

  sensors-22-04356




sensors-22-04356







Sensors 2022, 22(12), 4356; doi:10.3390/s22124356




Article



Strategies to Enhance the Data Density in Synchronous Electromagnetic Encoders



Ferran Paredes *[image: Orcid], Amirhossein Karami-Horestani and Ferran Martín[image: Orcid]





CIMITEC, Departament d’Enginyeria Electrònica, Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain









*



Correspondence: ferran.paredes@uab.cat







Academic Editor: Daniel Ramos



Received: 13 May 2022 / Accepted: 7 June 2022 / Published: 8 June 2022



Abstract

:

In this paper, we report two different strategies to enhance the data density in electromagnetic encoders with synchronous reading. One approach uses a periodic chain of rectangular metallic patches (clock chain) that determines the encoder velocity, and dictates the instants of time for retrieving the bits of the identification (ID) code. However, contrary to previous electromagnetic encoders, the ID is inferred at both the rising and the falling edges of the clock signal generated by the clock chain. Moreover, the bits of information are not given by the presence or absence of metallic patches at their predefined positions in the so-called ID code chain. With this novel encoding system, a bit state corresponding to a certain instant of time is identical to the previous bit state, unless there is a change in the envelope function of the ID code signal, determined by the additional non-periodic ID code chain. The other encoding strategy utilizes a single chain of C-shaped resonators, and encoding is achieved by considering four different resonator dimensions, corresponding to four states and, hence, to two bits per resonator of the chain. Thus, with these two strategies, the data density is twice the one achievable in previously reported synchronous electromagnetic encoders.
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1. Introduction


Electromagnetic encoders constitute an interesting alternative to optical encoders [1,2,3] in many applications devoted to motion control. The most well-known optical encoders are those designated as rotary, consisting of an opaque disc (for example, made of metal) with an array of apertures. The system uses an optical source (that generates an optical beam) and a detector (e.g., a photodiode). When any of the apertures of the encoder lie in the optical path between the source and the detector, the latter detects an optical signal in the form of a pulse. For the determination of the angular velocity, a circular periodic chain of apertures distributed along the rotor perimeter suffices. The time lapse between two adjacent pulses determines the angular velocity, provided the angular distance between consecutive apertures (or period) is well known. The position can be inferred from the cumulative number of pulses retrieved in the detector from a reference position. This is how the so-called incremental encoders work. Nevertheless, in the event of a system reset, incremental encoders cannot provide the angular position. For that purpose, absolute encoders are needed. In such encoders, each position is determined by a unique identification (ID) code, and, for that reason, knowing the previous stages of encoder motion is irrelevant. In optical rotary encoders, the angle resolution is dictated by the number of pulses per revolution (PPR), a figure of merit, and there are commercially available devices with thousands of PPR. However, despite such a very good figure of merit achievable with optical encoders, and the possibility to implement both incremental- and absolute-type encoders, optical signals are affected by dirtiness, grease, or pollution, encountered in many industrial scenarios where encoders operate. Thus, optical encoders offer a limited robustness against hostile surroundings, often present in operational environments. By contrast, microwave signals are more tolerant to pollution and dirtiness. Thus, the microwave counterparts of optical encoders were reported a few years ago in order to alleviate the indicated limitative aspect [4,5,6,7,8,9,10,11]. Such encoders were designated as electromagnetic, or microwave, encoders. Their working principle is similar to the one of optical encoders, the main difference being the fact that, rather than optical signals, electromagnetic encoders use microwaves for the determination of the encoder position and velocity (either linear or angular).



The first reported electromagnetic encoders were rotary-type and implemented by etching a circular chain of metallic resonators in the periphery of the rotor, a disc made of a dielectric material [4,5]. In the electromagnetic rotary encoder of [5], a figure of merit of PPR = 1200 was demonstrated, and the encoder was equipped with an additional (concentric) non-periodic chain in order to determine the direction of motion, clockwise or counterclockwise. These electromagnetic rotary encoders were incremental. Their working principle was described in [4] (see Figure 1). In brief, a transmission line loaded with a pair of resonators identical to those of the encoder, but oppositely oriented, is the stator, namely, the static part of the system, able to provide the motion variables. When a pair of resonators of the encoder chain crosses the pair of resonators of the stator, the coupling between these elements significantly alters the transmission coefficient of the line. Thus, by feeding the transmission line of the stator with a harmonic signal tuned to a frequency where the transmission coefficient experiences a significant excursion by encoder motion, it is expected that an amplitude modulated (AM) signal is generated at the output port of the line. The envelope function of such AM signal should exhibit as many peaks (or dips) as resonators in the encoder chain (an AM detector suffices to retrieve the envelope function).



Linear electromagnetic encoders based on an identical principle were also reported in several papers [6,7,8,9,10,11]. Indeed, such encoders can be applied not only to the measurement of linear motion (displacement and velocity), but also to the implementation of a kind of time-domain chipless radiofrequency identification (chipless RFID) systems, based on near-field coupling (with the sensitive part of the reader, i.e., a transmission-line-based structure) and sequential bit reading [12,13,14,15,16,17,18]. In this latter application, not all the resonators, or, more generally, the tag inclusions, are present at the periodic positions of the encoder chain. By this means, the encoder, or tag, is provided with a certain ID code, where the logic state ‘1’ or ‘0’ depends on whether a resonator is present or absent, respectively, at its predefined position. A clear advantage of these time-domain near-field chipless RFID systems, as compared to other chipless RFID systems based on time-domain reflectometry (TDR) [19,20,21,22,23,24,25,26,27,28], or as compared to other frequency-domain [29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47] or hybrid [48,49,50,51,52,53,54,55,56,57,58,59,60,61] chipless RFID systems, is the fact that the number of bits is only limited by tag size. Moreover, the tags are read sequentially, and a simple harmonic signal suffices for tag reading (by contrast, in frequency-domain and hybrid chipless RFID systems, wideband signals for tag reading are needed).



Rigorously speaking, in their functionality as motion sensors, linear or rotary electromagnetic encoders able to provide the absolute position have not been reported so far. The main limitation concerns the fact that providing an ID code identifying the different positions, given by the ratio between the encoder length (in linear encoders), L, and the encoder period, p, may represent an excessive number of bits. For example, to unequivocally determine the different positions in a linear encoder with L = 1 m, and p = 1 mm, the number of required bits, N, must satisfy.


  N ≥   log  2   L p     ( 1 )   








i.e., in the considered example, the minimum number of bits is N = 10. However, it is not possible to consider an encoder implementation with 10 parallel chains of inclusions (i.e., with as many chains as required number of bits). The solution was reported in [8] and referred to as a quasi-absolute electromagnetic encoder.



