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Abstract—Highly dependence of the power consumption with
respect to the voltage supply makes current finer CMOS tech-
nologies become supplied with lower-than-1 V. Voltage-controlled-
oscillator based analog-to-digital converters implemented with
ring-oscillators scales properly with that requirement. However,
conventional implementations of ring-oscillators limit the oscil-
lation frequency due to the lack of available voltage to feed
high currents. In this manuscript, we propose a novel circuit
for a ring-oscillator that overcomes this issue. With only two
devices between the supply nodes a delay cell is built. This
allows us to reduce the voltage supply for certain oscillation
requirements. In addition, the lower number of devices connected
to the output nodes supposes lower parasitic capacitance and a
reduction in the minimum achievable time delay, which increases
the potential resolution. The proposed circuit is theoretically
described and validated by simulation in a 65-nm CMOS process.
Comparisons to the conventional implementations are made,
showing improvements in terms of resolution, power, and area.

Index Terms—Analog-to-digital conversion, low overhead volt-
age, voltage-controlled oscillator, inverting CMOS cells

I. INTRODUCTION

Deep-submicron CMOS processes impose new challenges
when implementing mostly-analog data converters, such
continuous-time ∆Σ modulators or flash converters. Low
intrinsic gain and higher mismatch between devices, along
with low voltage supplies that limit voltage overhead, make
analog design highly complex [1]. In consequence, trends
towards mostly digital implementations has become of special
interest nowadays. Additionally, apart from overcoming pre-
vious issues with much simpler designs, digital architectures
benefit from scaling, area savings and speed as devices’ size
is reduced.

Voltage-controlled oscillator based analog-to-digital con-
verters (VCO-based ADCs) exploit digital scalability of the
newest design processes when they are implemented with ring-
oscillators [2]. Different applications, including biomedical,
audio or sensing ones, make use of them due to the excel-
lent sensitivity they have, intrinsic first-order noise-shaping
spectral properties and remarkable noise performance [3]–[5].
If we focus on ring-oscillator based open-loop structures, the
main limitation will become the non-linear voltage/current to
frequency relation [6]. Some techniques to overcome that issue
can be found in the literature, which includes limiting the input
signal swing [7] or adding digital calibration [5].

Whereas oversampling allows us to get enough resolution
for low-bandwidth architectures, this is not the case for high-
bandwidth ones (whose bandwidth may be around dozens
of MHz). For these applications, minimum delay cells that
compose the ring-oscillator turns out to be a limiting factor,
strongly limiting the final resolution we may get from the
data converter, specially if we limit the voltage supply to
reduce power consumption. In this manuscript we propose
a new delay cell for the implementation of high-speed low-
power ring-oscillators, with a minimum delay which is lower
than the one achieved for the conventional delay cell used in
ring-oscillators. We will see that the power consumption will
depend on the number of cells in the ring-oscillator, unlike it
occurs conventionally. Then, our solution will be of interest
when using a reduced number of cells in the ring-oscillator
in such a way that we move the computing charge from
the oscillator to the digital logic afterwards. In consequence,
high speed digital logic implemented with a narrow CMOS
process is a must. The new delay cell is highly portable
between technology nodes and suitable with high-bandwidth
applications such as wireless and IoT-related devices.

The outline of the manuscript is as follows. Section II
summarizes the foundations of ring-oscillator based ADCs
and the conventional approach typically made. Section III
describes the new delay-cell proposed for the implementation
of low power and high speed ring-oscillators. In Section
IV a ring-oscillator with the new delay-cell implemented
in a 65-nm CMOS process is presented along with some
transient simulations to validate the approach. Finally, Section
V concludes the manuscript.

II. RING-OSCILLATORS FOR ANALOG-TO-DIGITAL
CONVERSION

A. Open-loop structure for VCO-based ADCs

Fig.1 depicts the general scheme of an open-loop ring-
oscillator based ADC [7], where the ring-oscillator may be
built either as a voltage-controlled-oscillator (VCO) or as a
current-controlled-oscillator (CCO). Input signal x(t) mod-
ulates the oscillation frequency according to the following
expression:

fosc(t) = fo +KVCO · gm · x(t) (1)
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Fig. 1: (a) Open-loop structure of VCO-based ADC, and (b)
possible circuit implementation of (a).

where fo is the rest oscillation frequency and KVCO is the
oscillator gain. The output phases of the ring-oscillator are
then sampled and first-differentiated to generate the output data
y[n], which are first-order noise-shaped.

A possible circuit for Fig. 1(a) is shown in Fig. 1(b),
where the mostly-digital implementation of these systems can
be observed. The structure of the digital logic depends on
the relationship between the sampling frequency (fs) and the
highest oscillation frequency in the ring-oscillator. In the case
of having fosc restricted to lower than fs/2 the implementation
of Fig. 1(b) is suitable. Otherwise, asynchronous more-than-
one-bit digital counters connected to the output phases will
be required. This is of high relevance for us because in our
new proposal we will limit the number of cells that compose
the ring-oscillator to save power, usually leading to oscillation
frequencies higher than fs/2.

