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Title 

Performance evaluation of CCOs for the optimization of low-power pressure-based implantable 

wireless systems. 

Abstract 

Implantable biomedical devices intended for remote follow-up of Cardiovascular Diseases 

(CVD) are often based on MEMS pressure sensors and the corresponding CMOS electronics, 

which are responsible for powering, signal conditioning and data transmission. This kind of 

heterogeneous systems achieves reduced dimensions and consumption by monolithic integration 

on the same silicon substrate. The objective of this work is to analyze and fully characterize 

several Capacitor-Controlled Oscillator (CCO) topologies that can be used for the 

aforementioned implantable applications, by comparison of their most relevant performance 

parameters. The results will allow the design optimization of low-power wireless implants, 

aimed at a future development of embedded systems with real-time data acquisition. Five 

topologies have been chosen for the evaluation: a standard ring oscillator; a current-starved ring 

oscillator; a Lee-Kim fully-differential oscillator; a coupled Sawtooth oscillator, and a modified 

Sawtooth oscillator designed for CCOs biased by a ramped voltage signal. Comprehensive 

simulations allowed the estimation of the output frequency, percentage tuning range, maximum 

linearity error, phase noise and power consumption for each design, as well as a Figure of Merit, 

for every CCO. For the calculation of these performance metrics, the impact of biasing circuits 

and different tuning strategies has also been considered. 

 

Keywords 

Embedded systems; biomedical electronics; implantable biomedical devices; MEMS sensors; 

capacitance-controlled oscillators. 

 

1. Introduction 

From a worldwide perspective, Cardiovascular Diseases (CVD) keep on rating as the first 

mortality and morbidity cause, in spite of the significant efforts invested in Healthcare for the 

last decades by developed countries [1]. Besides the 1.8 million CVD-triggered deaths per year 

(one every 20 seconds), the European Union (EU) must deal with 49 million people who 

                  



3 
 

nowadays are estimated to live with one or several of these chronic conditions [2]. A number 

that, unfortunately, is expected to rise even more, because of the progressive population aging 

and the increasing prevalence of major cardiovascular risk factors (hypertension, diabetes, 

overweight or smoking). 

Cardiovascular Implantable Electronic Devices (CIED), used for remote follow-up of CVD, 

have already proven to be worthwhile to enhance patient’s life quality and expectancy, as well 

as to reduce treatment costs [3, 4], which is beneficial from both people’s and Healthcare-

systems point of view. On the one hand, these devices are based on secure and innocuous 

techniques that meet strict clinical requirements. And, on the other hand, they contribute to a 

more human and closer medicine that empowers CVD patients without jeopardizing their 

medical condition, and that also improves their quality of live by reducing their frequent 

attendances to medical consultations and Emergency Rooms (ER). 

For that reason, when a patient is diagnosed with a CVD and needs clinic follow-up and 

decompensation detection, these tasks can be done safely and conveniently by an implantable 

device that monitors blood pressure remotely. Moreover, the integration of several 

environmental and body sensors in a future embedded platform with IP-based communication 

capabilities, will allow to monitor, aggregate and evaluate significant data about the patients’ 

health status in a single health tracker, and also to manually or automatically trigger an 

emergency call or the submission of real-time measurements to their clinicians [5]. 

This work focuses on implantable and wireless electronic devices monitoring blood pressure 

that are based on Micro-Electro-Mechanical Sensors (MEMS) acting as pressure transducers. 

The electronic circuitry needed for power and data transmission can be monolithically 

integrated on the same silicon substrate thanks to recent advances on MEMS fabrication 

techniques that allow full compatibility with CMOS processes. The low-cost and low-power 

features, as well as the minimized dimensions, of this kind of heterogeneous systems make them 

suitable candidates for their use as transducers in medical implants. 

The low-power requirement permits the use of Wireless Power and Data Transmission (WPDT) 

techniques to connect the MEMS transducer to an external reader for further evaluation. In this 

case, the use of capacitive MEMS pressure sensors to acquire blood pressure data is often 

preferred to their resistive counterparts because of their reduced power consumption. 

In order to distinguish and process every remarkable change coming from an implanted 

capacitive transducer, time or frequency-to-digital conversion is gaining importance when 

power and area consumptions are strict requirements [6]. In this case, the simpler and most 

feasible solution entails integrating the capacitive sensors into an oscillator structure, giving rise 
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to a Capacitive-Controlled Oscillator (CCO) that neither requires extra building blocks nor 

injects noise to the signal as the Voltage-Controlled Oscillators [7]. 

To optimize the design of implantable devices to monitor blood pressure for the purpose of 

CVD follow-up, in this paper different CCO-based topologies with an integrated MEMS 

capacitor are thoroughly investigated. Section II includes a summary of the previous work 

developed in the field and Section III provides a description of the CCO architectures selected 

for a performance comparison. In this section the most relevant performance metrics are 

explained and a corresponding Figure of Merit (   ) is applied. Section IV presents the 

simulation results obtained from the previous topologies and the consequent discussion. The 

paper finishes with Section V, the conclusions. 
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2. Previous Work 

Three specific CVD conditions (Hypertension (HT), Heart Failure (HF) and Stenosis) have 

attracted special attention by academia and companies for the development of alternative and 

non-invasive monitoring techniques with implanted devices, because of their high prevalence 

and elevated treatment costs. 