In the present paper, one objective is to briefly review the working principle of quasi-absolute electromagnetic encoders based on synchronous reading, and provide a prototype example (this is the subject of Section 2). Then, in Section 3, two different strategies to enhance the data density in electromagnetic encoders with synchronous reading are discussed and validated by means of two prototype examples. This is the main motivation of this paper, as far as these new encoders with enhanced data density represent a clear advance as compared to previous synchronous electromagnetic encoders, mainly reported in [8,9,10,11].




2. Quasi-Absolute Electromagnetic Encoders


A quasi-absolute electromagnetic encoder is a system where the encoder is able to provide the velocity and the absolute position (by contrast, in incremental encoders, the cumulative number of pulses from a reference position gives the encoder location). However, after a system reset, the quasi-absolute encoder must move several periods in order to be able to provide the encoder position. Such number of periods is given by the number of bits, N, that are necessary to univocally determine all the different positions of the encoder and given by expression (1). Thus, because the absolute position cannot be immediately determined after a system reset, such encoders have been designated as quasi-absolute encoders. The whole encoder must be codified following the so-called De Bruijn sequence [62], where any subset of N consecutive bits does not repeat along the length of the encoder. By this means, it is guaranteed that all the different encoder positions are identified by a different (and unique) ID code. In the first quasi-absolute electromagnetic encoders reported in the literature, the clock signal, which provides the encoder velocity, determines the instants of time for reading a unique bit of the ID code. The encoder is based on two parallel chains, the clock chain and the ID code chain. The clock chain is periodic, i.e., all the considered inclusions are present at their predefined positions. By contrast, in the ID code chain, only those inclusions corresponding to the logic state ‘1′ are present (i.e., the ID code chain is non-periodic). Various realizations of quasi-absolute electromagnetic encoders have been recently reported [8,10,11]. In this paper, we report the one presented in [11], in order to compare it with the implementations based on strategies that double the number of bits per clock pulse, to be discussed in the next section, and representing the relevant contribution of the present paper.



Figure 2 depicts the photograph of the quasi-absolute encoder of [11], implemented in a rubber elevator belt. The clock and ID chains are based on rectangular patch inclusions. Such inclusions can be detected by means of a transmission (microstrip) line loaded with a complementary split-ring resonator (CSRR) [63], etched in the ground plane, beneath the line. The reason is that the presence of a metal patch in close proximity to the CSRR modifies the frequency response (transmission coefficient) of the line. Particularly, the resonance frequency shifts up. Therefore, by injecting a harmonic signal tuned to the resonance frequency of the bare CSRR, a significant excursion of the transmission coefficient at that frequency is expected when a metal patch crosses the area of influence of the CSRR. Consequently, an amplitude-modulated (AM) signal generated by encoder motion is expected. For the periodic clock chain, the envelope function of this AM signal should be periodic. However, in the considered encoder reader, also depicted in Figure 2, three different CSRRs can be appreciated in the ground plane. One of these CSRRs, the one designated as CSRRp, is devoted to detecting the inclusions of the ID code chain, another one (CSRRc) is used to detect the inclusions of the clock chain, and, finally, it can be appreciated that there is a third resonant element (CSRRd) that lies in the path of the clock chain, but not centered beneath the line. This latter CSRRd is used to generate a redundant clock signal with lag or lead as compared to the original one. By this means, it is possible to determine the direction of motion. Obviously, three harmonic signals tuned to the resonance frequency of the three CSRRs are needed. In order to retrieve the three envelope functions in a real system, one option is to feed the line by means of the three harmonic signals using a combiner, and then separate the AM signals at the output port by means of a triplexer. By connecting an envelope detector to each of the output ports of the triplexer, the three envelope functions can be inferred. An alternative is to use a voltage-controlled oscillator (VCO) managed by a microcontroller, in order to provide the three harmonic signals consecutively during different periods of time (the solution adopted in [11]). The microcontroller separates also the three envelope functions corresponding to the clock, redundant and ID code signals (see further details in [11]).



In order to demonstrate the functionality of the encoder, it was displaced at a velocity of v = 40 mm/s in [11] by means of a dedicated experimental setup based on a linear displacement system (model Thorlabs LTS300/M (Thorlabs Inc., Newton, NJ, USA)). The air gap, or separation between the stator and encoder, was set to 1 mm. The HMC391LP4 VCO (Analog Devices, Norwood, MA, USA) was used for the harmonic signal generation. The control voltage of this component was managed by means of the ATmega328 microcontroller (Atmel Corporation, San Jose, CA, USA) (Arduino development platform), whereas the considered envelope detector was the ADL5511 model (further details are given in [11]). Figure 3 shows the three envelope functions, after being retrieved by the microcontroller. The clock and the ID code signals exhibit good synchronism, whereas the direction signal is delayed with regard to the clock signal, thus indicating that the encoder moves upwards (in reference to Figure 2c). The separation between peaks is 100 ms, which corresponds to an encoder velocity of 40 mm/s, since the period of the metallic inclusions (resolution) is p = 4 mm. Note also that the peaks in the ID code signal perfectly correlate with the presence of rectangular patches in the position chain (see Figure 2). Let us clarify that the maximum velocity of these synchronous encoder systems is determined by the sampling period of the microcontroller, as discussed in [11]. In the systems of [11], the maximum velocity was estimated to be roughly 100 mm/s. Nevertheless, with certain microcontrollers the sampling period can be reduced to a few μs, and encoder velocities in the range of several meters per second can thus be measured.




3. Enhancing the Data Density


In this section, two different strategies to enhance the data density per unit length in quasi-absolute electromagnetic encoders are reported. With both approaches, the density of bits per unit length is doubled, which means that, after a system reset, the necessary number of periods that the encoder should displace in order to provide the absolute position is half the number of periods in the electromagnetic encoder reported in the previous section. Let us next discuss both strategies separately.



3.1. Encoder Reading by Rising/Falling Edges of the Clock Signal


In the quasi-absolute encoder of the previous section, the ‘0’ and ‘1’ logic states are given by the absence and presence, respectively, of metallic inclusions (rectangular metallic patches) at the predefined positions in the ID code chain. In that system, the clock signal dictates the instants of time where the bits of the encoder (ID code chain) must be read. Typically, these instants of time are the rising edges of the digital clock signal. A novel encoding strategy, useful to increase the data capacity using the same encoder area, is illustrated in Figure 4 [64]. Compared to the strategy of the encoder of Figure 2, with this novel approach, the rising and the falling edges of the digital clock signal dictate the instants of time for synchronously reading the bits of the encoder. This means that the sampling rate of the ID code signal increases by a factor of two, as compared to the conventional encoder, where the bits of the ID code chain are retrieved at the rising edges of the clock signal. With this strategy, the data density per unit length is enhanced approximately by a factor of two (2N-1). An important feature of this novel encoding scheme is that the bit state corresponding to a certain instant of time is identical to the previous bit state, unless there is a change in the envelope function of the ID code signal. This means that encoding is not based on the absence or presence of functional inclusions at their predefined positions (the procedure of the encoder of Section 2). By contrast, with this encoding scheme, in the rising and falling edges of the clock signal, the new bit is identical to the previous one, if the envelope function of the ID code chain does not change, and the new bit switches provided the envelope function experiences a variation. Thus, the encoders exhibit ID code chains, where, rather than all-identical metallic patches at predefined positions, they are made, in general, of unequal patches, with size dependent on the number of consecutive ‘1’ in the ID code chain. To clarify this aspect, note that the first ‘1’ of the ID code chain should correspond to the presence of metal in that chain (i.e., the envelope function up) for the reading edge (either rising or falling) of the clock chain.



