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 Abstract—This paper presents a new type of 
electromagnetic encoders based on step-impedance 
resonators (SIRs). The encoders consist of a linear 
chain of transversely oriented SIRs etched on a 
dielectric substrate, whereas the reader is a simple 
microstrip transmission line fed by a certain number 
of single-tone signals, i.e., three in one prototype, 
and four in another prototype, tuned to specific 
predefined frequencies. System functionality is 
based on detecting at which of such predefined 
frequencies (considering all possible combinations) 
each SIR of the chain resonates. Thus, the number 
of combinations (or states) per encoder position (or 
row) corresponding to the prototype fed with three 
single-tone signals is 7, whereas it is 15 for the prototype fed with four single-tone signals, corresponding to 2.81 bits 
and 3.91 bits, respectively, per encoder row. Although there are other synchronous electromagnetic encoders 
exhibiting a higher number of bits per row, the number of chains of those encoders is at least two, and the readers are 
complex microwave structures based on power splitters, contrary to the prototypes reported in this paper. Enhancing 
the number of bits per row in these encoders is a fundamental aspect towards the implementation of true absolute 
electromagnetic encoders able to determine the position relative to the reader at any instant of time without the need 
to know the previous stages of encoder motion (a need in the incremental-type and in the so-called quasi-absolute 
encoders). 

 
Index Terms— Electromagnetic encoder, displacement sensor, microstrip technology, microwave sensor, step-

impedance resonator (SIR).  

 

 

I.  INTRODUCTION 

LECTROMAGNETIC encoders have been recently 

proposed as an alternative to optical encoders [1]-[3] for 

motion sensing. The working principle of both types of 

encoders is similar, namely, the detection of certain elements 

conveniently arranged in the encoder, forming arrays or chains. 

In optical encoders, such elements are apertures, detected by 

means of optical beams. By contrast, electromagnetic encoders 

consist of a chain, or various chains, of metallic inclusions 

printed or etched in a dielectric substrate, and such inclusions 

(typically electrically small resonators or patches) are detected 

through electromagnetic radiation (microwaves) by near field 

[4],[5]. Nevertheless, in certain reported prototypes, the 

encoders are implemented as chains of dielectric inclusions 

embedded in a dielectric substrate [6]. As the inclusions, either 

apertures (in optical encoders) or metallic/dielectric elements 
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(in the electromagnetic counterparts) cross the sensitive part of 

the reader (or stator), electrical pulses are generated, and the 

velocity and encoder position relative to the reader can be 

determined. There are many other approaches for the 

measurement of displacements and velocities by means of 

electromagnetic fields, including magnetic encoders [7],[8] and 

Hall-effect sensors [9]-[15], but such devices use magnets or 

coils, and are therefore costly, as compared to electromagnetic 

encoders.  

Other low-cost microwave displacement sensors are based 

on the effects that metallic elements (typically planar 

resonators) generate in the response of a transmission line, or in 

a more complex microwave circuit, when such elements are in 

relative motion to such line or circuit [16]-[32]. Nevertheless, 

in this later type of displacement sensors, the input dynamic 

range is typically small, i.e., of the order of the dimensions of 

the element in motion. By contrast, in linear electromagnetic 
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encoders, the input dynamic range is unlimited, provided the 

encoder is equipped with a linear chain of inclusions that 

extends along the entire length of the encoder. 

Electromagnetic encoders can be classified according to 

various criteria. For example, there are linear [6],[33-39] and 

rotary encoders [40]-[42], of application to the measurement of 

linear and angular displacements, respectively, and velocities.  

Another categorization scheme distinguishes between 

incremental encoders [6],[33],[34],[40]-[42], quasi-absolute 

encoders [35]-[40], and absolute encoders [43]-[49]. In 

incremental electromagnetic encoders, the displacement is 

determined from the cumulative number of pulses from a 

reference (REF) position. Such encoders are implemented by 

means of a single periodic chain of inclusions, either linear or 

circular [6],[33],[34],[40]-[42]. The main limitation of such 

encoders is that after a system reset, it is necessary to return to 

the REF position in order to determine the relative displacement 

with regard to the reader. The solution to this limitation is 

provided by the absolute encoder systems, able to determine the 

position of the encoder regardless of its previous motion stages. 

