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Abstract—This paper describes a voltage controlled oscillator
(VCO) -based ADC for biomedical applications which employs
a relaxation oscillator for voltage-to-frequency conversion. The
proposed circuit uses a redundant pair of capacitors to miti-
gate the conversion error resulting from the time required for
resetting the capacitor. A switch matrix with feedback helps
sustain oscillations. Further, the VCO frequency approaches zero
as the input voltage approaches zero unlike a converter with
ring oscillator, thereby reducing power consumption. Post-layout
simulation of the proposed ADC designed with a 28 nm FDSOI
CMOS technology shows an ENOB of 8 and power consumption
of 12 �W from a 0.7 V supply.

I. INTRODUCTION

Real-time measurement of physiological signals from the
human body is useful in prevention, diagnosis and treatment
of diseases. In addition, there is growing need of integrated
electronics for monitoring physiological signals as medical
advancement evolves into personalized health-care. Hence, the
design of integrated electronics for biomedical applications
helps advance medical research and the development of closed-
loop solutions such as brain-machine interfaces for prostheics
control [1].

Biomedical integrated electronics that are implanted in
the human body are typically limited by the power that can
be delivered to the implant. The limited power available to
implantable biomedical electronics sets the low power require-
ment in the design of internal sub-systems. One of the main
sub-system in the design of implantable biomedical electron-
ics is the analog front-end (AFE) which consists of signal
acquisition and analog-to-digital conversion (ADC) modules.
There are several low-power analog front-end designs based
on successive-approximation register (SAR) and delta-sigma
ADC structures that are widely used in biomedical applications
[2], [3]. In this paper, we propose an alternate time-based
ADC architecture with moderate power consumption targeted
towards biomedical applications.

Time-based analog-to-digital converters are gaining popu-
larity in low-power applications as process and device features
(gate length and supply voltage) reduce due to scaling in tech-
nology nodes [4]. Faster processes increase the effective time
resolution that can be achieved, while amplitude resolution and
power consumption are decreasing with the steady decrease in
supply voltages. Low-power time-based ADCs can be realized
using ring oscillators. Ring oscillators are simple, robust,
scalable, power efficient and require small area. Ring oscillator
based ADCs also demonstrate inherent first-order shaping of
quantization noise and sinc-type filtering. These features of
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Fig. 1. The proposed relaxation oscillator based ADC.

ring oscillator based ADCs alleviate the requirements for noise
and filtering performance of the system, which is especially
beneficial in the 1/f-noise dominated low frequencies of bio-
potential signals [4].

The drawback of ring oscillator based ADCs is the poor
linearity of the voltage-to-frequency (V-F) conversion which
limits the achievable effective number of bits (ENOB) [5], [6].
As a result, additional calibration and linearization techniques
are required to further improve the effective resolution of
ring oscillator based converters [7], [8]. These linearization
techniques increase the complexity and power consumption
of ring oscillator based converters. In contrast to ring oscil-
lators, relaxation oscillators are commonly used in frequency
references due to their relatively stable and linear oscillation
frequency range [9], [10].

In this paper, we investigate the use of a relaxation oscil-
lator as an alternative to ring oscillator in the design of the
proposed VCO-based ADC in Fig. 1. Post-layout simulation
results show that the proposed ADC achieves an ENOB of
8 with sampling rate (Fs) of 10 kSPs, while consuming 12
�W of power in continuous operation from 0.7 V supply. The
rest of the paper is organized as follows. Section II describes
the operation of the proposed circuit. Section III presents
simulation results and Section IV summarizes the performance
of the ADC.
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II. OPERATION PRINCIPLE

The low-frequency and small amplitude signal characteris-
tics of bio-potentials determine the main design requirements
of the analog-to-digital converter. The proposed architecture
of the relaxation oscillator based ADC is presented in Fig.
1. The bio-potential signal acquisition process consists of a
band pass filter and an amplifier stage for limiting the signal
bandwidth and amplifying the signal in preparation for further
processing by subsequent stages. The acquired and amplified
input voltage signal (Vin) is converted to current signal by the
transconductance (GM) stage.

The relaxation oscillator consists of integrating capacitors
that are charged and discharged with the currents from the
GM-stage. Hence, the frequency of the oscillator changes
with the current from the GM-stage. Lastly, the integrating
capacitors are reset by the cross switch controls from the digital
logic (DIGI) block based on the pulses from the oscillator.
The combined system comprises of a low-noise amplifying
band-pass filter (BPF), voltage-to-current transconductance-
stage, a high gain integration stage (INT), fast comparators
for quantization (COMP) and finally the digital logic to control
the integration control switches and generation of the digital
output codes (DOUT ). A simplified model of the single-ended
operation of the system is presented in Fig. 2.