For validation of this approach, a reader (stator) similar to the one of the system in Section 2 was fabricated (see Figure 5). The main difference is that in this new reader, only two CSRRs are present, namely, the encoder does not have the possibility to determine the motion direction. The encoders are based on two chains of inclusions, the clock chain, identical to the one of the encoder in Figure 2a (although the dimensions are somehow different), and the ID code chain. Figure 5 also depicts two 19-bit specific encoders.



To determine with precision the frequency of the interrogation signals, the frequency response of the reader, without rectangular metallic patches on top of it, was measured. The results (not shown) indicate that the notches appear at fc = 3.90 GHz and fp = 4.15 GHz, and these should be the frequencies of the ID code and clock signals, respectively. The experimental setup for characterization of this new encoder system uses also a linear displacement system identical to the one used for the characterization of the encoder system in Section 2. By considering a nominal air gap of 0.5 mm, the measured envelope signals (ID code and clock) of the two 19-bit encoders have been found to be those depicted in Figure 6. Such signals perfectly correlate with the encoders of Figure 5. Note that the sampling rate, as indicated, is twice the one of the system in Section 2; therefore, the data density is twice the one of that system. Thus, the number of periods of the encoder that are necessary to retrieve the encoder position after a system reset is reduced to half the value of the system based on the encoding scheme reported in Section 2.




3.2. Hybrid Time-/Frequency-Domain System


According to this encoding strategy, the proposed system is a hybrid time-/frequency-domain encoder system [65]. The encoders consist of a single chain of C-shaped resonators etched in a dielectric substrate. The bits of the encoder are read sequentially through the near field, similar to the previous encoder systems, in a time-division multiplexing scheme. However, there is a fundamental difference between the system to be discussed in this subsection and those analyzed before in this paper. That is, in the present system, there is always a C-shaped resonator in the predefined (periodic) positions of the chain. Thus, an additional chain to provide synchronism (clock chain) is not necessary. Thus, encoding is not achieved by the presence or absence of inclusions (C-shaped resonators), but through the size of such resonators. Four different sizes are considered, corresponding to four different states and, consequently, to two bits per resonant element of the chain. Because the size of the resonator correlates with its resonance frequency, it follows that bit encoding is achieved by frequency. For this reason, this system is designated as a hybrid time-/frequency-domain encoder system. The information is encoded in frequency, but it is read sequentially in time domain. However, contrary to the system in Section 2, in the present system, each reading (detection of the size of the C-shaped resonator) provides two bits of information rather than one. Thus, with this system, the data density is twice the one of those systems based on presence/absence of inclusion at the predefined positions in the encoder chain.



The sensitive part of the reader (stator) is a transmission line with a series gap, whereas the tag is a chain of C-shaped resonators, as indicated. Figure 7 depicts the layout of the reader (sensitive part), as well as the one of a specific tag made of four C-shaped resonators (i.e., an 8-bit tag), all exhibiting different size. The symmetry plane of the C-shaped resonators is an electric wall at the first (fundamental) resonance, and a magnetic wall at the second resonance frequency. Thus, by displacing the tag across the line, the coupling between the resonator and the line arises at the second resonance frequency, rather than at the fundamental one, when one of the resonant elements crosses the line axis. The reason is that the quasi-microstrip mode of the line is an even mode, unable to drive the odd mode resonance of the C-shaped resonators. Due to the presence of the gap, the structure exhibits a bandpass behavior in the vicinity of the second resonance frequency of the C-shaped resonator on top of the line. Thus, by feeding the gap-loaded line with four harmonic signals tuned to the second resonance frequency of each resonator, the ID code can be retrieved.



For each harmonic signal, tag displacement on top of the reader generates an amplitude-modulated (AM) signal. The amplitude of the envelope function should be negligible unless a C-shaped resonator tuned (second resonance) to the frequency of that harmonic signal is on top of the line. Thus, by recording the envelope function for each harmonic signal, the ID code can be obtained. An input combiner can be used to feed the reader line with the four harmonic signals, and an output multiplexer can be used for the separation of the different AM signals. In this case, four envelope detectors are needed. Thus, a preferred option should consider a voltage-controlled oscillator (VCO) managed by a microcontroller, so that the frequency of the single injected signal varies periodically between the four required values (second resonance frequencies of the C-shaped resonators). The AM signals are separated at the output port also by means of the microcontroller; thus, the four envelope functions can be inferred. With this approach, a single envelope detector is needed.



The line of the reader was implemented in the Rogers RO4003C substrate with dielectric constant εr = 3.55, thickness h = 0.81 mm, and loss factor tanδ = 0.0022. The width of the line is w = 0.40 mm, gap separation is set to G = 1 mm, and the total line length from port to port is L = 50 mm. The gap is not in the middle of the microstrip line, as it is shown in Figure 7, where L1 = 22 mm and L2 = 27 mm. The tags were implemented in the Rogers RO4003C substrate with dielectric constant εr = 3.55, thickness h = 0.81 mm, and loss factor tanδ = 0.0022. The strip width of the C-shaped resonators is 0.25 mm, whereas the length varies from resonator to resonator. Indeed, only the length of the external arms varies, i.e., it is l4 = 16 mm, l3 = 20 mm, l2 = 24 mm, and l1 = 28 mm from the smallest to the largest resonator. The length of the central strip of the C-shaped resonators is U = 3 mm in all cases, and the separation between adjacent resonators is S = 5 mm, corresponding to a period of 8 mm. The (second) resonance frequencies of these resonators are f0,1 = 3.70 GHz, f0,2 = 4.25 GHz, f0,3 = 5.00 GHz, and f0,4 = 5.80 GHz.