In such electromagnetic encoder systems, each encoder 

position, or row, is identified with a unique identification (ID) 

code, and the number of bits for each row must be enough to 

discern all the different encoder positions, given by the ratio 

between the length of the encoder, L, and the period, p (which 

dictates the encoder resolution). Thus, the number of bits, n, 

should satisfy: 

𝑛 ≥  log2 (
𝐿

𝑝
)                                       (1) 

The main difficulty with absolute electromagnetic encoders 

comes from the fact that a significant number of bits might be 

necessary in high resolution (p small) long encoders (L high). 

Indeed, increasing the number of bits, n, in absolute encoders is 

a research challenge, and schemes based on frequency encoding 

[43]-[48] and phase encoding [49] have been recently proposed. 

For example, in [45], a single chain of metallic strips of 

different sizes (particularly, four) is considered, corresponding 

to 2 bits per encoder position, and the specific strip size is 

determined by feeding the reader (a transmission line with a 

series gap) with as many single tone signals as strip sizes. When 

one of the strips of the encoder is on top of the reader line, the 

corresponding single-tone signal is transmitted, as far as it is 

tuned to the resonance frequency of that strip, and the size (and 

hence the ID code for that position) can be determined. Other 

schemes based on frequency encoding (and inclusions’ size) 

use various chains and complex readers based on power 

splitters [46],[47]. In [47], 8.78 bits per encoder position were 

achieved, a competitive number of bits, but at the expense of a 

reader implemented by means of a 4-output power splitter.  

In a recent work, phase encoding for the implementation of 

absolute encoders was considered [49]. Specifically, such 

phase-modulation electromagnetic encoders consist of a linear 

chain of identical inclusions but located at different transverse 

positions with regard to the axis of the chain. When the encoder 

is displaced over the reader, a one-port transmission line 

terminated with a matched load and fed by a single-tone signal 

tuned to the resonance frequency of the inclusions (resonant 

strips in [49]), the phase of the reflection coefficient is dictated 

by the transverse position of the corresponding inclusion, and 

encoding is achieved. Four bits per encoder position were 

achieved in [49], by considering a single chain encoder. The 

sensitive element of the reader in such phase-modulation 

encoders is simple (a one-port transmission line terminated with 

a matched load), but retrieving the phase in a real scenario, by 

means of phase detectors, is not absent of certain difficulty [49].   

Quasi-absolute encoders based on a binary encoding scheme 

were reported before the frequency and phase encoder systems 

highlighted in the two preceding paragraphs [35]-[40]. In such 

systems, one bit per encoder position is assigned, and encoder 

position is determined by reading the bit corresponding to the 

considered position, plus the n − 1 bits of the previous positions. 

By this means, a total of n bits satisfying (1) is enough to discern 

all the encoder positions, and for that purpose, it is necessary 

that the ID sub-code of any subset of adjacent n positions does 

not repeat (this is possible through encoding by means of the 

so-called De Bruijn sequence [50], as discussed in detail in 

[35]). The main problem with these quasi-absolute encoders, 

based on a binary scheme for encoder position, is that, after a 

system reset, the encoder must displace n periods to be able to 

provide the absolute encoder position. Thus, investigating 

schemes focused on enhancing the number of bits per encoder 

period compatible with simple readers, pursuing the 

implementation of absolute encoders, is of the highest interest 

in the field of electromagnetic encoders.  

In this paper, we propose a radically new approach to 

implement synchronous electromagnetic encoders with more 

than one bit of information per encoder period. In one of the 

reported prototypes, 3.91 bits with a single encoder chain are 

achieved, and a simple reader, i.e., a transmission line fed by 

various single tone signals, is used. The paper is organized as 

follows. The new working principle of such encoders is 

presented in Section II. Section III is devoted to present the 

specific encoder inclusions considered, i.e., step-impedance 

resonators (SIRs), and the necessary theory to understand the 

strategy to conveniently tune the SIRs to the necessary 

resonance frequencies. Experimental validation is the subject of 

Section IV. Comparison with other electromagnetic encoders is 

discussed in Section V. Finally, the main conclusions are 

highlighted in Section VI.    

