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Abstract
This paper presents a simple architecture for Programmable Voltage 
Controlled Ring Oscillator (VCRO) on 3-stages ring topology in 
TSMC 0.18um CMOS technology. The output frequency range 
from 1.92 GHz to 2.84 GHz and centre frequency 2.49 GHz is 
achievied with input digital bits range from “000” to “111”. The 
power dissipation is 0.31mW @2.84GHz maximum frequency. 
The paper contains simulation and measurement results for, output 
frequency, power consumption at different output load and circuit 
temperature.
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I. Introduction
The last decade of this century has seen an explosive growth in the 
communications industry. People want to be connected all the time 
using wireless communication devices. In addition, the demand 
for high bandwidth communication channels has exploded with 
the advent of the internet. Thanks to the high density available 
on integrated circuits, sophisticated digital modulation schemes 
can be employed to maximize the capacity of these channels. This 
has changed the design of wireless and wire line transceivers. We 
focus on the design of a critical sub-block: the Voltage Controlled 
Oscillator (VCO). Voltage controlled oscillators appear in many 
analog and RF signal processing systems. In this paper we focus 
on design and analysis programmable VCOs for wireless system 
applications [8-11].
Most electronic signal processing systems require frequency or 
time reference signals. To use the full capacity of communication 
channels, e.g. wireless, wired and optical channels, transmitters 
modulate the baseband message signal into different parts of 
the spectrum to exploit better propagation characteristics or to 
frequency multiplex several messages and the receivers down 
convert them for demodulation. These operations require accurate 
frequency reference signals. Digital circuits and mixed mode 
circuits (A/D and D/A converters e.g.) pace and synchronize 
their operations using a clock signal as a time reference signal. 
Many communications applications require programmable carrier 
frequencies and the cost and board space of a multitude of crystals 
would be prohibitive. Indirect frequency synthesis techniques 
based on a phase-locked-loop (PLL) are preferred to generate 
programmable carriers and RF frequencies. A less accurate RF 
oscillator whose frequency can be controlled with a control signal 
is embedded in a feedback loop and its output frequency is locked 
to an accurate low frequency reference. These loops are typically 
implemented as a phase-locked loop.
In some instances like data communications, the data rate is very 
accurately standardized. Still a local clock signal is derived from 
the incoming data signal with a clock recovery circuit to track 
small variations in the sender’s clock rate and to align the phase 
of the local clock for optimal data recovery. This again requires 
an oscillator whose frequency is controllable. 
Another important application of VCOs is for the modulation or 
demodulation of frequency or angle modulated carriers. Open loop 

modulation and demodulation as well as closed loop schemes are 
very popular for portable wireless handsets [12-15]
Several evolutions push for the realization of VCOs with centre 
frequencies in the GHz to several GHz range. In the wireless 
area, the better propagation characteristics and the larger 
available bandwidth in the 1 to 2 GHz range have allowed the 
standardization and exploitation of digital cellular phone systems 
worldwide. For the fabrication of the wireless phone terminals a 
large demand for high performance GHz VCOs has emerged. At 
higher frequencies around 2.5 GHz and 5 GHz new wireless data 
applications have spurred a lot of interest and large markets are 
emerging: e.g. short range automation applications in the home, 
cable replacement wireless links etc.  These applications will also 
drive the requirement for GHz VCOs. The same trend exists in data 
communications were widespread deployment of Gbit/sec data 
channels is fuelled by the Internet growth and the convergence 
of data and voice communications. These systems rely on clock 
recovery architectures and also increase the demand for GHz 
VCOs. It is beyond doubt that GHz VCOs are required in large 
volumes [16-18].

II. Design of Proposed Programmable VCRO

A. Delay of CMOS Inverter
Consider the CMOS inverter shown in fig. 1(a). When the input 
makes a step change from  high to low the pull down transistor 
turns off while the pull up transistor turns on .The situation is 
illustrated by fig. 1(b). The time required for Vout to charge from 
VOL to the 50% of VDD can be calculated by assuming that the 
lumped load capacitance is charged by the current through the 
pull up device.
Similarly when the input makes a step change from low to high 
the pull down transistor turns on while the pull up transistor turns 
off .The situation is illustrated by fig. 1(c). The time required for 
Vout to discharge from VOH to the 50% of VDD can be calculated 
by assuming that the lumped load capacitance is discharged by 
the current through the pull down device.
If the charging current is ILH and   , the delay time is 
then calculated as follows:

   (2)
The propagation delay from high to low is calculated in the same 
manner as above with discharging current IHL.

