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# ABSTRACT- In latest wired and wireless communication equipment, VCO (voltage-controlled oscillator) is the major
building block and particularly used as the stable high frequency clock generator. VCO performance is measured through frequency
range, power supply used, area occupied, power consumption, delay, and phase noise. VCO is the cascaded of odd number of
inverter stages in a ring format, hence it is also articulated as a ring oscillator. Today’s portable communication devices are battery
operated. Hence, low power and area efficient designs play a key role in battery life enhancement and device size reduction. Device
scaling improves the effective silicon area utilization, but it leads to more leakages. Therefore, low power techniques along with the
technology scaling is the best way of low power designs. In this article, discussed various low power schemes. The ring oscillator
designs are carried out in various nano meter scaled technologies such as 180nm, 90nm,65nm and 45nm. A 5-stage ring oscillator
is implemented in each technology along with low power schemes, simulated in Cadence virtuoso, and noted power, delay, and
area. Observed that the proposed ring oscillator with sleepy keeper technique generated a stable frequency of oscillations in the
range of 1GHz-2GHz. A control voltage of 1.8V to 0.4V is applied and targeted the power less than 30mW and delay in 0.25p sec.
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#1. INTRODUCTION

From past few decades, the advancements in modern wireless
communication equipment, demands a robust and low-power
communication systems along with long battery life. This need
increases exponentially, as they have significant components,
such as VCOs and phase locked loops (PLLs) and have a wide
variety of applications in the electronic field. Therefore,
significant research has been conducted over the decades to
satisfy the requirement. VCO is the major block used to provide
a local frequency signal to the PLL in the communication
equipment, and PLL is equipped in frequency synthesizer
circuits and clock recovery circuits used to bringing the
synchronization between the signals. From this scenario, it’s
understood that the VCO design has a significant importance in
the PLL circuits. VCO circuits can be designed with different
electrical and electronic components, based on the components
used and the applications they are named LC oscillator, ring
oscillator and relaxation oscillator. Typically, LC oscillator
provides better phase noise, higher frequency of oscillations at

the cost of small frequency tuning range and complex
fabrication process of inductors and capacitor on the silicon
area. Unlike LC oscillators, the ring oscillators provide an ease
of fabrication on silicon and wide frequency tuning range [1].
Oscillator circuit is evaluated based on the different metrics,
such as operating frequency, range coverage, power
consumption, pushing and phase noise. The figure of merit
(FOM) is another factor to compare the performance of same
kind of architecture oscillators, its formula is given by the
equation (1).

_ LA !
FOM = 10log (AF) [VDD*I*PN] @
Where, F,-center frequency, AF-frequency offset, V,,-supply

voltage, I-current, PN-phase noise.

When compared to the LC oscillators, ring oscillators have low
FOM as they consume more power, and worse phase noise for
the same frequency. Generally, current starved ring oscillators
provide high tuning range, less area and low phase noise than
the traditional ring oscillators [2]. An Oscillator is an electronic
circuit, which produces a periodic signal with the internal noise
and does not use the input signal. Basically, Oscillator has
positive feedback or direct feedback from the output to the input
to have in phase between output and input signals. The forward
path is usually an amplifier with an amplification factor of ‘A’,
and the feedback path has a feedback components with
frequency dependent attenuation factor is ‘B(jo)’. An oscillator
is responsible for producing a sustained (neither increasing nor
decreasing its amplitude) frequency of oscillations at a
particular frequency or within the range of frequencies. For this,
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Barkhausen’s criterion should meet such as magnitude and
phase conditions.

Magnitude criterion: Must meet a specific magnitude criterion
to avoid divergent or damped oscillations (no global
amplification or attenuation per each loop cycle). If there is a
positive amplitude (|T(jwo))[>1), then the condition holds.

Phase criterion: £T(jwo) must equal 00 or 3600 for a phase to
be in effect. If the phase criterion is not satisfied, the oscillations
will either decline or increase soon after the power is turned on.
T(o) =|AB(jo) |1 is the oscillator's overall loop gain. The only
method to ensure that the system oscillates at a frequency where
the phase requirement is satisfied is to permit self-excitation
through positive feedback. The frequency (wo) at which the
amplitude criteria are met by design sometimes differs from this
frequency. As a result, the system would want to oscillate at a
different frequency (say 1). Assuming the amplitude
requirement holds at the higher frequency i, oscillations
would exhibit increasing amplitude (without a limiting
mechanism). However, we will get damped oscillations if the
loop gain magnitude is <1 at frequency i. In this case,
Barkhausen's criteria would only be appropriate for steady-state
oscillations. In this technique, a sinusoidal signal may travel the
whole feedback loop length without losing any amplitude or
changing its phase.