A. Oscillator switching scheme

This section describes the switching process and how
oscillation is achieved in the proposed circuit. The oscillator
frequency is controlled by the set (charging) and reset (dis-
charging) times of the integration control switches. Hence,
the integration control switches play an important role in
the operation and performance of the relaxation oscillator.
The output currents from the GM-stage (IGMP , IGMN ) are
sampled into the integrating capacitors that are reset by the
integration control switches. Fig. 3 illustrates how the four
integrating capacitors (C11, C12, C21, C22) are charged and
discharged based on the switch control phases (�1 and �2).

The oscillation is achieved by alternating between the
integrating capacitor pairs that are charged/discharged based
on the switch control phases (�1 and �2). The switch control
phase �1 is complementary to phase �2. There are two pairs
of capacitors connected to the integrator as shown in Fig.1:
C11 paired with C21, and C12 paired with C22. The first pair
(C11 and C21) is connected in feedback to the differential
inputs and outputs of the integrator during phase �1, while the
second pair (C12 and C22) is connected to the common-mode
voltages (VGM CM and VINT CM ) during the same phase.
When the integrator output voltages (VINTP and VINTN )
reach the comparator threshold, the control phases (�1 and
�2) are flipped by the DIGI logic and the integrating capacitor
pairs are swapped. This implies that the (C12 and C22) pair that
was previously held at common-mode voltages is connected in
feedback to the integrator during phase �2, while the other pair
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(C11 and C21) is held at common-mode voltages. This pattern
repeats in similar fashion until the polarity of the GM output
currents (IGMP , IGMN ) changes during each half-cycle of the
input signal. Then, the charging and discharging patterns of the
integrating capacitor pairs are reversed as observed in Fig. 3.

In addition, the oscillator output pulses are controlled
in a bi-phasic manner based on the input voltage polarity
change. Hence, only one oscillator output is active during
each half-cycle of the input signal. The active oscillator
output (VOSCP , VOSCN ) is determined by the integrator
output (VINTP , VINTN ) that crosses the comparator threshold.
The hystersis comparator threshold level is defined by the
comparator reference voltage (VCOMP REF ) and the internal
hystersis voltage of the comparator (VCOMP HY ST ). Thus,
one of the common voltage levels for the control switches is
(VGM CM ), which is designed to be the sum of VCOMP REF

and VCOMP HY ST voltages. This allows the integrating capac-
itor pair that is connected in feedback to the integrator to be
charged from VINT CM to VGM CM voltage. The difference
between VINT CM and VGM CM defines the voltage over the
integrating capacitors (Vcap).

The developed switching scheme ensures reliable oscilla-
tion without the need for a constant operating or reference
frequency. Unlike in ring oscillator based ADCs, the proposed
ADC outputs zero pulses (i.e zero frequency) with zero input
voltage, which reduces dynamic power consumption and elim-
inates the need for separate oscillator bias voltage or current
source. In addition, swapping the charged/discharged capacitor
pair reduces the conversion error from the delay associated
with discharging a single capacitor in each feedback path of
the integrator when compared with other relaxation oscillator
implementations [11], [12].

The proposed circuit also preserves the first-order noise
shaping and sinc-type filtering features that are present in
ring oscillator based ADCs. The noise-shaping feature is



achieved in the DIGI module by counting pulses from each
oscillator output, sampling the accumulated counter codes and
performing a difference operation between sampled counter
codes as presented in Fig. 2. The sum of the digital codes
from both oscillator outputs (VOSCP and VOSCN ) corresponds
to the input voltage (Vin).

Furthermore, the proposed relaxation oscillator implemen-
tation of VCO-based ADC exhibits an improved voltage-to-
frequency conversion linearity over ring-oscillator based ADCs
due to the use of an amplifier in feedback, which translates
the linearization challenge to gain maximization challenge. On
the other hand, ring oscillators usually do not have similar
feedback mechanism and thus suffer from nonlinear voltage-
to-frequency transfer characteristics.