    (3)
The average propagation delay is defined as 

    (4)
If the sizing ratio of PMOS and NMOS transistor in inverter is 
chosen such that the charging current ILH and discharging current  
are equal and their average is expressed by  then the average 
propagation delay is given as
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    (5)

Fig. 1(a):

Fig. 1(b):

Fig. 1(c):

Fig. 1: CMOS Inverter Delay Calculation

B. Capacitance of CMOS Inverter
Consider the inverter shown in fig. 1(a), with its equivalent digital 
model shown in fig. 1(b).

Fig. 2(a):

Fig. 2(b):
Fig. 2: The CMOS Inverter Switching Characteristics using the 
Digital Model

Although the model is shown with both switches open, in practice 
one of the switches is closed, keeping the output connected to 
VDD or ground.
The effective input capacitance of the inverter is

    (6)
The effective output capacitance of the inverter is

    (7)
So the total capacitance Ctot associated with CMOS inverter is 

  

Fig. 3: Total Capacitance Associated with CMOS Inverter

.  (8)
Where, 

tox = thickness of oxide
WP, LP = width and length of PMOS transistor.
WN, LN = width and length of NMOS transistor [9,13-14,16].
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C. Frequency of N- stage Ring oscillator

Fig. 4: N-Stage Ring Oscillator Structure

The ring oscillator is the chain of delay stage connected in closed 
loop configuration. The oscillation frequency is depends on the 
propagation delay TP of per stage and no of stages used in the 
ring oscillator.
To achieve self sustained oscillation, the ring must provide a 
phase shift of 2π and have unity voltage gain at the frequency 
of oscillation. In a N- stage ring oscillator, each stage provides 
a phase shift of π ∕ N and dc inversion provides the remaining 
phase shift of π. Therefore the oscillation signal must go through 
each of N delay stages once to provide the first π phase shift in a 
time of NTP and it must go through each stage a second time to 
obtain the remaining π phase shift in a time period of 2NTP. The 
frequency of oscillation is given by [17-8].

     (9)
or     

    (10)

D. Schematic of Proposed Programmable Voltage 
Controlled Ring Oscillator

Fig. 5: Schematic of Proposed Programmable VCRO

1. Working
In the above fig. 5, transistor N1 is enable switch and is  modelled 
to work in linear and cut off region. When Enable is at logic ‘0’ 
the oscillator goes to standby mode and when Enable is at logic 
‘1’ oscillator works in active mode.  D0, D1 and D2 are three bit 
digital input. Transistor P5, P7 and P9 are three PMOS switches. 
These transistor are modelled such that they work either in linear 
region or cut off region i.e. on or off depending on input bit 
condition. Transistor P4, P6, P8 and P10 are diode connected 
PMOS transistor (i.e. PMOS active resistor) work always in 
saturation region. Transistor P4 is sized to draw 30µA current 

which is minimum current required by the oscillator to achieve 
minimum oscillating frequency given in specification. When input 
bits are ‘000’ the switch P5, P7 and P9 are open so no current 
draw from transistors P6, P8 and P10. When input bits are ‘111’ 
the switch P5, P7 and P9 are on so in this condition transistor 
P6, P8 and P10 are sized such that to draw 5µA, 10µA and 20µA 
current respectively. The sum of all these currents is mirrored to 
flow in ring oscillator stage by the current mirror shown in above 
schematic. The input bits changes from ‘000’ to ‘111’ so the current 
flow in current mirror changes and ultimately current flow in 
ring oscillator changes. If current flow in ring oscillator changes 
the frequency of oscillation changes. So the output frequency of 
oscillator can be programmed by digital input.

III. Analysis of Programmable VCRO 

A. Following are the Transient Analysis Simulation 
Results of Programmable VCRO at 270C with 0.0pf Output 
Load Condition.

1. Minimum Frequency 
Time period T = 522 ps.
 Frequency = 1.92 GHz

Fig. 6: Output Voltage When Input Bits of Programmable VCRO  
are “000”.

2. Maximum Frequency
Time period  = 352.49 ps
Frequency = 2.84 GHz

Fig. 7: Output Voltage When Input Bits of Programmable VCRO 
are “111”
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3. Maximum Power Consumption
Power consumption = 300 µW

Fig. 8: Power Consumption When Input Bits of Programmable 
VCRO are “111”

4. Maximum Power Consumption in Standby Mode in 
Standby Mode, Enable = 0.0 V Power Consumption = 
0.7 nW

Fig. 9: Maximum Power Consumption in Standby Mode of              
Programmable VCRO

5.