Before the characterization of this type of encoders, we carried out a set of simulations, consisting of obtaining the transmission coefficient as a function of the displacement for a tag based on four resonators, each with different dimensions. This simulation, carried out by means of the ANSYS HFSS commercial software, was obtained four times, each one by considering the (second) resonance of each resonator (the results are depicted in Figure 8). In all the simulations, the air gap was set to 0.5 mm, and the displacement step was set to 1 mm which is several times smaller than the chain period. With this displacement step, the accuracy in the response is good enough to conclude that the capacity of discrimination of the proposed system is very reasonable. In particular, it can be appreciated that when a certain resonator is on top of the line, at the frequency of this resonator, the transmission is high, whereas at the other frequencies, it decreases significantly, and this occurs for the four C-shaped resonators. Namely, the excursion (or window) between the high and low levels of transmission is important, a necessary condition for the discrimination and functionality of the system. Thus, these results indicate that the functionality of this encoding near-field chipless RFID system can potentially be achieved.



For experimental validation, the reader and the encoder depicted in Figure 7 were fabricated. The photograph of the fabricated reader and tag are shown in Figure 9. For tag reading, we displaced the tag over the reader by means of a linear displacement system previously indicated with a velocity of 10 mm/s (the air gap was set to 0.5 mm). The four envelope functions recorded for each frequency, when the tag is displaced across the line axis of the reader, are depicted in Figure 10. With these results, the proof-of-concept of the proposed system is experimentally validated, since each resonator is perfectly identified. Note that for each carrier frequency, a different peak in the envelope function arises, indicative of the fact that the tag is made of four different resonators.



To further demonstrate the functionality of this system, we fabricated additional encoders. For example, an encoder where all the C-shaped resonators are identical, and corresponding to the largest one, is depicted in Figure 11, where the envelope functions are also shown. It can be observed that the responses perfectly correlate with the encoder of the inset.



Figure 12 depicts a different combination of resonators and the corresponding envelope functions where, again, there is a perfect correlation between the peaks and the resonant elements.



We have also fabricated encoders with reduced period, particularly by reducing the distance between adjacent C-shaped resonators. Thus, Figure 13 depicts a 6 mm period encoder where the four resonators are different, and the corresponding envelope functions. Note that the envelope function responses are similar to those of Figure 10, where identical resonators are considered. However, in Figure 13, the time interval between the first and the last pulse is smaller by virtue of the smaller period in the structure of Figure 13 (the displacement velocity of the encoder is identical in all the cases).



Finally, let us mention that it is possible to program the encoders. That is, by fabricating the encoders with all the resonators identical and corresponding to the largest one, it is possible to generate the desired code by simply cutting the convenient resonators. For example, it can be observed in Figure 14 an encoder where three of the C-shaped resonators are cut By this means, four different resonances are generated, as can be seen in the envelope functions, equivalent to an encoder exhibiting four different resonators. Note, however, that the bit combination is different to that of Figure 13, since the order of the resonators in the encoder is also different.





4. Discussion


The quasi-absolute electromagnetic encoders reported in this paper cannot compete against the absolute optical encoders in terms of resolution. However, electromagnetic encoders use microwave signals, more robust against the effects of pollution, grease, or dirtiness encountered in many industrial scenarios. Let us also mention that there are many displacement and proximity sensors based on the Hall effect [66,67,68,69,70,71,72]. Although these systems generally exhibit very good resolutions, they are based on magnets, thereby representing solutions with higher cost, at least compared to the systems reported in this paper. Magnetic encoders have also been reported [73,74]. Such encoders are also robust against hostile environments, but such sensors are relatively complex since they need inductive coils.



Concerning other displacement, proximity, and velocity sensors based on microwave signals, there are many implementations in the available literature. For example, there are sensors that exploit coupling modulation [75,76,77,78,79], whereas other sensors are based on frequency variation [80]. In such sensors, a resonant (movable) element is displaced over a transmission line structure (typically, the resonator in motion is displaced in a plane parallel to the one of the line, but there are also realizations, where the resonator displaces vertically [79,81]). Although these sensors are relatively simple, their input dynamic range is usually very limited, since it is of the order of the size of the resonant elements. By contrast, in linear electromagnetic encoders, such dynamic range is potentially unlimited. Thus, electromagnetic encoders can find applications as sensing elements in various scenarios involving motion control of industrial systems, such as conveyor belts, servomechanisms, or elevators, among others. It is also worth mentioning that there are alternatives to the electromagnetic rotary encoders, based on the use of a single resonant element [82,83,84]. Generally, such angular displacement and velocity sensors use a circular resonator axial to the rotor. The main disadvantage as compared to the rotary electromagnetic encoders is the fact that they cannot provide the instantaneous velocity, but rather the average velocity per cycle.




5. Conclusions


In summary, two different strategies to enhance the data density in electromagnetic encoders were reported. Such strategies are very different, but both share the fact that the data density is twice the one of conventional encoders. In one case, the data density is improved by retrieving the ID code in both the rising and falling edges of the clock signal. Namely, this system requires a clock signal in order to synchronously read the ID code. By contrast, in the second approach, such a clock signal is not required, as far as an inclusion is always present at the predefined positions of the encoder chain. In this second approach, the data density is improved because each resonant element of the encoder chain provides two bits of information, as far as four different resonator sizes are considered. Both strategies have been experimentally validated by considering various encoders with different ID codes. The reported approaches are of interest for the implementation of quasi-absolute electromagnetic encoders. Thanks to the improved data density, the displacement of the encoder necessary to retrieve the absolute position after a system reset can be reduced.







Author Contributions


Conceptualization, F.P. and A.K.-H.; simulations, F.P. and A.K.-H.; experimental validation, F.P. and A.K.-H.; writing—original draft preparation, F.M.; writing—review and editing, F.P., A.K.-H. and F.M.; supervision, F.M.; funding acquisition, F.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the projects: grant PID2019-103904RB-I00 funded by MCIN/AEI 10.13039/501100011033, grant RTC-2017-6303-7 funded by MCIN/AEI 10.13039/501100011033 and ERDF European Union, grant PDC2021-121085-I00 funded by MCIN/AEI 10.13039/501100011033 and European Union Next Generation EU/PRTR, grant 2017SGR-1159 funded by the AGAUR Research Agency, Catalonia Government, and the grant funded by Institució Catalana de Recerca i Estudis Avançats (who awarded Ferran Martín).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Petriu, E.M. Reconsidering natural binary encoding for absolute position measurement application. IEEE Trans. Instrum. Meas. 1989, 38, 1014–1016. [Google Scholar] [CrossRef]

	



Ueda, T.; Kohsaka, F.; Iino, T.; Kazami, K.; Nakayama, H. Optical absolute encoder using spatial filter. In Proceedings of the SPIE Photomechanics and Speckle Metrology, San Diego, CA, USA, 17–20 August 1987; pp. 217–221. [Google Scholar]

	



Eitel, E. Basics of rotary encoders: Overview and new technologies. Machine Design Magazine, 7 May 2014. [Google Scholar]

	