B. Voltage-to-Frequency Conversion Theory

The ideal transfer function for the voltage-to-frequency (V-
F) conversion of the proposed circuit can be derived from the
integration time required for each integrator output voltage
(VINTP , VINTN ) to reach the comparator threshold voltage,
as the capacitor C = C11;21;12;22 is charged with a varying
output current (IGM (t) = GmVin(t)) from the GM-stage:

ts(t) =

Z Vcap

0

C

GmVin(t)
dV =

CVcap
GmVin(t)

(1)

=
CVcap
IGM (t)

= ReqC (2)

where the varying input voltage signal is Vin, which is
converted to current with transconductance Gm and Vcap is
the voltage over the capacitor when each capacitor C is
charged from VINT CM to VGM CM . In addition, Req is the
equivalent resistance from Vcap=IGM and the oscillator output
frequency fosc(t) is the inverse of the varying integration time
ts(t). Hence, equation (3) represents a general notation of the
voltage-to-frequency conversion for a varying input voltage
Vin(t), where Kosc = Gm=VcapC is the V-F conversion gain
of the relaxation oscillator.

fosc(t) =
1

ts(t)
=
GmVin(t)

VcapC
= KoscVin(t) (3)

The resolution of the digital output codes (DOUT ) is de-
termined by the maximum amount of pulses that the oscillator
can generate within a defined sampling period. The amount
of pulses that can be generated with a given input voltage
is proportional to Kosc. This implies that Kosc should be
maximized in order to increase the accuracy of V-F conversion
by ensuring that:

� Voltage over capacitor Vcap is minimized.

� Integration capacitances C are minimized.

� Transconductance Gm is maximized.

The presented V-F conversion theory shows that the input
voltage to oscillator output frequency conversion should be
ideally linear based on equation (3). This suggests that possible
sources of non-linearity in the proposed circuit are in the
implementation of the functional blocks and control switches.

III. POST-LAYOUT SIMULATION RESULTS

The proposed relaxation oscillator based analog-to-digital
converter was implemented in 28 nm FDSOI process and
Fig. 4 shows the layout of the chip. The prototype chip is
a bio-potential measurement sensor interface which includes
the analog front-end, energy harvesting, and digital signal
processing (DIGI) modules. The analog front-end consists of
the band-pass filter amplifying stage for signal acquisition and
the relaxation oscillator based ADC.
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Fig. 4. Layout of the design implemented in 28 nm FDSOI.

The oscillator output frequency as a function of input
voltage is presented in Fig. 5. The slope of the transfer
curve corresponds to the V-F conversion gain of the oscillator
within 1 mV input range. Fig. 5 also shows that the oscillator
frequency is zero when the input voltage is zero. This feature
in the proposed circuit allows implementation of power-cycling
techniques when used in biomedical applications for achieving
more power savings over time and less energy consumption.
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Fig. 5. Oscillator frequency range over 1 mV input voltage range.

Fig. 6 presents the bi-phasic control of the oscillator
outputs as earlier discussed in section II. The positive oscillator
output (VOSCP ) is active during the positive half of the input
voltage Vin while the negative oscillator output (VOSCN ) is
active during the negative half of the input voltage as observed
in Fig. 6. Hence, the dynamic power consumption of the
oscillator pulse counters in the DIGI module is reduced by
controlling the active oscillator output in a bi-phasic fashion.

The dynamic performance of the analog-to-digital con-
verter was evaluated using a 1 mV peak-to-peak (pp) sinusoidal
signal with 157 Hz frequency targeted towards bio-potential
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TABLE I. PERFORMANCE SUMMARY

Parameters Values

Technology (CMOS) 28 nm FDSOI
Supply voltage 0.7 V

Input signal range 1 mVpp
Input bandwidth 500 Hz

Sampling rate 10 kHz
Oversampling ratio (OSR) 10

SNR 80 dB
SFDR 53 dB
ENOB 8 bits

Power consumption 12 �W

monitoring. The sampling rate of the quantizer is selected to
be 10 kHz in order to present the main harmonics. The typical
sampling rate of the system is 1 kHz but there is a need
for oversampling in order to benefit from the noise-shaping
feature of the ADC. Fig. 7 shows the spectrum of the digital
output codes from the 157 Hz input signal. Without employing
any calibration or linearization techniques, the spurious free
dynamic range (SFDR) from the digital output codes is 53 dB
and the signal-to-noise ratio (SNR) is approximately 80 dB
within the signal bandwidth of 500 Hz.

Further analysis into the potential source of the odd-
harmonic limited resolution indicates that the control switches
on the GM output current paths significantly contributes to
the V-F converter performance. Nonetheless, the achieved res-
olution is sufficient for bio-potential monitoring applications.
A summary of the performance of the proposed relaxation
oscillator based ADC is presented in Table I.