Hypertension, or High Blood Pressure (HBP), is also known as the “silent killer”, since it can 

present no symptoms while damaging the heart and blood vessels in organs such as brain and 

kidneys. Statistics confirm that a 20% of adult population has HBP and half of all deaths caused 

by stroke and heart disease are related to this illness [1]. 

The inability of the heart to pump systematically sufficient blood flow to fulfill the demand of 

the body is a simplified definition of the Heart Failure. HF affects between 2 and 3% of the 

adults [8] and it is the first cause of hospitalization of people over 65 years old. More 

specifically, HF is solely responsible for 3% of all hospital admissions. This is one of the 

reasons why this condition entails a significant economic burden for the healthcare sector [9]. 

Finally, Stenosis consists of the anomalous narrowing of a blood vessel, often due to an 

atherosclerotic plaque. When the occlusion affects the coronary arteries, the Percutaneous 

Coronary Intervention (PCI) procedure with stent implantation is the common treatment for 

revascularization. A stent is an endoprosthesis based on a biocompatible mesh tube that restores 

the regular blood-flow in a clogged vessel [10]. However, In-Stent Restenosis (ISR), or the 

reoclusion of the treated blood vessel by neo-intimal tissue growth, stands out as the main long-

term complication of stent implantation [11; 12, 13]. 

The reasons why these three diseases are more than adequate candidates for the implantation of 

a pressure sensor for clinical follow-up, apart from their abovementioned high prevalence and 

treatment costs, are mainly the following: First, reliable and crucial data about the patient’s 

health status can be obtained from pressure measurements, more specifically, from arterial 

blood pressure (for HT), pulmonary artery or intracardiac pressure (for HF), or intrastent 

pressure gradient (for ISR). Second, it is possible to take advantage of different endoprosthesis 

to accommodate the electronic device for implantation, such as the previously mentioned stents, 

as shown in Fig. 1, or, for example, self-expandable double umbrellas like those used to close 

the inter-atrial septum of the heart. 

Intelligent stents (iStents), or stents with sensing and communication capabilities, have been 

lately proposed as economic and innocuous alternatives for monitoring ISR [14-23]; although 

the aforesaid HF condition can also be monitored effectively if the pulmonary artery pressure is 
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periodically measured by the use of an iStent, as theoretically proposed in [22]. Besides that, the 

V-LAP™ device, based on a self-expandable double umbrella as anchoring element, has been 

proposed to measure and transmit left atrial pressure (LAP) for HF follow-up [24]. 

Regarding existing WPDT techniques, those based on Backscattering schemes, similar to the 

one described in Fig. 2, imply a promising solution for minimizing power consumption, since 

the generation of an additional RF signal for the downlink communication is not required, thus 

preventing the integration of a power-hungry RF oscillator inside the implant [25, 26, 27]. 

In these schemes the implant antenna is used for both transmitting and receiving RF signals, and 

it is connected through its port to an Integrated Circuit (IC) with controllable input impedance. 

If the antenna and chip impedances are perfectly matched (        
      

 ), all the power 

available at the antenna can be theoretically fed to the circuit. On the other hand, by appropriate 

selection of the IC impedance, the power rate between the backscattered signal and the absorbed 

one can be adjusted (        
 ). Hence, the downlink is obtained by forcing enough changes 

in the chip impedance. The simpler implementation of a controllable impedance matching 

circuit comprises a single shunt transistor, located at the input of the IC. Ideally, by periodically 

switching the transistor between its on and off states, the matching between the antenna and the 

IC can be drastically changed, varying from a totally-absorbed power operation state (reflection 

coefficient, |   |   ) to a fully-reflected power operation state (|   |   ), resulting in an 

effective modulation of the backscattered power. 

In the particular case of capacitive MEMS pressure sensors, when a backscattering WPDT 

scheme is used, every remarkable change in the transducers must be distinguished by the 

amount of power reflected by the implant antenna. Hence, the Capacitive-Controlled Oscillator 

(CCO) is used to control the switching frequency of the shunt transistor forming the impedance 

matching block. By this way, as illustrated in Fig. 2 and Fig. 3, the sensor-collected data 

modulates the envelope frequency (    ) of the backscattered power reaching the external 

reader. 

With respect to the optimization of CCO structures for implantable capacitive sensors, to our 

knowledge, only [7] have considered the need of an exhaustive comparison of existing 

topologies, based on key parameters, to facilitate the design of these systems, while maximizing 

their performance. However, this preliminary study did not take into account all the possible 

topologies, the impact of biasing circuits, or different tuning strategies. 
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3. Oscillator Topologies and Performance Metrics 

3.1. Oscillation Frequency 

To perform a fair comparison between the CCO topologies under observation, identical design 

constraints must be imposed to each design. In this way, a free- running frequency of      

        has been selected as the initial and most relevant design requirement to be met. 

The Industrial, Scientific and Medical (ISM) band centered at              , also known as 

LPD433 [28, 29, 30], has been chosen to carry out the backscattering-based WPDT between the 

implant and the external reader. As seen in Fig. 3, the use of the double sideband amplitude 

modulation scheme suggested for coding the data to be transmitted limits the oscillator 

frequency to a maximum of             . In order to ensure that each CCO operates 

between the band limits, a free-running frequency constraint of              has been 

enforced, while allowing an ideal oscillator tuning range of 435 kHz. In practice, oscillators 

present lower tuning ranges due to topology limitations, which lead to a significant unused 

portion of the spectrum. However, the allocation of the nominal frequency at the center of the 

870 kHz sideband guarantees the in-band operation for each device, even assuming the effect of 

the fabrication process spread. 