VCO wused in communication equipment is a cascaded
connection of odd or even number of CMOS inverter stage in a
ring fashion as in figure 1(a). In the cascading connection,
output of the previous stage inverter is the input for the next
stage of inverter, and the last stage output is feedbacked and
connected as the input to the first stage inverter. Ring type
connection has few benefits like ease of implementation, wide
frequency range with low control voltage. In the ring oscillator,
each stage would be considered as a delay element.

ouT N

Figure 1: (a) Ring oscillator (b) CMOS inverter

Each inverter in the ring oscillator, has one PMOS and one
NMOS devices as in figure 1(b), when the input voltage level
Vin=0, the PMOS device will turn ON and the NMOS will turn
OFF, therefor the current drawn from VDD and flows to the
output node via the PMOS device. Similarly, when the input
signal Vin=1, the PMOS will turn OFF and the NMOS will turn
ON. Now the current flows from the output node to ground via
NMOS device. In the CMOS inverter, both the devices should
work in the saturation region, and the conditions for the devices
to be in the saturation are VGS>VTH and VDS>(VGS-VTH).
‘VGS’ is the gate source voltage of the device, “VTH’ is the
device threshold voltage of the device, and ‘VDS’ is the drain
to source voltage of the transistor. When the devices are in the
saturation, each device have certain amount of ON resistance
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and the parasitic capacitances, thereby each inverter stage in the
ring oscillator results significant amount of propagation delay
(t4), which is define as the sum of both rise time and fall time
delaysand represented in the equations (1) and (2).

The rise delay, T ise=Tau=IN (2)RponCroaa: (2)
The fall time delay, ¢4, =7 4,5=IN (2)RponCioaa (3)

WhereR,,,,, and R,,,, are the NMOS and PMOS transistors ON
resistance respectively. And C;,.q 1S the load capacitance of
each inverter stage. Therefore 7,= (T4, +74.4)/2 and frequency

of oscillations f, =2% and, for N inverter stages, the
d

frequency of oscillations  f,;. = ﬁ Where 4 is the time
delay of single inverter stage.t; can be calculated as the time
constant of RC low pass filter (LPF). Delay and frequency of
oscillations expressed in terms of the bias or control current,
amplitude of oscillations and parasitic capacitances is presented
in equations (4) and (5).

Vosc*C
Td — Yosc G (4)
ICOTlt
— ICOTlt
fosc - 2N*Vp5c+Co )

Where,

V,sc — amplitude of oscillations, C; —

paracitic capacitance of P&N MOS devices, Icont —
control current.

In this paper, introduction on ring oscillator is discussed in the
introduction part. Literature is presented in the existing work
part. The recent developments and modified circuits and
techniques applied to the ring oscillator are presented in the
proposed work chapter. The results and the discussions are
presented in results and discussions topic. Finally, concussions
on the designs presented in the conclusions chapter.

2. EXISTING WORK

For 180nm and the above technology, the dynamic power
contributes major power share in the chip power, whereas below
180nm technology, the static power component dominates the
dynamic power component share. Subthreshold leakage or
current contributes major share to the static power dissipation.
Subthreshold leakage is due to the current flows from drain to
source when Vgs<Vty [18]. This current has exponential
relation to the device threshold voltage. Device threshold
voltage scaling makes rapid subthreshold current increase in
nano scaled devices. Hence, in lower technology nodes, the
subthreshold leakage should be minimized thereby improving
the device performance. A few techniques were proposed and
discussed in the literature to curtail static power such as stack
approach, sleep transistor approach, sleepy stack approach and
zigzag approach. Each low power technique has its own merits
and demerits [17].