B. Conventional ring-oscillator circuit for VCO-based ADCs

The most common circuit for a ring-oscillator is shown in
Fig. 2. A voltage-to-current conversion is made by M1 and
the output current IRO flows through a ring configuration built
with CMOS inverters. The higher IRO, the lower the delay
of the inverters and the higher the oscillation frequency. CL
represents the equivalent load of the digital logic connected to
each phase and needed to generate the output data.

It is important to note here that the current IRO flows only
through those delay cells whose state is changing. This means
that the power consumption of the structure does not depend
on the number of delay cells, as opposite to the new delay cell
that will be proposed afterwards.

The lowest delay we may have in the cells will define the
highest time resolution we will achieve from the converter.
This becomes a limitation when oversampling ratio is low due
to high bandwidths, such as in wireless or IoT applications.

III. HIGH-SPEED DELAY CELL FOR RING-OSCILLATOR

To overcome the resolution limitation described above, we
propose to use the delay-cell of Fig. 3 to implement ring-
oscillators. This cell has the same structure of a common-
source amplifier where the gate of the active load is connected
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Fig. 2: Conventional ring-oscillator implementation for VCO-
based ADCs.
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Fig. 3: New high-speed delay cell for ring-oscillators.

to the previous cell. M1 makes the voltage-to-current conver-
sion and controls the oscillation frequency similarly to M1 of
Fig 2.

Whereas the conventional delay cell is composed of three
devices, the inverter cell itself and the M1 transistor; in the new
approach each cell is only composed of two devices. Firstly,
this alleviates headroom voltage of M1, allowing us to decrease
the voltage supply VDD. Secondly, the parasitic capacitance
at the output nodes is reduced, which increases the highest
possible oscillation frequency. Finally, we have a penalty in
the power consumption due to the static current when the M2
is enabled. We will see later on how to deal with this issue to
get an energy-efficient solution.

A. Delay cell’s start-up conditions

If the sizes for both M1 and M2 devices are not correctly
selected, there might be a solution for the operating region of
both devices in which the input and the output of cell have
the same voltage value, leading to a non-oscillating operating
point. Looking at Fig. 3 and considering three consecutive
delay cells, a non-oscillating operating point will be achieved
when the operating regions of M1 and M2 are reversed for each
consecutive cell. The boundary between the non-oscillating
operating point and the oscillating operating point occurs when
the sizes of M1 and M2 are linear and saturation region,
respectively, and interchanged for the next delay cell. This
condition will provide minimum sizes for M1 and M2. Going
away from the calculated minimum sizes will make phase0
become closer to VDD, phase1 become closer to GND, and
phase2 become closer to VDD.



Below, we will calculate what is the minimum size for both
devices needed to make the structure oscillate. Let’s focus
on the first cell of Fig. 3 and assume that M1 is working in
linear region and M2 in saturation region. If we suppose that
capacitor CL is charged we may equal the currents that flow
through M1 and M2:
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where K is , BLA, BLA,etc.
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where Vph,2 equals Vph,0. If we now take both equations (2) and
(3) and solve the resulting system of equations, we will achieve
an oscillating operation point if both Vph,1 and Vph,0 are real
and compatible with the initial operating points considered for
M1 and M2 in two consecutive cells. The solution depends
on the value assigned to the input signal x(t), where the
maximum value of x(t) defines the worst case possible to
get oscillation.

If we consider the boundary between linear and saturation
region for both M1 and M2 devices, we may calculate the
minimum size ratio required to make the structure oscillate,
which is as follows:

(W/L)M2

(W/L)M1

≥ K
′

N
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′
P
· (x(t)− Vth,N))

2

(VDD − |Vth,P|))2
. (4)

For the sake of simplicity, we have not considered channel
modulation in (4). If assumed we would observe that the
minimum ratio defined in (4) would decrease, making it more
suitable for newer processes. When the designed size ratio
is lower than the value provided by (4) we will not have
oscillation at the output nodes.

To provide some intuition about the reference values we
may find for the minimum size ratio, we have taken the values
for a 50-nm and a 1-µm CMOS technologies [9]. Whereas for
the 50-nm process the minimum size equals approximately 2,
for the 1-µm process it equals approximately 3. This minimum
size ratio value must be found out for each process, making
use of it to reduce the occupied area and also speed up the
oscillation frequency.