II. WORKING PRINCIPLE 

In [45], encoders with 4 different inclusion (strip) sizes, and 

hence providing 2 bits of information per encoder period (or 

row), were considered. The specific inclusion size (state) of the 

row was detected by feeding the reader (a microstrip line with 

a series gap) with four single-tone signals tuned to the 

resonance frequencies of the four encoder strips. Only one 

amongst the four possible frequencies is activated per row. For 

that reason, the number of bits in such encoders is limited to n 

= 2. In the encoders proposed in this paper, the working 

principle consists in considering all the possible combinations 

of frequencies of the feeding signals per row, i.e., not simply  
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Fig. 1. Sketch showing the working principle of the proposed 

electromagnetic encoders. 

activating one. Let us assume that the number of feeding signals 

is N. The number of possible combinations of frequencies, or 

states, excluding the case where none of the frequencies is 

activated is simply 2N − 1. Thus, the number of bits per encoder 

period, or row, is 

𝑛 =  log2(2𝑁 − 1)                                  (2) 

and n  N, provided N is high, or moderately high. By contrast 

in the encoder system reported in [45], the number of bits is  

𝑛 =  log2(𝑁)                                    (3) 

Thus, with the system proposed in this paper, a significant 

enhancement in the number of bits per row is possible. 

The sketch of the proposed electromagnetic encoder system 

(optimized) is depicted in Fig. 1. The reader is a transmission 

line fed by N single-tone signals, managed by a microcontroller 

(which sequentially injects the signals in a time-division 

multiplexing scheme). The encoder must be implemented by 

means of a chain with inclusions able to resonate at any of the 

2N − 1 frequency combinations of the feeding signals. For 

instance, for N = 3, the 7 different states must be implemented 

with 7 inclusions able to resonate at [f1], [f2], [f3], [f1, f2], [f1, f3], 

[f2, f3], or [f1, f2, f3]. The functionality of the encoder system is 

as follows. The encoder chain must be displaced over the reader 

line at short distance. When an inclusion is on top of the line, 

the feeding signal, or signals, tuned to the resonance frequency, 

or frequencies, of that inclusion, will be reflected back, 

generating a notch in the transmission coefficient. Thus, the 

specific state, among the 2N − 1 states, corresponding to that 

inclusion can be retrieved by means of an amplitude detector, 

similar to the approach presented in [45]. 

III. SIR-BASED ENCODERS 

Selectively generating the resonance frequencies 

corresponding to all possible combinations is not simple. One 

possibility would be to consider a set of frequencies for the 

feeding signals, f1, f2, …, fN, satisfying that fi ≠ mfj (m being an 

integer, and fi > fj, with i, j = 1, 2, …, N), i.e., non-harmonic 

signals. If multiples between the two frequencies of any pair are 

avoided, the encoder inclusions can be implemented, e.g., by 

means of as many planar resonant elements as frequencies. For 

example, for N = 3, the 7 states corresponding to the above-

cited frequency combinations, i.e., [f1], [f2], [f3], [f1, f2], [f1, f3], 

[f2, f3], or [f1, f2, f3], can be generated by selectively etching, or 

printing, in the encoder rows resonant elements with 

fundamental resonance frequencies tuned to f1, f2, and/or f3, and 

choosing those that are required to generate the specific 

frequency combination. Planar microwave resonators typically 

exhibit harmonic frequencies (multiples of the fundamental 

one). Nevertheless, with the cited strategy, all frequency 

combinations are possible since the harmonic frequencies of the 

different resonators (three resonators for N = 3) do not coincide 

with the fundamental frequencies of the others. However, this 

approach has a fundamental limitation: the number of required 

resonators per encoder period in the worst case (note that N 

resonators are necessary for the combination [f1, f2, …, fN]). This 

approach is feasible, but at the expense of an increase of 

encoder size, as far as up to N resonators per row might be 

required, depending on the specific ID code of the row.  

In this paper, a strategy different to the one based on multiple 

resonators with non-harmonic resonance frequencies is 

contemplated. A single resonator per encoder period, 

specifically a step-impedance resonator (SIR), is considered. 