The basic inverter shown in figure 2(a) has PMOS and NMOS
transistors widths are Wp=2 and Wn=1respectively. In the stack
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approach, each transistor is replaced with two transistors of the
same kind. The width of each transistor is half of the original
transistor as shown in figure 2(b). Sleep transistor technique is
another way to reduce the leakage power, here, sleep transistors
between the pullup device and Vpp, and between the pulldown
device and GND as shown in figure 2(c). In conventional
CMOS inverter, PMOS is connected to Vpp and NMOS is
connected to GND always. To maintain logic-1 in sleep mode,
the sleepy keeper approach has been used. The sleep transistors
are either high Vru type or low Vry type [2]. These sleep
transistors help in isolating the pullup or pulldown or both the
devices from Vpp or GND. Sleep transistor will turn OFF when
the circuit is not in use i.e in the sleep mode. This technique is
also known as gated Vpp or (multi threshold CMOS) MTCMOS
or gated GND techniques. Few setbacks were reported with this
technique, the sleep devices incur area and delay overheads, and
both pullup and pulldown networks would have floating values,
hence loses the state in the sleep mode. These floating values
will show impact on the wakeup and energy of the sleep
transistors. By mixing the forced stack and the sleep transistor
techniques shown in the fig.2(d), a new circuit results, called
sleepy stack technique. Consider a stack technique with the W/L
=3 for PMOS and W/L =1.5 for NMOS as in the stack approach.
A high V4 PMOS sleep transistor with W/L =3 connects in
parallel with one of the devices in stacked PMOS, similarly high
V1 NMOS sleep with W/L =1.5 is connected in parallel with
one of the devices in stacked NMOS as in the fig and, maintain
equivalent input capacitance. Sleep transistor role is same as the
role in the sleep transistor approach. i.e. during the active mode,
they are ON and during sleep mode, they are OFF. Here, the
switching speed has been improved compared to the switching
speed in the stack method, since during the active mode, the
sleep devices are always ON, hence the voltage value at the
drain of each sleep transistor is connected to its source, and
always available. Therefore, the low-VTH transistor linked to
the gate output receives current flow instantly independent of
the states of the other transistors in parallel with the sleep
transistor. These two effects work together to allow the sleepy
stack structure to maintain the identical logic state while using
minimal leakage power during sleep mode. The cost of this is
expanded floor space [3].

e
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Figure 2: a) Basic b) Stack approach c) Sleepy transistor d) sleepy
stack e) Zigzag technique f) Sleepy keeper
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Zigzag is another low-power method made to reduce the cost of
waking time in the sleep transistor technique that came before
it. One logic circuit comprises two steps, as shown in figure 2(e)
choose a specific circuit state. To choose a condition for the
circuit, turn OFF the pull-down network for each gate whose
output is high and turn ON the pull-up network for each gate
whose result is low. When the output logic is 1, a pull-down
sleep transistor is used. If the output value is 0, a pull-up sleep
transistor is used. The result can help stop the floating state
problem, but only sometimes [4]. Two changes have been made
to the sleep transistor circuit in figure 2(c) to lower the
transmission delay and keep the logic states. As shown in Fig.
2(f), a W/L=1.5 connected NMOS keeper transistor in parallel
to a PMOS sleep transistor, and a W/L=1.5 PMOS keeper
device is connected parallel to the NMOS sleep transistor. In
sleep mode, the NMOS device is linked to VDD to keep the
output at logic 1, and NMOS is the only source of VDD to pull
up the network when turned off the sleep transistor. During
active mode, PMOS is the only way to connect the network to
the ground when turned on the sleep transistors. In the same
way, the sleepy keeper method uses this '0' number and connects
PMOS to GND to keep logic O in sleep mode. When sleep
transistors are present, the resistance of the ON line goes up,
which makes the transmission delay shorter. This method is
used to keep the circuit's logic state.

3. PROPOSED WORK

In the field of wire/wireless communication, the VCO is used
widely as PLL and frequency synthesizer. A good VCO would
have low power, low phase noise, less delay of each stage, low
jitter, and wide range of frequency. Odd number of inverter
stages are connected as delay buffer chain and made inversion
only occurs one time between the final stage to the input. The
earlier ring oscillator designs reported high power consumption,
and temperature dependency of frequency of oscillations. In the
ring oscillator, when the number of stages increases, the
frequency of oscillations decreases because both are inversely
related, and delay of the single stage is multiplied with this.
Hence, the best way to increase the frequency is to reduce the
delay associated with each stage. To reduce the delay of each
stage, bios currents of transistors are used to control the
propagation delay of each delay unit. Similarly, to lower the
overall power consumption of the ring oscillator, sleepy stack
approach combined bias current control network. PMOS and
NMOS devices in the inverter circuits are operated either in the
subthreshold region or in the strong inversion region. If they are
operating in the strong inversion region, the current in each
stage reduces with the temperature, hence ‘f,;.’ value will
decrease [6]. When they are operating in subthreshold region,
the current in each stage increases and thereby ‘f,.’ value
increases. We don’t want all high or low oscillations at same
frequency, the negative feedback should become at a specific
frequency, w,. Common source amplifier with dominant pole,
neglect all parasitic [7]. The stages are identical from each other
because gate input impedance of MOS FET is infinite. Stacked
approach inverter has been used in the five-stage ring oscillator
design, used gpdk 90nm CMOS technology and supply voltage
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of 1.8V applied to achieve low power of 27.36uW [14]. A 9-
stage ring oscillator designed with gpdk 90nm technology to
generate 2GHz frequency [15]. A 5-stage ring oscillator is
designed with different low power techniques mentioned above.