Mata-Contreras, J.; Herrojo, C.; Martín, F. Application of split ring resonator (SRR) loaded transmission lines to the design of angular displacement and velocity sensors for space applications. IEEE Trans. Microw. Theory Tech. 2017, 65, 4450–4460. [Google Scholar] [CrossRef]

	



Mata-Contreras, J.; Herrojo, C.; Martín, F. Detecting the rotation direction in contactless angular velocity sensors implemented with rotors loaded with multiple chains of split ring resonators (SRRs). IEEE Sens. J. 2018, 18, 7055–7065. [Google Scholar] [CrossRef]

	



Herrojo, C.; Muela, F.; Mata-Contreras, J.; Paredes, F.; Martín, F. High-density microwave encoders for motion control and near-field chipless-RFID. IEEE Sens. J. 2019, 19, 3673–3682. [Google Scholar] [CrossRef]

	



Herrojo, C.; Paredes, F.; Martín, F. Double-stub loaded microstrip line reader for very high data density microwave encoders. IEEE Trans. Microw. Theory Tech. 2019, 67, 3527–3536. [Google Scholar] [CrossRef]

	



Paredes, F.; Herrojo, C.; Martín, F. Microwave Encoders with Synchronous Reading and Direction Detection for Motion Control Applications. In Proceedings of the IEEE MTT-S International Microwave Symposium Digest (IMS’20), Los Angeles, LA, USA, 18–27 June 2020; pp. 472–475. [Google Scholar]

	



Herrojo, C.; Paredes, F.; Martín, F. 3D-printed all-dielectric electromagnetic encoders with synchronous reading for measuring displacements and velocities. Sensors 2020, 20, 4837. [Google Scholar] [CrossRef]

	



Herrojo, C.; Paredes, F.; Martín, F. Synchronism and Direction Detection in High-Resolution/High-Density Electromagnetic Encoders. IEEE Sens. J. 2021, 21, 2873–2882. [Google Scholar] [CrossRef]

	



Paredes, F.; Herrojo, C.; Moya, A.; Alonso, M.B.; Gonzalez, D.; Bruguera, P.; Simao, C.D.; Martín, F. Electromagnetic Encoders Screen-Printed on Rubber Belts for Absolute Measurement of Position and Velocity. Sensors 2022, 22, 2044. [Google Scholar] [CrossRef]

	



Herrojo, C.; Mata-Contreras, J.; Paredes, F.; Martín, F. Near-field chipless RFID system with high data capacity for security and authentication applications. IEEE Trans. Microw. Theory Tech. 2017, 65, 5298–5308. [Google Scholar] [CrossRef]

	



Herrojo, C.; Mata-Contreras, J.; Paredes, F.; Núñez, A.; Ramon, E.; Martín, F. Near-field chipless-RFID system with erasable/programmable 40-bit tags inkjet printed on paper substrates. IEEE Microw. Wirel. Comp. Lett. 2018, 28, 272–274. [Google Scholar] [CrossRef]

	



Herrojo, C.; Mata-Contreras, J.; Paredes, F.; Núñez, A.; Ramón, E.; Martín, F. Near-field chipless-RFID tags with sequential bit reading implemented in plastic substrates. Int. J. Magn. Magn. Mater. 2018, 459, 322–327. [Google Scholar] [CrossRef]

	



Herrojo, C.; Moras, M.; Paredes, F.; Núñez, A.; Ramón, E.; Mata-Contreras, J.; Martín, F. Very low-cost 80-bit chipless-RFID tags inkjet printed on ordinary paper. Technologies 2018, 6, 52. [Google Scholar] [CrossRef]

	



Havlíček, J.; Herrojo, C.; Paredes, F.; Mata-Contreras, J.; Martín, F. Enhancing the per-unit-length data density in near-field chipless-RFID systems with sequential bit reading. IEEE Ant. Wirel. Prop. Lett. 2019, 18, 89–92. [Google Scholar] [CrossRef]

	



Herrojo, C.; Paredes, F.; Mata-Contreras, J.; Ramon, E.; Núñez, A.; Martín, F. Time-domain signature barcodes: Near-field chipless-RFID systems with high data capacity. IEEE Microw. Mag. 2019, 20, 87–101. [Google Scholar] [CrossRef]

	



Martín, F.; Herrojo, C.; Mata-Contreras, J.; Paredes, F. Time-Domain Signature Barcodes for Chipless-RFID and Sensing Applications, 1st ed.; Springer: Cham, Switzerland, 2020. [Google Scholar]

	



Chamarti, A.; Varahramyan, K. Transmission delay line based ID generation circuit for RFID applications. IEEE Microw. Wirel. Compon. Lett. 2006, 16, 588–590. [Google Scholar] [CrossRef]

	



Schüßler, M.; Damm, C.; Jakoby, R. Periodically LC loaded lines for RFID backscatter applications. In Proceedings of the Metamaterials 2007, Rome, Italy, 24 October 2007; pp. 103–106. [Google Scholar]

	



Schüßler, M.; Damm, C.; Maasch, M.; Jakoby, R. Performance evaluation of left-handed delay lines for RFID backscatter applications. In Proceedings of the IEEE MTT-S International Microwave Symposium Digest (IMS’08), Atlanta, GA, USA, 15–20 June 2008; pp. 177–180. [Google Scholar]

	



Shao, B.; Chen, Q.; Amin, Y.; Mendoza, D.S.; Liu, R.; Zheng, L.R. An ultra-low-cost RFID tag with 1.67 Gbps data rate by ink-jet printing on paper substrate. In Proceedings of the IEEE Asian Solid State-Circuits Conference, Beijing, China, 8–10 November 2010; pp. 1–4. [Google Scholar]

	



Herraiz-Martínez, F.J.; Paredes, F.; Zamora, G.; Martín, F.; Bonache, J. Printed magnetoinductive-wave (MIW) delay lines for chipless RFID applications. IEEE Trans. Antennas Propag. 2012, 60, 5075–5082. [Google Scholar] [CrossRef]

	



Tedjini, S.; Perret, E.; Vena, A.; Kaddout, D. Mastering the Electromagnetic Signature of Chipless RFID Tags, Chipless and Conventional Radiofrequency Identification, 1st ed.; IGI Global: Hershey, PA, USA, 2012; pp. 146–174. [Google Scholar]

	



Zhang, L.; Rodriguez, S.; Tenhunen, H.; Zheng, L.R. An innovative fully printable RFID technology based on high speed time-domain reflections. In Proceedings of the Conference on High Density Microsystem Design and Packaging and Component Failure Analysis (HDP’06), Shanghai, China, 27–30 June 2006; pp. 166–170. [Google Scholar]

	