IV. CONCLUSION

In this paper, we present a VCO-based ADC that utilizes
a relaxation oscillator as an alternative to ring oscillators for
voltage-to-frequency conversion. The proposed ADC uses a
switching scheme that ensures reliable oscillation without the
need for a constant operating frequency from an additional
reference source. In addition, the developed switching scheme
minimizes the conversion error from the delay associated with
discharging the integrating capacitors that are used in the
relaxation oscillator. The proposed ADC also supports over-
sampling and exhibits first order noise-shaping characteristics.
By investigating the use of the proposed relaxation oscillator
architecture in a VCO-based ADC, post-layout simulation
results show that the ADC achieves power consumption of 12
�W from a 0.7 V supply and ENOB of 8 which is sufficient
for the targeted application area.

V. ACKNOWLEDGMENTS

The authors would like to thank Academy of Finland
(project: #269196) for supporting this research work.

REFERENCES

[1] R. Muller, H.-P. Le, W. Li, P. Ledochowitsch, S. Gambini, T. Bjorninen,
A. Koralek, J. Carmena, M. Maharbiz, E. Alon, and J. Rabaey, “A
minimally invasive 64-channel wireless uecog implant,” Solid-State
Circuits, IEEE Journal of, vol. 50, no. 1, pp. 344–359, Jan 2015.

[2] M. Sadollahi, K. Hamashita, K. Sobue, and G. C. Temes, “An 11-
bit 250-nw 10-ks/s sar adc with doubled input range for biomedical
applications,” IEEE Transactions on Circuits and Systems I: Regular
Papers, vol. 65, no. 1, pp. 61–73, Jan 2018.

[3] W. Bai, Y. Wang, and Z. Zhu, “A 0.8-v 1.7- uw 25.9-fj continuous-
time sigma-delta modulator for biomedical applications,” in 2016 IEEE
Biomedical Circuits and Systems Conference (BioCAS), Oct 2016, pp.
248–251.

[4] J. Kim, T.-K. Jang, Y.-G. Yoon, and S. Cho, “Analysis and design of
voltage-controlled oscillator based analog-to-digital converter,” Circuits
and Systems I: Regular Papers, IEEE Transactions on, vol. 57, no. 1,
pp. 18–30, Jan 2010.

[5] V. Unnikrishnan and M. Vesterbacka, “Time-mode analog-to-digital
conversion using standard cells,” IEEE Transactions on Circuits and
Systems I: Regular Papers, vol. 61, no. 12, pp. 3348–3357, Dec 2014.

[6] O. Olabode, M. Kosunen, and K. Halonen, “A current controlled
oscillator based readout front-end for neurochemical sensing in 65nm
cmos technology,” in 2016 IEEE International Symposium on Circuits
and Systems (ISCAS), May 2016, pp. 514–517.

[7] S. Rao, K. Reddy, B. Young, and P. Hanumolu, “A deterministic
digital background calibration technique for VCO-based ADCs,” IEEE
J. Solid-State Circuits, vol. 49, no. 4, pp. 950–960, 2014.

[8] Y.-G. Yoon, M.-C. Cho, and S. Cho, “A linearization technique for
voltage-controlled oscillator-based adc,” in 2009 International SoC
Design Conference (ISOCC), Nov 2009, pp. 317–320.

[9] Y. Tokunaga, S. Sakiyama, A. Matsumoto, and S. Dosho, “An on-chip
cmos relaxation oscillator with voltage averaging feedback,” IEEE
Journal of Solid-State Circuits, vol. 45, no. 6, pp. 1150–1158, June
2010.

[10] R. Yadav, K. R. Raghunandan, A. Dodabalapur, T. L. Viswanathan,
and T. R. Viswanathan, “Operational current to frequency converter,”
in 2013 IEEE 56th International Midwest Symposium on Circuits and
Systems (MWSCAS), Aug 2013, pp. 900–903.

[11] J. M. Vandeursen and J. A. Peperstraete, “Analog-to-digital conversion
based on a voltage-to-frequency converter,” IEEE Transactions on
Industrial Electronics and Control Instrumentation, vol. IECI-26, no. 3,
pp. 161–166, Aug 1979.

[12] S. Patil, A. Ratiu, D. Morche, and Y. Tsividis, “A 3–10 fj/conv-
step error-shaping alias-free continuous-time adc,” IEEE Journal of
Solid-State Circuits, vol. 51, no. 4, pp. 908–918, April 2016.