With each technic a five-stage ring oscillator has been
implemented in 180nm, 90nm, 65nm and 45nm technology
nodes, then each is simulated and measured different
performance matrices such as static and dynamic powers, delay,
and area.

Design: The design specifications are frequency (1GHz to
2GHz), supply voltage (1.8V to 0.4V), and power consumption
< 30mW. Consider the basic inverter shown in fig.1(b), where
source current (I,,,) via PMOS and sink current (1,,,) via NMOS
are balanced when both are ON and made equal. This is done
by proper sizing of the inverter components.

Ipn = Ibp
2
kn (Vs — VTHn)2 = kp (VSG - VTHp) )

Vse = Vpp — V1 &V;s = V; where V; is the triggering voltage of
the inverter,Vg,source gate voltage.

kn(Vl VTHn) - kp (VDD VTHp)

v - VTHn)2 = (VDD VTHp)

k
&(VDD —VTHp)+VTHn

vy = T (6)
()

After substitution and simplification, the NMOS device size is
given in equation (7)

w Cy [ 2VTh

L TaUnCox(VDD—VTHR)

+n (4(VD§DVTHn)) 1](7)

VpDp—VTHn

With the bias currents in the inverter, the rise and fall delays in
the equations (2) & (3) are modified and presented in equations
(8) and (9)

_ __ Cefr(VDp—V1)

Trise=TdHL = Ipn (8)
_ _ Cern

Trau=TdLH — Iop 9)

Where C.rr is the effective capacitance, including
parasiticcapacitance (C;) of the inverter shown in equation (4),
in series with load capacitance (Ci). Assuming that I,,,, = I,,, =
I.one- After substitution all these in equations (8) and (9), the
equation (5) is written as

ICOTL
fose = ——cont__ (10)

N+Vpp*Ceff
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Figure 3: A 5-stage sleepy keeper RO

A 5-stage RO with sleepy keeper approach-bias current is
shown in fig.3, and the schematic is presented in fig.4. Inverting
stage produces 180° phase shift, to make 360° phase shifts from
output to input, a phase lead or phase lag network should be
placed in the feedback path. The choosing of resistor value is
based on the condition that the input impedance of a network
must be large in comparison to the output impedance of the
inverter amplifier stage [19-21].

Figure 4: A 5-stage sleepy keeper RO

Not to load the output significantly, which would reduce the
amplifier stage gain. The resistance of the RC network should
be chosen to a value of 10K ohms, since the amplifier output
impedance is in the range of 50K ohms. For an RC network,

f= % And for 2GHz frequency, the value of is assumed to
choose R=10K{2. Then the value of C = = 31.4fF. From

equations (4) and (5), TayL *+ Tary = 0.7(Rmm + Rpon)Cr -
(11), Coxn = 0.625fF and C,y, = 1.25fF . Ryon = 3.4K0
and Ry,, = 3.4K02 , for five stages, N=5 and the C, =

—r = 1.33fF. Then substitute the values in equation
2(Coxn+Coxp)

5, Taur + Ty = 0.7(3.4K + 3.4K)1.33f =6.33psec. For five
stages, fosc = e 15.7GHz . From simulations, total

delay, 14 = 1 +1,+ 13+ 7, +75=191+2.12+289 +
3.75 4+ 4.91.

4. RESULT AND DISCUSSION

A 5-stage RO is implemented in180 nm technology node long
with different low power techniques, and the simulation results
are presented in table 1. At this node, both SK dVth technique
and sleepy keeper techniques produced better results in all
aspects when compared with other techniques.
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=2 Table 1: 180nm technology 5-stage ROs Results
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- Table 3: 65nm technology 5-stage ROs Results

Static b ]
ynamic
180nm De(:é;zy power power 241;1612‘;
W) (W) .