Zheng, L.; Rodriguez, S.; Zhang, L.; Shao, B.; Zheng, L.R. Design and implementation of a fully reconfigurable chipless RFID tag using Inkjet printing technology. In Proceedings of the IEEE International Symposium on Circuits and Systems (ISCAS’08), Seattle, WA, USA, 18–21 May 2008; pp. 1524–1527. [Google Scholar]

	



Mandel, C.; Schussler, M.; Maasch, M.; Jakoby, R. A novel passive phase modulator based on LH delay lines for chipless microwave RFID applications. In Proceedings of the IEEE MTT-S International Microwave Workshop on Wireless Sensing, Local Positioning, and RFID, Cavtat, Croatia, 24–25 September 2009; pp. 1–4. [Google Scholar]

	



Nair, R.; Perret, E.; Tedjini, S. Temporal multi-frequency encoding technique for chipless RFID applications. In Proceedings of the IEEE MTT-S International Microwave Symposium Digest (IMS’12), Montreal, QC, Canada, 17 June 2012; pp. 1–3. [Google Scholar]

	



Preradovic, S.; Karmakar, N.C. Chipless RFID: Bar code of the future. IEEE Microw. Mag. 2010, 11, 87–97. [Google Scholar] [CrossRef]

	



Preradovic, S.; Karmakar, N.C. Multiresonator-Based Chipless RFID: Barcode of the Future, 1st ed.; Springer: Cham, Switzerland, 2011. [Google Scholar]

	



Jalaly, I.; Robertson, I.D. RF barcodes using multiple frequency bands. In Proceedings of the IEEE MTT-S International Microwave Symposium Digest (IMS’05), Long Beach, CA, USA, 17 June 2005; pp. 139–142. [Google Scholar]

	



Preradovic, S.; Balbin, I.; Karmakar, N.C.; Swiegers, G.F. Multiresonator-based chipless RFID system for low-cost item tracking. IEEE Trans. Microw. Theory Techn. 2009, 57, 1411–1419. [Google Scholar] [CrossRef]

	



Preradovic, S.; Karmakar, N.C. Design of chipless RFID tag for operation on flexible laminates. IEEE Antennas Wirel. Propag. Lett. 2010, 9, 207–210. [Google Scholar] [CrossRef]

	



McVay, J.; Hoorfar, A.; Engheta, N. Space-filling curve RFID tags. In Proceedings of the IEEE Radio Wireless Symposium, San Diego, CA, USA, 17–19 October 2006; pp. 199–202. [Google Scholar]

	



Jalaly, I.; Robertson, D. Capacitively-tuned split microstrip resonators for RFID barcodes. In Proceedings of the European Microwave Conference, Paris, France, 4–6 October 2005; pp. 4–7. [Google Scholar]

	



Jang, H.S.; Lim, W.G.; Oh, K.S.; Moon, S.M.; Yu, J.W. Design of low-cost chipless system using printable chipless tag with electromagnetic code. IEEE Microw. Wirel. Compon. Lett. 2010, 20, 640–642. [Google Scholar] [CrossRef]

	



Vena, A.; Perret, E.; Tedjini, S. A fully printable chipless RFID tag with detuning correction technique. IEEE Microw. Wirel. Compon. Lett. 2012, 22, 209–211. [Google Scholar] [CrossRef]

	



Vena, A.; Perret, E.; Tedjini, S. Design of compact and auto-compensated single-layer chipless RFID tag. IEEE Trans. Microw. Theory Tech. 2012, 60, 2913–2924. [Google Scholar] [CrossRef]

	



Vena, A.; Perret, E.; Tedjini, S. High-capacity chipless RFID tag insensitive to the polarization. IEEE Trans. Antennas Propag. 2012, 60, 4509–4515. [Google Scholar] [CrossRef]

	



Girbau, D.; Lorenzo, J.; Lazaro, A.; Ferrater, C.; Villarino, R. Frequency-coded chipless RFID tag based on dual-band resonators. IEEE Antennas Wirel. Propag. Lett. 2012, 11, 126–128. [Google Scholar] [CrossRef]

	



Khan, M.M.; Tahir, F.A.; Farooqui, M.F.; Shamim, A.; Cheema, H.M. 3.56-bits/cm2 compact inkjet printed and application specific chipless RFID tag. IEEE Antennas Wirel. Propag. Lett. 2016, 15, 1109–1112. [Google Scholar] [CrossRef]

	



Rezaiesarlak, R.; Manteghi, M. Complex-natural-resonance-based design of chipless RFID tag for high-density data. IEEE Trans. Antennas Propag. 2014, 62, 898–904. [Google Scholar] [CrossRef]

	



Bhuiyan, M.S.; Karmakar, N. A spectrally efficient chipless RFID tag based on split-wheel resonator. In Proceedings of the International Workshop on Antenna Technology: Small Antennas, Novel EM Structures and Materials, and Applications (iWAT’14), Sydney, Australia, 4–6 March 2014; pp. 1–4. [Google Scholar]

	



Nijas, C.M.; Deepak, U.; Vinesh, P.V.; Sujith, R.; Mridula, S.; Vasudevan, K.; Mohanan, P. Low-cost multiple-bit encoded chipless RFID tag using stepped impedance resonator. IEEE Trans. Antennas Propag. 2014, 62, 4762–4770. [Google Scholar] [CrossRef]

	



Machac, J.; Polivka, M. Influence of mutual coupling on performance of small scatterers for chipless RFID tags. In Proceedings of the 24th International Conference Radioelektronika, Bratislava, Slovakia, 15 April 2014; pp. 1–4. [Google Scholar]

	



Svanda, M.; Machac, J.; Polivka, M.; Havlicek, J. A comparison of two ways to reducing the mutual coupling of chipless RFID tag scatterers. In Proceedings of the 21st International Conference on Microwave, Radar and Wireless Communications (MIKON), Krakow, Poland, 9–11 May 2016; pp. 1–4. [Google Scholar]

	



Herrojo, C.; Naqui, J.; Paredes, F.; Martín, F. Spectral signature barcodes based on S-shaped Split ring resonators (S-SRRs). EPJ Appl. Metamaterials 2016, 3, 1–6. [Google Scholar] [CrossRef]

	



Vena, A.; Perret, E.; Tedjini, S. Chipless RFID tag using hybrid coding technique. IEEE Trans. Microw. Theory Tech. 2011, 59, 3356–3364. [Google Scholar] [CrossRef]

	



Vena, A.; Perret, E.; Tedjini, S. A compact chipless RFID tag using polarization diversity for encoding and sensing. In Proceedings of the IEEE International Conference on RFID (RFID’12), Orlando, FL, USA, 3–5 April 2012; pp. 191–197. [Google Scholar]

	



Islam, M.A.; Karmakar, N.C. A novel compact printable dual-polarized chipless RFID system. IEEE Trans. Microw. Theory Tech. 2012, 60, 2142–2151. [Google Scholar] [CrossRef]

