require stable and 
precise frequency generation and synchronization.A 
typical PLL consists of a phase detector, a low-pass 
filter, and a voltage-controlled oscillator (VCO) among 
other possible components like a frequency divider.The 
VCO is a key component in PLLs, generating a periodic 
signal whose frequency is determined by the input 
voltage.The smooth error signal from the low-pass 
filter is used to adjust the VCO's control voltage, and 
thus its frequency.Once the PLL achieves lock, the VCO 
can maintain a stable frequency even if the input signal 
has some degree of frequency drift.  

B. Frequency Synthesizers 

A frequency synthesizer is an electronic circuit that 
generates a range of frequencies from a single 
reference frequency.Synthesizers used in commercial 
radio receivers are largely based on phase-locked loops 
or PLLs.The key to the ability of a frequency 
synthesizer to generate multiple frequencies is the 
divider placed between the output and the feedback 
input, often in the form of a digital counter.Many radio 
applications require frequencies that are higher than 
can be directly input to the digital counter, so a fast 
initial division stage called a prescaler is commonly 
used to reduce the frequency to a manageable level 
[25] as per Fig. 5.  

 

 
Fig. 5: Phase locked loop-based clock synthesizer 

 

C. Wireless Communications 

An overview of the frequency synthesizer and oscillator 
in wireless radio transceiver is presented, where the 
quality of the LO signal has a significant impact on the 
performance of the radio transceiver. [35] The VCO 
parameters are described, and the PLL frequency 
synthesis and the PLL loop filter design are discussed. 
[35] The phase noise is specified by considering blocker 

requirement and rms phase error for digital modulation 
schemes.VCO blocking specifications are very 
important in cellular systems that need to account for 
the presence of strong transmissions.If a receiver signal 
is weak, and if the VCO is too noisy, then the nearby 
transmitter signal can mix down and drown out the 
wanted signal.  
Recent PLL topologies support higher PFD frequencies, 
improving frequency resolution and reducing integer 
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boundary spurious (IBS).Improvements to fractional-N 
frequency resolution and PLL figure of merit (FOM) 
have enabled PLLs to generate almost any frequency 
with millihertz (mHz) resolution and exact frequency 
accuracy, while also improving in-band noise 
performance [26]-[30].  

7. Emerging Trends and Future Prospects 

A. Integration of advanced digital control 
algorithms 

Linear Voltage Controlled Oscillators are increasingly 
incorporating advanced digital control algorithms to 
improve frequency stability and accuracy.  
Demand for higher frequency ranges 
There is a growing demand for Linear Voltage 
Controlled Oscillators that can operate at higher 
frequency ranges, especially in applications such as 
telecommunications and radar systems.  

Increasing adoption of wireless communication 
technologies 
The proliferation of wireless communication 
technologies like 5G and IoT is driving the demand for 
Linear Voltage Controlled Oscillators with improved 
frequency agility and phase noise performance.  

B. Focus on R&D and innovation 

Companies in the Linear Voltage Controlled Oscillator 
market are increasingly investing in research and 
development to innovate new technologies and stay 
ahead of the competition can be observed from Fig. 
6.The Linear Voltage Controlled Oscillator market is 
expected to experience significant growth in the 
coming years, driven by these cutting-edge trends that 
are shaping the industry and meeting the evolving 
needs of consumers.  

 

 
Fig. 6: Oscillator-based optimization 

 
Advanced Materials and Devices 
The report's main findings emphasize the growing trend 
of miniaturization in VCO technology and recommend 
companies to focus on innovation and product 
development to stay competitive.  

C. Miniaturization and Integration 

1. Voltage Controlled Oscillators (VCOs) are essential 
components in various electronic devices and 
systems, providing precise and adjustable 
frequency outputs.  

2. The market for VCOs is segmented based on the 
type of oscillator used, with quartz and silicon 
oscillators being the most common options.  

3. The availability of diverse VCO options caters to a 
wide range of industries, driving the demand for 
VCOs in various applications, ultimately boosting 
the VCO market.  

4. The fastest growing application segment in terms 
of revenue is Networking & Telecom, as the 
demand for high-speed data transmission and 
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communication systems continues to rise, driving 
the need for more advanced VCO technology.  

8. CONCLUSION 

The voltage controlled oscillator (VCO) is a critical 
component in modern electronic systems, enabling 
precise frequency generation and modulation. This 
article has explored the fundamentals of VCO 
operation, architectures, performance metrics, design 
considerations, and applications across various 
domains. As technology continues to evolve, the 
demand for higher frequencies, improved stability, and 
advanced integration will drive further innovations in 
VCO design and implementation.Emerging trends such 
as the incorporation of digital control algorithms, 
miniaturization, and the adoption of advanced 
materials and devices will shape the future of VCOs. 
The proliferation of wireless communication 
technologies and the growing need for high-speed data 
transmission will further fuel the demand for high-
performance VCOs. As the electronics industry 
continues to push the boundaries of frequency 
synthesis, VCOs will remain a vital component, 
enabling breakthroughs in telecommunications, radar 
systems, and beyond. 
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