Alternatively, the ultra-low power Medical Implant Communications Service (MICS) band has 

been considered to perform the WPDT between the implant and the off-body reader. 

Nevertheless, the stronger restrictions in the allowed radiated power, together with the potential 

presence of interfering signals from other implantable devices operating in the same band 

(pacemakers, defibrillators, etc.) discouraged its usage [31]. 

3.2. Performance Metrics and Figure of Merit 

A reliable comparison between the CCO topologies under observation requires the evaluation of 

each oscillator’s most relevant performance parameters; while also considering the target 

system functionality and operating conditions. Firstly, the CCO’s Power Consumption is the 

most critical performance parameter to be considered. An excessive power consumption can 

jeopardize the oscillator compatibility with wirelessly powered implantable electronic devices, 

where the available power is limited to a few dozens of microwatts. Secondly, each CCO’s 

Percentage Tuning Range (   ), defined as its absolute tuning range (         ) normalized 

by its free-running frequency (    ), is a relevant parameter quantifying the oscillator 

sensitivity to changes in the sensing capacitor (  ). An increased     entails a higher dynamic 
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range output, together with an enhanced resolution of the sensor-to-digital conversion operated 

by the external reader. Thirdly, the Phase Noise (denoted as    or  *  +) is the last 

performance metric taken into account in the calculation of each topology’s Figure of Merit 

(   ). Oscillators showing elevated    values, or significant jitter in the time-domain, present 

a limited accuracy in the CCO period that degrades the precision of the time-to-digital 

conversion, required to determine the pressure measurements from the MEMS capacitive 

sensor. 

In conclusion, the Power Consumption ( ), the Percentage Tuning Range (   ) and the Phase 

Noise (  ) are the performance parameters selected to characterize each CCO performance. 

Thus, the resulting Figure of Merit (   ), as introduced in [32], is defined as: 

          [
   

 
 (
    
  
)
 

 (
   

   
)
 

 
 

 *  +
] (1) 

Where the Phase Noise is normalized to      ,   being the Boltzmann constant and   the 

operation temperature in Kelvin and noting that    is proportional to the square of the free-

running frequency (    ) and inversely proportional to the square of the offset frequency from 

the carrier (  ) where    has been measured, and also inversely proportional to the dissipated 

power ( ). The calculated    , referred as Power-to-Frequency Normalized (   ) in [32], 

provides a unitless number (usually expressed in dB) where the three parameters have the same 

weight. Besides, these performance metrics have been normalized to allow a fair comparison of 

different topologies by avoiding any dependency of a particular design criteria. As anticipated, a 

greater     value corresponds to better CCO performance. 

In addition to the performance metrics included in the     expression, two extra parameters 

have been evaluated due to their relevance for the proposed application. Firstly, the frequency-

to-sensor response (          ) for each CCO has been simulated, and the resulting data has 

been used to estimate its linearity error. By definition, the linearity error is expressed as the 

maximum deviation of the oscillator response from the best-fit straight line obtained by Least 

Squares Regression. To equitably compare the linearity between the different CCO topologies, 

the linearity error has been addressed as a percent of the oscillator Full-Range Output, denoted 

as the Maximum Linearity Error (   ) percentage. A strongly linear CCO is advisable as it 

eases the calibration of the capacitive pressure sensor both before the device implantation and 

during its useful lifetime. 

Lastly, the Frequency Pushing, defined as the CCO output frequency sensitivity to changes in 

the bias voltage (    
    ), is the second parameter under observation not included in the    . 
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Generally, the biasing of wirelessly powered implantable devices relies on the rectification of an 

incident RF signal. Different issues can alter the amount of RF power reaching the implant, 

including the presence of interfering signals and changes in the distance and/or alignment 

between the device and the off-body emitter. This means that the implanted CCO must operate 

under variable biasing conditions, while guaranteeing a stable output frequency, thus making 

bias-insensitive CCOs more desirable for these applications. 

3.3. General Oscillator Topologies 

The CCOs included in this paper have been designed in TSMC 0.18µm CMOS technology, 

biased by a DC voltage of          ; and their performance metrics have been obtained from 

schematic-level simulations performed in Cadence Virtuoso IC6.1.7-64b.500.4. 

An initial comparison between CCO topologies is carried out by characterizing the performance 

of four oscillators: (a) a standard ring oscillator; (b) a current-starved ring oscillator; (c) a Lee-

Kim fully-differential oscillator [33]; (d) a coupled Sawtooth oscillator. The schematic view of 

each CCO stage has been included in Fig. 4. The oscillators have been designed to present a 

free-running frequency of              and to contain an identical number of individual 

stages if possible. On this matter, as indicated in Fig. 4, every topology under study comprises 7 

stages but the Lee-Kim fully-differential oscillator, which fulfills the design constraints using 

only a maximum of 4 stages. 