	



Balbin, I.; Karmakar, N.C. Phase-encoded chipless RFID transponder for large scale low cost applications. IEEE Microw. Wirel. Compon. Lett. 2009, 19, 509–511. [Google Scholar] [CrossRef]

	



Genovesi, S.; Costa, F.; Monorchio, A.; Manara, G. Chipless RFID tag exploiting multifrequency delta-phase quantization encoding. IEEE Antennas Wirel. Propag. Lett. 2015, 15, 738–741. [Google Scholar] [CrossRef]

	



Rance, O.; Siragusa, R.; Lemaître-Auger, P.; Perret, E. RCS magnitude coding for chipless RFID based on depolarizing tag. In Proceedings of the IEEE MTT-S International Microwave Symposium (IMS’15), Phoenix, AZ, USA, 17–22 May 2015; pp. 1–4. [Google Scholar]

	



Rance, O.; Siragusa, R.; Lemaître-Auger, P.; Perret, E. Toward RCS magnitude level coding for chipless RFID. IEEE Trans. Microw. Theory Tech. 2016, 64, 2315–2325. [Google Scholar] [CrossRef]

	



Herrojo, C.; Naqui, J.; Paredes, F.; Martín, F. Spectral signature barcodes implemented by multi-state multi-resonator circuits for chipless RFID tags. In Proceedings of the IEEE MTT-S International Microwave Symposium Digest (IMS’16), San Francisco, CA, USA, 22–27 May 2016; pp. 1–4. [Google Scholar]

	



Herrojo, C.; Paredes, F.; Mata-Contreras, J.; Zuffanelli, S.; Martín, F. Multi-state multi-resonator spectral signature barcodes implemented by means of S-shaped Split Ring Resonators (S-SRR). IEEE Trans. Microw. Theory Tech. 2017, 65, 2341–2352. [Google Scholar] [CrossRef]

	



Gupta, S.; Nikfal, B.; Caloz, C. Chipless RFID system based on group delay engineered dispersive delay structures. IEEE Antennas Wirel. Propag. Lett. 2011, 10, 1366–1368. [Google Scholar] [CrossRef]

	



Nair, R.; Perret, E.; Tedjini, S. Chipless RFID based on group delay encoding. In Proceedings of the IEEE International Conference on RFID-Technology and Applications (RFID-TA), Sitges, Spain, 15–16 September 2011; pp. 214–218. [Google Scholar]

	



Feng, C.; Zhang, W.; Li, L.; Han, L.; Chen, X.; Ma, R. Angle-based chipless RFID tag with high capacity and insensitivity to polarization. IEEE Trans. Antennas Propag. 2015, 63, 1789–1797. [Google Scholar] [CrossRef]

	



El-Awamry, A.; Khaliel, M.; Fawky, A.; El-Hadidy, M.; Kaiser, T. Novel notch modulation algorithm for enhancing the chipless RFID tags coding capacity. In Proceedings of the IEEE International Conference on RFID, San Diego, CA, USA, 15–17 April 2015; pp. 25–31. [Google Scholar]

	



Vena, A.; Babar, A.A.; Sydanheimo, L.; Tentzeris, M.M.; Ukkonen, L. A novel near-transparent ASK-reconfigurable inkjet-printed chipless RFID tag. IEEE Antennas Wirel. Propag. Lett. 2013, 12, 753–756. [Google Scholar] [CrossRef]

	



de Bruijn, N.G. Acknowledgement of Priority to C. Flye Sainte-Marie on the counting of circular arrangements of 2n zeros and ones that show each n-letter word exactly once. EUT Rep. Technol. Univ. Eindh. 1975, 75-WSK-06, 1–16. [Google Scholar]

	



Falcone, F.; Lopetegi, T.; Baena, J.D.; Marqués, R.; Martín, F.; Sorolla, M. Effective negative-ε stop-band microstrip lines based on complementary split ring resonators. IEEE Microw. Wirel. Comp. Lett. 2004, 14, 280–282. [Google Scholar] [CrossRef]

	



Herrojo, C.; Paredes, F.; Martín, F. Encoding Strategy to Increase the Data Capacity in Near-Field Chipless-RFID Systems. In Proceedings of the 16th European Conference on Antennas and Propagation (EuCAP), Madrid, Spain, 27 March 2022; pp. 1–4. [Google Scholar]

	



Karami-Horestani, A.; Paredes, F.; Martín, F. A Hybrid Time/Frequency Domain Near-Field Chipless-RFID system. In Proceedings of the 21st Mediterranean Microwave Symposium (MMS’22), Pizzo Calabro, Italy, 9 May 2022; pp. 1–4. [Google Scholar]

	



Jezný, J.; Čurilla, M. Position Measurement with Hall Effect Sensors. Am. J. Mech. Eng. 2013, 7, 231–235. [Google Scholar]

	



Granell, P.N.; Wang, G.; Bermudez, G.S.C.; Kosub, T.; Golmar, F.; Steren, L.; Fassbender, J.; Makarov, D. Highly compliant planar Hall effect sensor with sub 200 nT sensitivity. npj Flex. Electron. 2019, 3, 3. [Google Scholar] [CrossRef]

	



Lidozzi, A.; Solero, L.; Crescimbini, F.; Di Napoli, A. SVM PMSM Drive with Low Resolution Hall-Effect Sensors. IEEE Trans. Power Electron. 2007, 22, 282–290. [Google Scholar] [CrossRef]

	



Scelba, G.; De Donato, G.; Scarcella, G.; Capponi, F.G.; Bonaccorso, F. Fault-Tolerant Rotor Position and Velocity Estimation Using Binary Hall-Effect Sensors for Low-Cost Vector Control Drives. IEEE Trans. Ind. Appl. 2014, 50, 3403–3413. [Google Scholar] [CrossRef]

	



Zhang, X.; Mehrtash, M.; Khamesee, M.B. Dual-Axial Motion Control of a Magnetic Levitation System Using Hall-Effect Sensors. IEEE ASME Trans. Mechatron. 2016, 21, 1129–1139. [Google Scholar] [CrossRef]

	



Liu, G.; Chen, B.; Song, X. High-Precision Speed and Position Estimation Based on Hall Vector Frequency Tracking for PMSM With Bipolar Hall-Effect Sensors. IEEE Sens. J. 2019, 19, 2347–2355. [Google Scholar] [CrossRef]

	



Available online: https://www.rls.si/eng/hilin (accessed on 10 February 2022).