Base Case | 7.18E! | 5.01E® | 1560 | 3.25E+02
Stack 2.08E10 | 3.43E10 | 1.21E% | 1.12E%%
Sleep 1.18E10 | 8.63E10 | 161E% | 1.02E'%
Zigzag | 7.34E11 | 1.00E® | 158E% | 7.40E%
S;fae?g 145610 | 601E10 | 1.18E% | 1.96E*%3
Ii'eeee;’gr 15861 | 351E10 | 1.07E% | 1.74E*3
Sleep dVth | 1.44E10 | 142E12 | 166E | 1.02E7
Zd'glztig 73561 | 449E1% | 159E5 | 7.40E*2
SSdvth | 16561 | 7.056% | 1.15E05 | 1.06E°3
SKdVth | 1.94ET | 362E12 | 1.10E® | 1.74E03

A 5-stage RO is implemented in 90nm technology node along
with different low power techniques, and the simulation results
are presented in table 2. At this node, both SK dVth technique
and sleepy keeper techniques produced better results in all
aspects when compared with other techniques.

% Table 2: 90 nm technology 5-stage ROs Results

Static b .
ynamic
90nm D?é;ly power | power /:lrr:l"g
(W) (W)

Base Case 6.6E11 4.46E0 1.42E06 8.94E+01
Stack 1.9E10 | 237E10 | 1.22E06 | 3.00E*2
Sleep 10910 | 571E10 | 151E% | 2.82E+2

Zigzag 6.60E1 | 6.92E10 | 148E% | 2.03E*®
Sleepy 132610 | 425610 | 1.00E% | 530E+2
Stack
Sleepy 142E10 | 250E10 | 1.00E% | 4.78E+2
Keeper
Sleep dVth | 160E1 | 561E™ | 156E% | 2.82E+2
ZigzagdVth | 6.81E1L | 628E1® | 148E0 | 2.03E*®2
SSdvth | 1.85E1° | 1.01E% | 1.10E% | 539
SKdvth | 21140 | 156E12 | 1.04E% | 4.74E+2

A 5-stage RO with different low power techniques is
implemented with 65nm technology node, and the simulation
results are presented in table 3. At this node, both SK dVth
technique and sleepy keeper techniques produced better results
in all aspects when compared with other techniques.

Static b .
ynamic
65nm Dfé;ly PowWer | power ?rnig
W) (W) "
Base Case | 1OEL | 1.82E% | BG6BEY | 4.66E'
Stack 28E1 | 251E® | 7.20E0 | 1.61E'®2
Sleep 168E10 | 7.07E% | 93260 | 14762
Zigzag 1.03E0 | 658E% | 8.89EY | 1.06E"2
Sleepy 1.04E10 | 391E% | 621E0 | 2.81E*®?
Stack
Sleepy 207E1 | 208E% | 562E0 | 2.49E+2
Keeper
Sleep dVth | 405E10 | 200E1 | 9.99E0 | 1.47E72
ZigzagdVth | 1L.OSE1® | 76761 | 9.34E% | 1.06E"®2
SSdVth | 428E10 | 342E1 | 646EY | 2.81E7
SKdVth | 498E10 | 8G64EL | 6.02E% | 2492

From the simulation results presented in table 1 to table 5 and
the corresponding graphs are shown in figure 5(a) to figure 5(e).
From these it is observed that at 180nm node, the amount of
static power is less compared with the other nodes. At 65nm
node, dynamic power is less compared to other nodes and
finally it is observed that at 45nm both delay and area of the
designs decreased compared to others.

“ Table 4: 45nm technology 5-stage ROs Results

Static b )
ynamic
45nm Dg?y power | power ‘(‘::::g
(W) (W)

Base Case 6.57E12 1.01E06 1.27E06 2.28E*01
Stack 415E | 152E0 | 2.73E97 | 7.73E
Sleep TO5ET | 3.94E% | 1.25E% | 7.05E%
Zigzag 9.74E2 | 3.92E0 | 127E% | 500E
Sleepy 1.98E11 | 232E97 | 6.O7ET | 1.34E*2
Stack
Sleepy 2.00E% | 165607 | 5.96E07 | 1.97E+02