In every design, the first stage is loaded by a variable capacitor (  ). This device models the 

behavior of a capacitive MEMS pressure sensor fabricated in PolyMUMPS technology by 

MEMSCAP. This sensor has been designed to measure pulmonary artery hypertension, showing 

a capacitive range of    [      ]    [21]. The remaining stages are loaded by equal static 

capacitors (  ). The usage of capacitive sensors in every stage has been previously considered 

in [22], as it greatly improves the oscillator sensitivity and    . However, the size of 

PolyMUMPS MEMS sensors highly exceeds that of the integrated capacitors in TSMC 0.18 µm 

technology, limiting the number of sensors that can be included in the CCO without 

compromising its implantability. 

Thus, knowing the sensor range of    [      ]   , and in order to characterize the influence 

of the loading symmetry on the oscillator performance, several loading conditions (   

                                  ) have been applied to each CCO topology. Since a free-

running frequency of              must be kept regardless the static loading conditions, a 
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total of 20 different oscillator designs have been completed, as depicted in Table 1; each of 

them requiring different transistor sizing and bias currents. 

3.4. Modified Sawtooth Oscillator Topology 

Sawtooth relaxation oscillators have extensively proven their reliable operation as CCOs, while 

presenting promising advantages over ring and differential oscillators, particularly restrained 

power requirements and wide frequency tuning capabilities through an externally applied 

voltage signal. Thus, as analytically modeled by equation (2), a Sawtooth oscillator with   

stages generates an output signal whose period (    ) is proportional to the sensor capacitance 

and the voltage reference signal. 

     
    
     

 ,   (   )    - (2) 

Where      is the DC voltage reference signal used to tune the oscillation frequency,       is 

the bias current demanded by each oscillator stage,    models the response of a capacitive 

MEMS pressure sensor loading the first stage, and    represents the static loading of the 

remaining stages.  

Despite the aforementioned benefits of Sawtooth CCOs, recent reports have demonstrated the 

problem of these topologies to achieve a stable oscillation while being biased by a ramped 

voltage signal. This is an important issue, potentially preventing the inclusion of Sawtooth 

CCOs in wirelessly powered implantable systems, where the bias voltage     is rectified from a 

RF signal, showing a non-despicable rectifying time before reaching a stable DC value. 

Although all the simulations presented in this study have been carried out under a constant bias 

condition of          , the analysis of a proposed Sawtooth topology, presented in Fig. 5, has 

been considered significant enough to be included in this work. As can be observed in the 

figure, this modified implementation of a Sawtooth oscillator presents slight variations over the 

regular topology, while being able to reach a sustainable oscillation under ramped biasing 

conditions, without degrading the CCO performance. The only notable drawback of the 

modified Sawtooth lies in the larger silicon area needed for its fabrication, due to the increased 

size of the      and      transistors [22]. 

Therefore, a second CCO comparison has been included in the next section, involving the 

characterization of both the regular Sawtooth oscillator and the proposed modified version. In 

this case, a total of 12 designs have been compared, as described in Table 2. First, both 

Sawtooth implementations have been resized in order to present a constant free-running 
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frequency of              under the different loading (  ) conditions considered. Second, 

these CCOs have been tuned by their reference voltage      to keep a fixed             , 

without the need of resizing any of their building components. 
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4. Simulation Results and Discussion 

4.1. General Oscillator Topologies 

In this section the performance results of a set of selected designs are obtained by simulation 

and presented. This comparison considers: standard ring oscillators, starved-ring oscillators, 

Lee-Kim fully-differential oscillators and regular Sawtooth oscillators. Every design has been 

optimized to present a free-running frequency of             , for static loading values of 

   ,                   -   . Thus, a group of 4 CCO topologies, with 5 different loading 

conditions, leads to a total of 20 oscillator designs. 

To prove the accuracy of these designs, Fig. 6 displays the statistical data collected for each 

topology, regarding its free-running frequency for a nominal sensor value of           and 5 

different static loads. The data presented includes the      mean values, its 25
th
 and 75

th
 

percentiles, as well as its maximum and minimum values. As can be noted, all the designs keep 

their      between 434.35 kHz and 435.90 kHz, reasonably meeting the requirement of 

            , while entailing a maximum relative error of 0.21%. 

Additionally, a Kruskal-Wallis [34] test for nonparametric data has been carried out to compare 

the free-running frequency results for the 4 CCO topologies. The test produces a p-value of 

        , which validates the null hypothesis that the frequency samples for each CCO 

topology belong to a different population with the same distribution. Thus, this analysis proves 

that the 4 oscillator topologies have been properly designed to present a nominal output 

frequency of             . As can be noticed in Fig. 6, each topology has been re-designed 

to keep a constant      for the different    loading conditions considered. It results in a total of 

5 design iterations for each topology, showing      deviations around the target 435 kHz value. 

In this regard, the Kruskal-Wallis test demonstrates that the 4 CCO topologies present a similar 

distribution for the simulated      values. 

The capacitance-to-frequency conversion response exhibited by each topology is a performance 

parameter of interest, given its correlation with the oscillator sensitivity to sensor changes 

(   
    ) and its resultant    . Fig. 7 shows the output frequency range simulated for every 

topology loaded by a capacitance of          , while varying the sensing capacitor in the 

range of    [      ]   . As perceived in the figure, the fully-differential oscillator exhibits 

the higher sensor sensitivity, compared to the non-differential topologies. This behavior can be 

explained by looking at the number of stages comprising each CCO. As previously mentioned, 

the fully-differential oscillator requires a maximum of 4 stages to achieve the design constraints, 
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thus showing a sensor-to-load ratio of 1/3. On the contrary, the remaining oscillators demand a 

minimum of 7 stages to fulfill the design constraints, while warranting viable transistor sizing; 

which reduces the sensor-to-load ratio to only 1/6. For this reason, the fully-differential CCO 

showcases significantly improved capacitance-to-frequency conversion, reaching an ideal 

maximum value of twice that obtained for the rest of the topologies. 