	



Zhang, Z.; Dong, Y.; Ni, F.; Jin, M.; Liu, H. A Method for Measurement of Absolute Angular Position and Application in a Novel Electromagnetic Encoder System. J. Sens. 2015, 2015, 503852. [Google Scholar] [CrossRef]

	



Zhang, Z.; Ni, F.; Dong, Y.; Jin, M.; Liu, H. A novel absolute angular position sensor based on electromagnetism. Sens. Actuators A Phys. 2013, 194, 196–203. [Google Scholar] [CrossRef]

	



Naqui, J.; Durán-Sindreu, M.; Martín, F. Alignment and position sensors based on split ring resonators. Sensors 2012, 12, 11790–11797. [Google Scholar] [CrossRef]

	



Karami-Horestani, A.; Fumeaux, C.; Al-Sarawi, S.F.; Abbott, D. Displacement sensor based on diamond-shaped tapered split ring resonator. IEEE Sens. J. 2013, 13, 1153–1160. [Google Scholar] [CrossRef]

	



Horestani, A.K.; Naqui, J.; Abbott, D.; Fumeaux, C.; Martín, F. Two-dimensional displacement and alignment sensor based on reflection coefficients of open microstrip lines loaded with split ring resonators. Electron. Lett. 2014, 50, 620–622. [Google Scholar] [CrossRef]

	



Horestani, A.K.; Abbott, D.; Fumeaux, C. Rotation sensor based on horn-shaped split ring resonator. IEEE Sens. J. 2013, 13, 3014–3015. [Google Scholar] [CrossRef]

	



Elgeziry, M.; Costa, F.; Genovesi, S. Wireless Monitoring of Displacement Using Spiral Resonators. IEEE Sens. J. 2021, 21, 17838–17845. [Google Scholar] [CrossRef]

	



Mandel, C.; Kubina, B.; Schüßler, M.; Jakoby, R. Passive chipless wireless sensor for two-dimensional displacement measurement. In Proceedings of the 41st European Microwave Conference, Manchester, UK, 10–13 October 2011; pp. 79–82. [Google Scholar]

	



Paredes, F.; Herrojo, C.; Mata-Contreras, J.; Martín, F. Near-field chipless-RFID sensing and identification system with switching reading. Sensors 2018, 18, 1148. [Google Scholar] [CrossRef] [PubMed]

	



Naqui, J.; Martín, F. Transmission Lines Loaded with Bisymmetric Resonators and Their Application to Angular Displacement and Velocity Sensors. IEEE Trans. Microw. Theory Tech. 2013, 61, 4700–4713. [Google Scholar] [CrossRef]

	



Naqui, J.; Martín, F. Angular displacement and velocity sensors based on electric-LC (ELC) loaded microstrip lines. IEEE Sens. J. 2014, 14, 939–940. [Google Scholar] [CrossRef]

	



Naqui, J.; Coromina, J.; Karami-Horestani, A.; Fumeaux, C.; Martín, F. Angular displacement and velocity sensors based on coplanar waveguides (CPWs) loaded with S-shaped split ring resonator (S-SRR). Sensors 2015, 15, 9628–9650. [Google Scholar] [CrossRef]








[image: Sensors 22 04356 g001 550] 





Figure 1. Sketch showing the working principle of an electromagnetic rotary encoder system based on a rotor with a circular chain of split-ring resonators (SRRs). 
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Figure 2. Photograph of the quasi-absolute electromagnetic encoder implemented on a rubber elevator belt (a) and photograph of the top (b) and bottom (c) views of the reader. The dimensions of the encoder are: d1 = 11.5 mm; d2 = 15.9 mm, w = 3 mm, s = 1 mm and g = 1.9 mm. The chain period is p = 4 mm. Note that L/p = 48; thus, N = 6. The reader (stator) was fabricated on the Rogers RO4003C substrate with thickness h = 0.81 mm, dielectric constant εr = 3.38, and loss factor tanδ = 0.0027. The dimensions of the stator are: transmission line widths w1 = 6.4 mm and w2 = 1.9 mm; CSRR widths wr = 2.9 mm (for the three resonators); resonator lengths lc = ld = 10.5 mm and lp = 14.5 mm; ring splits sd = 0.4 mm, sc = 1.6 mm, and sp = 6.2 mm; CSRR slot width c = 0.5 mm. The sub-index c, d, and p in the variables corresponding to resonator’s length and ring splits are used to differentiate the CSRRs. 
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Figure 3. Measured envelope function for the clock, direction, and position signals corresponding to the quasi-absolute encoder system of Figure 2. Reprinted with permission from [11]. 
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Figure 4. Scheme of the encoding system based on the rising (a) and rising/falling (b) edge of the clock signal. Reprinted with permission from [64]. 
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Figure 5. Layout of the reader (stator) (a) and specific encoder (b), and photograph of the reader (c) and two specific encoders (d). Dimensions (in mm) are: w = 1.90, wr = 3.30, lp = 9.35, lc = 9.90, dp = 8.15, dc = 8.70, wp = 2.00, s = 2.00, and g = 2.00. The considered substrate for the reader is the Rogers RO4003C with relative permittivity εr = 3.55, thickness h = 0.81 mm, and loss tangent tanδ = 0.0021. For the encoders, the substrate is the same as the one used in the reader, but with thickness h = 0.204 mm. Reprinted with permission from [64]. 
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Figure 6. Measured envelope signals (ID code and clock) of the 19-bit tags of Figure 5 with the indicated codes. Reprinted with permission from [64]. 
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Figure 7. Topology of the (a) reader (sensitive part) and (b) 8-bit (or 4-resonator) encoder. 
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Figure 8. Simulation of the transmission coefficient for the resonance frequencies of the four C-shaped resonators of the encoder, as a function of the encoder displacement. The considered encoder is depicted in Figure 7. Reprinted with permission from [65]. 
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Figure 9. Photograph of the fabricated reader and encoder. Reprinted with permission from [65]. 






Figure 9. Photograph of the fabricated reader and encoder. Reprinted with permission from [65].



[image: Sensors 22 04356 g009]







[image: Sensors 22 04356 g010 550] 





Figure 10. Envelope functions for the four frequencies corresponding to the (second) resonances of the four C-shaped resonators, for the tag depicted in Figure 9. Reprinted with permission from [65]. 
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Figure 11. Envelope functions for the four frequencies corresponding to the (second) resonances of the four C-shaped resonators, for the tag depicted in the inset. Reprinted with permission from [65]. 
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Figure 12. Envelope functions for the four frequencies corresponding to the (second) resonances of the four C-shaped resonators, for the tag depicted in the inset. 
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Figure 13. Envelope functions for the four frequencies corresponding to the (second) resonances of the four C-shaped resonators, for the tag depicted in the inset. 
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Figure 14. Envelope functions for the four frequencies corresponding to the (second) resonances of the four C-shaped resonators, for the indicated encoder, with cuts in certain resonators. The lengths of the resonators, after practicing the cuts, correspond to those lengths shown in Figure 7b. 
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