Keeper
Sleep dVth | 2.06E11 | 8.65E%° | 1.24E% | 7.05E7
Zigzag dVth | 7.18E%2 | 120E% | 12569 | 500E7!
SSdVth | 3.07EX | 1.02E% | 5B84E0 | 1.34E%
SKdvth | 3.10E® | 7.41E® | 587EY | 119E"®Z

5.00E-10 . |
4.50E-10 *%M——;‘i#
4.00E-10 65nm —==45nn]
3.50E-10 £\
3.00E-10 AR
2.50E-10
2.00E-10 —
1.50E-10 |
1.00E-10
5.00E-11
0.00E+00
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Figure 5: Comparison results of different 5-stage ROs implemented
with different technology nodes (a) delay comparisons (b) static
power comparisons (c) dynamic power comparisons (d) are
comparisons (e) overall Comparisons
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A 5-stage ROs implemented with various low power schemes
implemented on 180nm, 90nm, 65nm and 45nm nodes, and the
results are presented in tablel-table 4 and the corresponding
graphs are shown in figure 5(a) to figure 5(e). It is observed that
45nm technology implementations presented in table 4 show a
significant amount of delay and area improved. And the sleepy
keeper approach performed better compared to the other
techniques. When compared to sleep approach, sleepy stack
achieves 2% delay increase, up to 91% area increase but 41%
decrease in static power. Sleepy keeper achieves 1% increase in
speed, up to 70% area increase and 56% decrease in static
power. The sleepy stack method requires as much as 74% more
space, although it may be up to 52% quicker than the forced
stack method that preserves state. Up to 55% covered more area
with the sleepy keeper method. However, only up to 53%
quicker can be achieved. Compared to base case, sleepy stack
achieves 77% decrease in static power and 53% decrease in
dynamic power.

M14:4.7263171ns, 1.2773138GHz

(GHz)

frequency

(b)
Figure 6: (a) 5-stage RO output (b) 5-stage RO frequency response

Sleepy keeper achieves 83% decrease in static power and 54%
decrease in dynamic power. The leakage power is reduced by a
factor of 15 with the dual Vth sleepy stack, while the latency is
reduced by 26%, and the area is increased by 75% compared to
the forced stack. The double Vi, tired keeper is 35 % faster and
uses 55% less space than the forced stack while lowering
leakage power by 17 times. 5-stage ROs designed with sleepy
keeper and bias current technique transient results are presented
in figure 6, from the results it is observed that the frequency of
oscillations is 1.27GHz, and the comparison results are shows
in table 5.

Website: www.ijeer.forexjournal.co.in

Design and Analysis of Ultra-low Power Voltage Controlled


https://www.ijeer.forexjournal.co.in/

FOREX

Publication
Open Access | Rapid and quality publishing

- Table 5: Comparison with Similar Kind of Designs

International Journal of

Electrical and Electronics Research (IJEER)
Research Article | Volume 12, Issue 1 | Pages 12-19 | e-ISSN: 2347-470X

Ref Process Supply Power Delay Frequency Area stages Technique
no (nm) V) (Hw) (ps) (H2) (mm?) (nA)
9 90 1.2 46.8 43.84 1.2G 111.30 7 Current starved
1.22
10 130 1 16.85 -- 24M 5 Current starved
11 130 1.8 56 -- 20M 0.22 5 Dual Vth
12 130 3.3 55.6 -- 19955 M 1.32 3 RC n/w
Sleep Dynamic
13 180 1.8 34.1 -- M 0.084 5 Vih CTAT
combines multi-
15 90 1.3 30 -- 2G 0.56 9 objective
optimization
16 90 0.3 7 -- 235M 0.002 3 bootstrapping
This 45 05 16 0.25 1.27G 1.99x10° 5 Sleepy keeper
work
[7] Huang, K. and Wentzloff, D., "A 1.2-MHz 5.8uW temperature
w S. CONCLUS I ON . compensated relaxation oscillator in 130-nm CMOS", IEEE Transactions
A b5-stage Ros with different low power techniques on Circuits and Systems 1I: Express Briefs, Vol. 61(5), 334-338, 2014.

implemented with CMOS inverters in the paper. Each design is
implemented in different nano scale technologies, and
simulated to verify different performance metrics, and observed
that sleepy keeper technique employed in the RO design shows
better performance than all other schemes. The power, area, and
the delay values of the proposed RO are better than any other
literature. It produced the maximum frequency of oscillation
and bandwidth than other types of ROs.
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