Similarly, the same behavior can be seen from Fig. 8, which includes the Percentage Tuning 

Range (   ) results for each design. As expected, the fully-differential CCO provides the 

maximum    , while the remaining topologies present comparable results. Another relevant 

outcome obtained from the inspection of Fig. 8 lies in the     increase with the loading 

symmetry. The study of the analytical expressions modeling the oscillation period (    ) of 

ring-based and Sawtooth CCOs helps to explain this behavior. Therefore, equations (2) and (3) 

can be used to calculate the frequency conversion sensitivity for each CCO, making it possible 

to correlate their analytical response with the simulations results in Fig. 8. More concretely, 

equation (3) models the oscillation response of a ring-based CCO built from   stages, where the 

first stage is loaded with a capacitive MEMS sensor (  ), while the rest of the stages present 

equal static loads (  ) at their outputs. 

       ,   (   )    - (3) 

Where variables    and    are the average rise and fall time-delays for the   -loaded and the 

  -loaded stages, respectively. 

Considering identical biasing conditions for each stage of the ring-based CCOs, as well as an 

output swing limited only by the bias voltage    , it is possible to consider the following 

approximations:           and          ; where     is the equivalent loading 

resistance, reasonably approximated as             ⁄ . Now, equation (3) can be rewritten as 

function of the loading capacitors: 

           ,   (   )    - (4) 

Finally, from equations (2) and (4) it is feasible to calculate the sensitivity for both ring-based 

(5) and Sawtooth oscillators (6): 

   
     

     
   

 
 

 
 
     
   

 
 

,   (   )    -
 (5) 
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,   (   )    -
 

(6) 

Thus, analytical expressions (5) and (6) state that ring-based and Sawtooth CCOs present higher 

capacitance-to-frequency conversion sensitivity for lower    loading values. This behavior 

matches the simulation results exposed in Fig. 8, proving that symmetrically loaded CCOs, with 

low-value capacitors, produce better sensitivity and     results.  

The CCO linearity, displayed in Fig. 9 as the Maximum Linearity Error (   ) percentage 

simulated for each topology, is an interesting performance parameter for the goal CCO 

application, but not included formally in the     expression. Oscillators showing low     

values imply easier calibration of the devices pre and post-implantation, as they present highly 

linear capacitance-to-frequency behavior. According to the results in Fig. 9, current-starved ring 

topologies and fully-differential topologies are moderately more linear than the rest, which 

makes them easier to calibrate. Additionally, Fig. 9 highlights that an asymmetrically loading of 

the CCOs yields to a more linear frequency vs. sensor capacitance performance, while it 

worsens the resulting    , revealing a first design trade-off. 

Regarding the Phase Noise (  ) outcome, single-ended oscillators are expected to produce 

better results than their differential counterparts [7]. This behavior can be noticed in Fig. 10, 

where the simulated    values at 100 kHz away from the carrier are included. Besides, it must 

be noted that the current-starved ring, the fully-differential and the Sawtooth oscillators, all 

include a simple current mirror, as the one shown in Fig. 5, for biasing purposes. As reported in 

the literature [35], the addition of the simpler current mirror implementation to a ring oscillator 

results in a significant degradation of its    close to the carrier; particularly when compared to 

a passive biasing approach. This influence of the current mirror on the    is easily noticeable 

by comparing the    curves for the standard ring and current-starved ring oscillators in Fig. 10, 

reminding that the former does not comprise an additional biasing block. Concerning the 

loading symmetry effect on the   , the simulations results tend to improve as the value of    

increases and also does the asymmetrical loading. It is noteworthy to remind that all the CCOs 

compared in Fig. 10 have been resized for each value of   ; requiring an increase in their bias 

current       to compensate the      reduction caused by the increment in the loading 

capacitors. This compensation is generally achieved by raising the size of their building 

transistors, which has been proved to enhance the    performance of CCOs [36], as can be 

observed in the simulation results shown in Fig. 10. 

The power consumption ( ) is the most critical performance metric compromising a CCO 

usability as part of an implantable device. To ensure that every oscillator keeps its power 
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consumption below a reasonable value of a few dozens of microwatts, the CCOs operation has 

been simulated under different loading conditions, with a constant sensor value of          ; 

and the resulting dissipated power has been included in Fig. 11. As noticed in the figure, the 

fully-differential CCO presents a substantially higher power consumption than the remaining 

oscillators. This behavior is related to the lower number of building stages (   ) of the 

differential CCO, which implies the need of higher bias currents for each stage to achieve the 

target     , significantly augmenting the power dissipated by the oscillator. With respect to the 

static loading conditions, it can be seen in Fig. 11 that larger    values produce power-hungrier 

oscillators, since their bias currents       must be increased to counterbalance the effect of 

larger loads, while maintaining a free-running oscillation of             . 