The key aspect is that the topology of such resonator can be 

tailored in order to modify (engineer) the resonance 

frequencies, with the possibility of generating non-harmonic 

frequencies. Nevertheless, not necessarily all the frequencies of 

the N feeding signals should be non-harmonic, as it will be later 

shown. Let us next gain insight on the dependence of the 

resonance frequencies of the SIR with its topology.  

Figure 2 depicts the two canonical SIR topologies, as well as 

the topology of the conventional half-wavelength resonator (the 

relevant electrical parameters are indicated). Note that the two 

considered topologies are symmetric, corresponding to the SIRs 

of the encoders proposed in the present paper. The conventional 

half-wavelength resonator exhibits the fundamental resonance 

at the frequency f0 providing an electrical length of 180º (or a 

half wavelength), and the harmonic frequencies are located at 

the even and odd multiples of f0, i.e., 2f0, 3f0, 4f0, … By contrast, 

in the SIR resonator, the resonance frequencies are no longer 

multiples of the fundamental one. To demonstrate this, let us 

calculate the impedance seen from the central (symmetry) plane 

of the SIR looking at any of the open-ended terminations, Zin, 

see Fig. 2. Such impedance is given by [51],[52] 

𝑍𝑖𝑛 =  𝑗
𝑍2 tan 

1
tan 

2
− 𝑍1

tan 
1

+ 𝐾 tan 
2

                       (4) 

where K = Z1/Z2 is the impedance contrast of the SIR, Z1 and Z2 

being the impedances of the line sections, as depicted in Fig. 2, 

and 1 and 2 the corresponding electrical lengths. In (4), losses 

are excluded, and the influence of the step discontinuity and 

edge capacitance of the open end is ignored. The SIR 

resonances are given by those frequencies satisfying either Zin 

= 0 or Zin = . In the former case (Zin = 0), the resonance 

condition writes as follows 

tan 
1

tan 
2

= 𝐾                                 (5) 

For Zin = , the following result is obtained 

tan 
1

= −𝐾 tan 
2

                              (6) 
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Fig. 2. Canonical topologies of the SIR and half-wavelength resonator, 

and resonance frequencies. (a) SIR with impedance contrast K >1; (b) 

SIR with impedance contrast K < 1; conventional half-wavelength 

resonator (or SIR with impedance contrast K = 1).  

Let us next consider two situations, i.e., K < 1 and K > 1, and 

let us assume that 1 = 2 =   (this latter assumption does not 

represent a loss of generality, but makes the analysis simpler, 

and has been adopted in the SIRs of the considered encoders).  

In the former case (K < 1), the fundamental resonance (with 

Zin = 0) occurs for 0 <  < /4, since tan2  = 𝐾 < 1. However, 

the second resonance frequency (with Zin = ) takes place for  

= /2, so that the total electrical length of the SIR is 2 at that 

frequency, i.e., identically to the second resonance of the 

conventional half-wavelength resonator (or SIR with K = 1). 

For the third resonance frequency (where, again, Zin = 0), the 

phase should satisfy 3/4 <  <  (so that tan2  = 𝐾 < 1).  

Thus, according to these phases, it follows that for K < 1, the 

fundamental resonance frequency is smaller than half the 

second resonance frequency, whereas the third resonance 

frequency is larger than 1.5 times the second resonance 

frequency. In other words, the first and third resonance 

frequencies are more distant from the second resonance 

frequency than in the case of the conventional half wavelength 

resonator. 

For K > 1, the fundamental resonance (with Zin = 0) occurs 

for  /4 <  < /2, since tan2  = 𝐾 > 1. Similarly, to the 

previous case (K < 1), the second resonance frequency (with Zin 

= ) occurs when  = /2. Finally, for the third resonance 

frequency, the phase should satisfy /2 <  < 3/4 (so that 

tan2  = 𝐾 > 1). Thus, for K > 1, the proximity of the first and 

third resonance frequencies to the second one follows an 

opposite trend to that for K < 1.  