Fig. 10: Variation of Output Frequency With Input Bits of 
Programmable VCRO 

Fig. 11: Variation of Power Consumption With Input Bits of 
Programmable VCRO

B.  Analysis of Programmable VCRO at Different 
Combination of Output Load and Circuit Temperature
(a)

Fig. 12: Variation of Maximum Frequency of Programmable 
VCRO with Different Output Load and Circuit Temperature

(b) 

Fig. 13: Variation of Maximum Power Consumption of Progra-
mmable VCRO with Different Output Load and Circuit Tempera-
ture
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IV. Comparison of Observed Frequency and Power 
Consumption with Specification
Table 1: Comparison of Observed Frequency and Power 
Consumption with Specification

Comparison 
Parameter Specification Observed % 

error

Minimum 
Frequency 1.8 GHz 1.92 GHz 6.66

Maximum 
Frequency 3GHz 2.84 GHz 5.33

Maximum 
Power 
Consumption

300µW 301µW 0.66

V.  Comparison of Observed Delay of Inverter with 
Calculated Delay
Table 2: Comparison of  Observed Delay of  Inverter with Calcul-
ated Delay

Input bits
D2D1D0

Calculated 
delay (ps)

Observed 
delay (ps)    

   % 
error

000 92.58 86.80 6.24
011 69.43 66.93 3.6
111 55.54 58.68 5.65

V. Conclusion & Future Work

A. Conclusion 
In the present work, programmable voltage controlled ring 
oscillator is proposed and this is analysed in terms of frequency, 
power dissipation and linearity of output frequency with respect 
to input digital bits at different temperature and output load. The 
proposed programmable VCRO have nearly the same frequency 
and maximum power consumption as given in specifications. 
The proposed oscillators have good linearity of output frequency 
with respect to input digital bits and also work properly from 
temperature range to 85 .

B. Future Work
In the proposed designs it can be observed that the minimum and 
maximum output voltage of the oscillator is not exactly zero and 
VDD respectively. So by using some idea it can be possible to 
achieve output voltage nearly the logic levels.  
The power consumption observed in standby mode of the proposed 
design is 0.7 nW which can be minimize by using “Variable-
Threshold CMOS (VTCMOS)” or “Multiple -Threshold CMOS 
(MTCMOS)” low power techniques.
As the complexity of semiconductor devices become more complex 
new models that will allow for the more complex representation 
of the circuit to minimize the power consumption and layout area 
will also available. As the communication industry advances, 
especially in the wireless domain, there will be greater demand 
for faster data rates, smaller devices and low power consumption. 
These demands will push the criteria of VCO design beyond 
today’s limitations. The biggest challenge for designers is to find 
an optimal balance between these requirements. Faster switching 
devices will be necessary to drive oscillators at higher frequencies 
without sacrificing low power requirements. 

Table 3: Comparison with Other Work on VCO

Ref No. Year
CMOS
Process
(μm)

Supply
(V) Tuning range V control

(V)

Power
Consumption
(mw)

1. 2005 0.18 1.8 350 – 1020 (MHz) @ 900 MHz 
Center frequency 0 -1.2 43.7

2. 2005 1P6M 
0.18 1.8 8.1 - 10.5 (GHz) @ 9.5 GHz 

Center frequency 0 - 1.5 30-  38

3. 2007 TSMC 
0.35 3.3 333–1472(MHz) @1GHz Center 

frequency 0 – 3.3 63.4

4 2007 TSMC 
0.18 2.0 523 – 2111 (MHz) @1456.9 

MHz Center frequency 0 - 2 14.79

5. 2008 IBM 0.18 1.8 113 % @ 900 MHz Center 
frequency (-0.9)- (+0.9) 16

6. 2008 1P8M 
0.13 1.4 180 % @ 5 GHz Center 

frequency 0 - 0.8 9.0

7. 2010                           1P6M 
0.18 1.8 3.03 – 5.36 (GHz) @5.22 GHz 

Center frequency 0 - 1.8 100

This work 2011 TSMC
0.18 1.8 1.92GHz – 2.84GHz @ 2.49 

GHz Centre frequency

Digital bits 
control
(“000”to “111”)

0.31
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