The last performance parameter analyzed, but not included in the     expression, is the 

Frequency Pushing; used to measure the output frequency drift due to fluctuations on the bias 

voltage. Traditionally, differential topologies have proved their superior robustness against 

substrate and supply noises compared to the single-ended ones [37]. These noise sources present 

a strong correlation, so fluctuations on the substrate and supply voltages produce similar 

perturbations on the nodes of the oscillator. The high common mode rejection ratio of 

differential architectures takes advantage of this effect, reducing the impact of supply and 

substrate noises on the output frequency. Complementary, the addition of a simple current 

mirror for biasing helps to reduce the CCO sensitivity to changes in its bias voltage. This 

theoretical reasoning is supported by the simulation results included in Fig. 12, where it can be 

observed that the fully-differential CCO, followed by Sawtooth and current-starved ring CCOs, 

produces the least sensitive output to perturbations in the supply voltage (           ). 

To conclude, the     for each topology has been plotted in Fig. 13, as well as included 

together with the simulated performance parameters in Table 3. As appreciated in the figure, the 

symmetrical loading of the CCOs increases the     values in most cases, making this design 

choice preferable for improved oscillator performance. Besides, single-ended ring oscillators 

present the absolute best     values, particularly due to their better phase noise performance 

and lower power consumption. However, the improved robustness of differential CCOs against 

substrate and supply noises, together with the tuning possibilities of Sawtooth oscillators, make 

them preferable for wireless implantable applications, where a constant rectified bias voltage is 

not guaranteed, and the calibration of the sensors is mandatory. 

4.2. Sawtooth Oscillator Topologies 
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This subsection focuses on the performance comparison between the regular Sawtooth and the 

modified Sawtooth topologies, displayed in Fig. 4d and Fig. 5 respectively. The main 

characteristics of the CCOs under analysis are enumerated in Table 2, where a total of 12 

designs are described. In this regard, it has to be noticed that, as stated in expression (2), 

Sawtooth oscillators exhibit frequency-tuning capabilities through their reference voltage     , 

which makes possible to maintain a free-running frequency of              under different 

loading conditions (  ) without the need of resizing any of their building transistors. The 

potential benefits of this voltage-based tuning response include an easy adjustment of the output 

frequency after fabrication, correcting deviations in      caused by the manufacturing process 

spread; together with the compensation of the      drift occurring during the device lifetime due 

to aging and the interaction with its biological surroundings. It is also necessary to note that the 

reference voltage      is also used to bias the current mirror, as shown in Fig. 5; limiting the 

number of voltage signals required to tune the oscillator and increasing the      sensitivity to 

variations in the control signal     . 

The same set of simulations have been carried out for the aforementioned topologies as for 

those included in section 4.1, with two main objectives. First, proving that the proposed 

modified Sawtooth CCO, with respect to the regular one, produces no performance degradation. 

Second, demonstrating that tuned Sawtooth CCOs ease the achievement of an accurate     , 

while offering similar performance results as the ones obtained from resized Sawtooth 

oscillators. 

The first set of simulations provide the free-running frequency values for each topology, as 

shown in Fig. 14. The statistical analysis of the collected data demonstrates that tuned Sawtooth 

CCOs produce the least dispersed      values, while also highlighting their tuning capabilities 

requiring small changes in     , as plotted in Fig. 15. The simulated data in Fig. 14 also 

certifies that the free-running frequency constraint has been successfully fulfilled, as all the 

designs restrain their      values to the range of 434.44 kHz to 435.71 kHz, resulting in a 

maximum relative error of 0.16%. 

The Kruskal-Wallis test performed to the collected      data, results on a p-value of   

        , proving that each Sawtooth CCO produces an average free-running frequency close 

to the target             ; while the      deviations, caused by the design rearrangements 

required to adapt the oscillators to the different static    loading conditions, are similarly 

distributed for the 4 Sawtooth CCOs under study. 

A second body of simulations has been performed to calculate the Percentage Tuning Range 

(   ) for every Sawtooth-based design, with the resulting curves represented in Fig. 16. In the 
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case of resized Sawtooth CCOs, the     curves present a linear degradation with the load   . 

This response is supported by the modelling expressions (2) and (6), showing that the sensor-to-

frequency conversion sensitivity (   
    ) is inversely proportional to the capacitive loading of 

each stage. According to equation (6), this linear degradation of the     is expected if the 

         ⁄   ratio remains unchanged for each design, or if its changes are small compared to 

those in the load   ; which is the case for resized Sawtooth oscillators with constant     . On 

the contrary, tuned Sawtooth CCOs require from variations in their          ⁄  relationship to 

maintain a fixed free-running     , which deviates their     vs.    response from the linear 

behavior obtained for their resized counterparts. However, the inspection of the curves 

displayed in Fig. 16 indicates that tuned Sawtooth oscillators are slightly more sensitive to 

changes in the sensor   , specifically providing improved     values for asymmetrical loading 

conditions. 

In addition, a similar trend can be observed in the Maximum Linearity Error (   ) percentage 

curves included in Fig. 17. As anticipated by equations (2) and (6), resized Sawtooth CCOs 

produce better sensor-to-frequency conversion linearity, which reflects in lower     values. 

These results give rise to a new design trade-off, as linear oscillators are preferred due to their 

ease of calibration; and superior     CCOs show improved sensitivity to sensor variations, 

which reflects in higher resolution of the digital conversion performed by the off-body reader. 

On the other hand, tuned Sawtooth CCOs present worse     and     figures, but their tuning 

capabilities provide robustness against undesired      deviations. 