B. Energy-efficient delay cell configuration

The proposed delay cell has the disadvantage of consuming
static power when the input of the delay cell is at low state.
When included into a ring-oscillator configuration all the cells

will spend half of the time at low state. Consequently, the
higher the number of taps the higher the power consumption.
According to [8], resolution in a VCO-based ADC depends on
the effective oscillation frequency, which is defined as follows:

fosc,eff(t) = N · fosc(t), (5)

where N is the number of delay cells in the ring-oscillator.
This means that similar resolution can be achieved with
different number of delay cells while the effective oscillation
frequency remains constant. This way, resoluti

To reduce power consumption in the new proposal and go to
an energy-efficient architecture we propose to limit the number
of cells in the ring-oscillator, keeping the same effective
oscillation frequency, and moving the computing charge from
the analog side to the digital side, what requires of high-speed
logic. That is the reason why our proposal is specially suitable
for newer narrow CMOS process.

IV. PRACTICAL VALIDATION AND SIMULATIONS

Both the oscillators of Fig. 2 and Fig. 3 have been designed
in a 65-nm CMOS process with the goal of validating the
advantages of the new approach and verifying its performance.

We have designed several ring-oscillators with both cells
using different number of cells and with the same oscillation
parameters, Fig. ?? and Fig. ??. In both figures it should
be appreciated that, whereas the power consumption for the
conventional ring-oscillator only depends on the effective
oscillation frequency regardless the number of cells, it is not
the case for the new one. For the new ring-oscillator the power
consumption depends on both terms, the effective oscillation
frequency but also the number of cells. The most efficient
solution is achieved when, for a given effective oscillation
frequency, we design a ring-oscillator with the lowest number
of cells possible.

In Fig. ?? the ring-oscillators are designed for the same
voltage supply, which is 0.8 V. Here the delay for the con-
ventional cell is minimized while not for the new one, what
proves the possibility of reducing the minimum time delay
achievable. 3-, 5-, and 7-cell ring-oscillators were simulated.
The new oscillator consumes less than the conventional one
for the 3-cell implementation, but not for the 5- and 7-cell
ones. In this particular case the new approach is more energy
efficient if less than 5-cell ring-oscillators are used. This limit
could be enhanced if faster delay cells were used for the new
ring-oscillator and the voltage supply were reduced.

ver por qué tanto espacio entre el tı́tulo de la fig y la figura
In Fig. ?? the voltage supply is set to 0.7 V for the new

circuit, keeping the oscillation parameters of the previous
analysis. In this case the new oscillator consumes less than
the conventional one for the 3- and 5-cell implementation,
but not 7-cell one, increasing the limit we have observed in
Fig. ??.

en este cason deja tanto espacio entre el tı́tulo y la figura
Finally, using a 3-cell implementation for both configura-

tions, we test a reduction of overhead voltage and studied
the performance in terms of speed, power consumption and
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Fig. 4: Conventional oscillator vs proposed power consump-
tion with voltage supply of 0.8 V
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Fig. 5: Conventional oscillator vs proposed power consump-
tion with voltage supply of 0.8 V and 0.7 V respectively

area. The voltage supply was decreased and, this time, the
oscillation frequency parameter was examined.

verificando:For three values -900 mV, 800 mV, and 700
mV- the oscillation frequency for a RO structure composed
of CMOS inverters slow downed (more than 1.5 GHz) finally
getting a value of fmax= 2.2 GHz, consequently, the current
is reduced as well. For our RO, the oscillation is not affected
and the current is significantly decreased. For same oscillation
parameters (fo= 2.4 GHz and KVCO= 15 GHz), the conven-
tional RO and the proposed RO feed with 1 V and 700 mV
respectively, the power consumption of the first one is nearly
twice of the second one.

Analyzing both RO structures, it could be said, in rough
terms, that the most common structure for RO is not totally
power-efficient if it is composed by a few taps. In addition,
this kind of configuration is limited by the transconductor that
controls the current through CMOS inverters and defines the
oscillation frequency: the miniaturization of CMOS processes
suppose a constant falling of voltage supply, which penal-
izes the good performance for the conventional RO. On the
contrary, the new cell constitutes a potential solution to the
overhead voltage issue, keeping a small number of taps for
VCO. The circuit proposed manages a lower load compared
with typical RO because the output is connected to only one

gate terminal of transistor, therefore, the size of transistors will
be lower for certain oscillation frequency or faster oscillator
can be obtained.

V. CONCLUSION

A novel inverting cell of ring-oscillator for the implementa-
tion of oversampled ADCs has been formulated. The proposed
circuit is composed by one NMOS -as a transconductor- and
one PMOS, which keep an oscillating regimen depending on
the size ratio between both devices. This particular configura-
tion allows us to built RO with a higher oscillation frequency,
lower power consumption and area, in comparison with the
conventional structures of RO used for VCO-based ADCs.
The new RO is validated by transient simulation in a 65-nm
CMOS process, showing proper performance for very small
overhead voltage. Additionally, a circuit devoted to digitize
the output signals (level-shifter) is not especially important,
replacing it by another simpler circuit, and simplifying the
whole conversion architecture. This features offers a good
solution for ADC architectures based on oscillators in view
of the development of deep-submicron CMOS processes. The
new cell could be applied either open-loop configurations or
closed-loop configurations.
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