The main source of Phase Noise (  ) in CCOs are the flicker and thermal noises from MOS 

transistors [38]. Particularly,    close to the output frequency      is dominated by flicker 

noise, and its contribution can be reduced by increasing the transistor area (  ) and/or 

decreasing the device transconductance (  ), as demonstrated analytically in [36]. This 

theoretical behavior correlates with the    results included in Fig. 18, where modified 

Sawtooth oscillators present superior    values. It has been reported that the proposed 

modifications applied to the Sawtooth topology do not degrade the original CCO performance, 

with the only drawback being the increase of transistors      and      areas [22]. Thus, in 

terms of   , this transistor size increment for modified Sawtooth oscillators translates into a 

flicker noise reduction and improved    performance. Furthermore, an identical tendency is 

observed for the resized Sawtooth CCOs regarding their    values. An oscillator with a larger 

loading capacitor    will require a higher       current to generate an equal free-running 

frequency (    ). This increment in the bias current is achieved by augmenting the transistors’ 

aspect ratios (  ⁄ ). Hence, more asymmetrically loaded Sawtooth oscillators present larger 
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MOS devices, effectively reducing their flicker noise contribution and decreasing the resulting 

   figures, as appreciated in Fig. 18. 

The Power ( ) consumption requirements for the designed Sawtooth oscillators are displayed in 

Fig. 19. On one hand, the plotted curves indicate that the modified Sawtooth topologies increase 

the power consumption, but showing a moderate increment of 5.6% with respect to the 

consumption from regular Sawtooth implementations. On the other hand, the change in the 

loading conditions significantly affect the power demands from each Sawtooth oscillator; as 

higher bias currents are needed to keep a constant      for larger    capacitors. This       

current increase, needed for both the resized and the tuned Sawtooth CCOs, is achieved by 

raising the aspect ratio of the building transistors, or by augmenting the current flowing through 

the mirror by increments in the reference input     , respectively. For this reason, both 

Sawtooth implementations present a similar trend in Fig. 19, which makes preferable the use of 

symmetrically loaded CCOs for low-power applications. 

A detailed comparison between each Sawtooth oscillator, regarding their      sensitivity to 

changes in the biasing voltage, is shown in Fig. 20. It is noticeable that the    loading 

conditions impact the oscillator sensitivity, as analytically expressed in: 

    
     

      
    

 
 

    
 

 

,   (   )    -
 

(7) 

Moreover, considering all MOSFETs operating in the strong inversion region, it can be stated 

that the bias current is proportional to the square of the bias voltage. This quadratic relationship 

makes the term           ⁄  dominate over    changes in equation (7), as can be observed in 

Fig. 20. Therefore, Frequency Pushing results show that symmetrically loaded Sawtooth CCOs 

are less sensitive to noise in their bias voltage, making this configuration particularly interesting 

for wireless powered applications. Besides, Fig. 20 exposes the robustness of differential 

architectures against substrate and supply noises [37]. For this reason, the modifications applied 

to Sawtooth oscillators increase their sensitivity to supply changes, as the new stage topology 

cannot be considered purely differential. 

To sum up, the calculated Figure Of Merit (   ) for each Sawtooth CCO is presented in both 

Fig. 21 and Table 4. The first conclusion obtained from the     curves is that the modified 

Sawtooth implementations not only ensure as good performance as the regular ones, but also 

improve their     values. The main contributor to this upgrade is the better phase noise 

response provided by modified Sawtooth CCOs, due to their reduced flicker noise. Besides that, 

the general performance for both regular and modified Sawtooth oscillators has been proved to 
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be quite similar, while the latter guarantee to achieve a sustainable oscillation when biased by a 

ramped voltage signal. 

5. Conclusions 

The adequacy of different Capacitor-Controlled Oscillator (CCO) topologies for its use in 

implantable electronic devices has been evaluated through a comprehensive set of simulations. 

The most relevant performance parameters have been obtained for each topology under different 

loading conditions, giving as a result 32 designs built in TSMC 0.18 µm CMOS technology. 

The simulation results allowed the accurate estimation of the oscillation frequency, percentage 

tuning range, maximum linearity error, phase noise at 100 kHz from the carrier and power 

consumption for each design. Some of these performance metrics have been used to obtain the 

figure of merit for each CCO, proving a better overall response from single-ended ring 

topologies when symmetrically loaded. However, the robustness of the differential topologies 

against supply and substrate noises, together with the voltage tuning possibilities of the 

Sawtooth CCOs, encourages their use within low-power implantable applications, where 

reliable calibration and supply insensitivity are desirable. Besides, a modified Sawtooth 

topology, that solve the stability problems of regular Sawtooth CCOs when biased by ramped 

voltage signals, has been also analyzed in this work. This topology has proved to minimize the 

required changes on the regular implementation, while not degrading the overall CCO 

performance. Moreover, the computed figure of merit for the modified Sawtooth oscillator 

exhibits better values than its regular counterpart, particularly due to its improved phase noise 

response. Hence, the modified Sawtooth topology guarantees to achieve a stable oscillation 

when biased by rectified voltage signals while offering an enhanced performance, which makes 

it perfectly suitable for wirelessly powered implantable applications. 

The results obtained in this work represent a significant step towards the implementation of 

optimized wireless low-power implants, aimed at the future development of embedded systems 

with real-time acquisition that could monitor and evaluate CVD-patients’ health status. 
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Figures 

 

 

Fig. 1. Concept of a smart stent for In-Stent Restenosis (ISR) wireless monitoring 

 

 

Fig. 2. Architecture of a backscattering-based Wireless Powering and Data Transmission (WPDT) system 

 

 

Fig. 3. Spectrum of a backscattering transmission in the LPD433 ISM band 
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Fig. 4. Single stage schematic views of (a) standard ring oscillator (7-stages); (b) current-starved ring 

oscillator (7-stages); (c) Lee-Kim fully-differential oscillator (4-stages); (d) coupled-Sawtooth oscillator 

(7-stages) 

 

 

Fig. 5. Single stage schematic view of a modified Sawtooth oscillator, including the biasing current 

mirror 
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Fig. 6. Statistical analysis of the free-running frequency for each CCO topology, simulated for a common 

sensor value of           and various loading conditions    ,                   -    

 

 

Fig. 7. Frequency (    ) vs. sensor capacitance (  ) for each CCO topology, with a static loading of 

            

 

 

Fig. 8. Percentage Tuning Range (   ) for each CCO topology, simulated for sensor values in the range 

   ,     -   , and various loading conditions    
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Fig. 9. Maximum Linearity Error percentage (   ) for each CCO topology, simulated for sensor values 

in the range    ,     -   , and various loading conditions    

 

 

Fig. 10. Phase Noise (  ) at 100 kHz away from the carrier, simulated for each CCO topology with a 

sensor value of          , and various loading conditions    

 

 

Fig. 11. Average Power consumption ( ) simulated for each CCO topology with a sensor value of 

         , and various loading conditions    
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Fig. 12. Frequency Pushing for each CCO topology, simulated with bias voltages between     

,         -  , a sensor value of          , and various loading conditions    

 

 

Fig. 13. Resulting Figure Of Merit (   ) for each CCO topology 

 

 

Fig. 14. Statistical analysis of the free-running frequency for each Sawtooth CCO, simulated for a 

common sensor value of           and various loading conditions    ,                   -    
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Fig. 15. Control voltage (    ) vs. load capacitance (  ) for tuned Sawtooth CCOs, with a sensor value 

of            , providing a constant              

 

Fig. 16. Percentage Tuning Range (   ) for each Sawtooth CCO, simulated for sensor values in the 

range    ,     -   , and various loading conditions    

 

 

Fig. 17. Maximum Linearity Error percentage (   ) for each Sawtooth CCO, simulated for sensor 

values in the range    ,     -   , and various loading conditions    
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Fig. 18. Phase Noise (  ) at 100 kHz away from the carrier, simulated for each Sawtooth CCO with a 

sensor value of          , and various loading conditions    

 

 

Fig. 19. Average Power consumption ( ) simulated for each Sawtooth CCO with a sensor value of 

         , and various loading conditions    

 

 

Fig. 20. Frequency Pushing for each Sawtooth CCO, simulated with bias voltages between     

,         -  , a sensor value of          , and various loading conditions    
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Fig. 21. Resulting Figure Of Merit (   ) for each Sawtooth CCO 
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Tables 

 

Topology    (  )    (  ) Stages ( ) Designs 

Ring Oscillator 

0.6 – 1.0 

0.6 

0.7 

0.8 

0.9 

1.0 

7 5 

Starved-Ring Oscillator 7 5 

Lee-Kim Differential Oscillator 4 5 

Sawtooth Oscillator 7 5 

Table 1. Main characteristics and number of design iterations for general CCO topologies 

 

Topology    (  )    (  )      ( ) Stages ( ) Designs 

Resized Sawtooth Oscillator 

0.6 – 1.0 

0.6 

0.7 

0.8 

0.9 

1.0 

0.4 

7 

5 

Tuned Sawtooth Oscillator 0.4 – 0.4218 1 

Resized Modified Sawtooth Oscillator 0.4 V 5 

Tuned Modified Sawtooth Oscillator 0.4 – 0.4210 1 

Table 2. Main characteristics and number of design iterations for Sawtooth-based CCO topologies 

 

Oscillator 
     
(kHz) 

    
(%) 

    
(%) 

   
(dBc/Hz @100 kHz) 

  
(µW) 

    
(dB) 

Stardard Ring 435.91 7.96 2.44 -131.44 6.27 -29.55 

Starved Ring 435.52 8.07 2.13 -120.33 6.34 -40.59 

Fully Diff. 435.57 14.31 2.57 -105.37 36.07 -58.13 

Sawtooth 435.03 7.96 2.77 -95.89 8.20 -66.29 

Table 3. CCO topologies comparison table for symmetrical loading with           
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Oscillator 
     

(kHz) 

    

(%) 

    

(%) 

   
(dBc/Hz @100 kHz) 

  

(µW) 

    

(dB) 

Resized Sawtooth 435.03 7.96 2.77 -95.89 8.20 -66.29 

Tuned Sawtooth 435.03 7.96 2.77 -95.89 8.20 -66.29 

Resized Mod. 

Sawtooth 
435.55 7.55 2.96 -103.93 8.66 -58.93 

Tuned Mod. 

Sawtooth 
435.55 7.55 2.96 -103.93 8.66 -58.93 

Table 4. Sawtooth CCOs comparison table for symmetrical loading with           
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