Figure 2 also depicts (schematically) the separation of the 

first three resonance frequencies for the SIR with K < 1 and with 

K > 1, and for the conventional half-wavelength resonator (K = 

1). The main conclusion is that, depending on the impedance 

contrast, K, these frequencies are multiples (K = 1), are 

expanded (K < 1), or are constrained (K > 1), as it can be 

graphically appreciated in Fig. 2.  This possibility of tailoring 

the relative position of the resonance frequencies in the SIR 

makes this resonator useful for the implementation of the 

electromagnetic encoders of this paper, an aspect to be 

discussed next. 

Let us consider the systematic design of an SIR based 

encoder with N = 3 feeding signals [and n = 2.81 bits per  

 

Fig. 3. States for the considered SIR-based electromagnetic encoder, 

with a reader fed by means of N = 3 single-tone signals tuned to f1 = 1 

GHz, f2 = 2.5 GHz, and f3 = 4 GHz, and the associated SIRs (or half-

wavelength resonators). Dimensions are given in mm.  

encoder row, see (2)]. The three frequencies are tuned to f1 = 1 

GHz, f2 = 2.5 GHz, and f3 = 4 GHz. The 7 different frequency 

combinations, or states, are depicted in Fig. 3, together with the 

specific types of SIRs considered for their excitations (with K 

= 1, K < 1, or K > 1). For the state [f1], an SIR with K < 1 is 

considered, and such SIR is tuned to exhibit the second 

resonance at 3 GHz. Thus, there exists an impedance contrast K 

< 1 that generates a resonance at f1 = 1 GHz and another one at 

5 GHz. Hence, only the resonance f1 is excited. For the state [f2], 

a conventional half-wavelength resonator (K = 1) with the first 

resonance tuned to f2 = 2.5 GHz is used. Note that the second 

and third resonances of such resonator are 5 GHz and 7.5 GHz, 

respectively, and therefore, only f2 is excited. The state [f3] is 

generated with a half-wavelength resonator with the 

fundamental resonance frequency tuned to f3 = 4 GHz (the 

second and third frequency are 8 GHz and 12 GHz, 

respectively). The state [f1, f2] is generated with an SIR with K 

> 1, with the second resonance tuned to (f1 + f2)/2 = 1.75 GHz. 

By conveniently choosing K, the frequencies f1 = 1 GHz ad f2 = 

2.5 GHz, equidistant from (f1 + f2)/2 = 1.75 GHz, are generated. 

The additional generated frequencies are 1.75 GHz, 3.5 GHz 

and 4.5 GHz, which do not coincide with f3. The state [f1, f3] is 

obtained by means of a half-wavelength resonator tuned to f1 = 

1 GHz. Note that the frequency f3 = 4 GHz, a multiple of f1, is 

also generated (plus the frequencies of 2 GHz and 3 GHz, not 

of interest). The state [f2, f3] is generated with an SIR with K > 

1 and the second resonance tuned to f3 = 4 GHz. With the 

adequate value of K, frequencies located at f2 = 2.5 GHz and 5.5 

GHz are also generated (the later not being of interest). Finally, 

the last state ([f1, f2, f3]) is achieved by means of an SIR with K 

< 1 and the second resonance tuned to f2 = 2.5 GHz. It is obvious 

that with the proper K value, the frequencies f1 = 1 GHz and f3 

= 4 GHz, equidistant from f2, are also generated. 

The dimensions of the layout of the different resonators 

generating the above-cited states are also included in Fig. 3. The 

considered substrate for encoder implementation is the Rogers 

RO4003C, with dielectric constant r = 3.55, thickness h = 

0.813 mm, and loss tangent tan = 0.0022. The reader was 

implemented in an identical substrate, and the air gap, or 

vertical distance between the encoder and the reader was set to 

0.5 mm. Note that the resonance frequencies of the SIRs and 

half-wavelength resonators depend not only on the encoder 

substrate, but also on the air gap distance, and reader substrate. 

(c) 

(b) 

(a) 
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Fig. 4. Simulated responses (magnitude of S21) of the reader line loaded 

with the different resonators designed to generate the 7 states of the 

electromagnetic encoder. (a) [f1]; (b) [f2]; (c) [f3]; (d) [f1, f2]; (e) [f1, f3]; (f) 

[f2, f3]; (g) [f1, f2, f3]. 

 

(a) 

 

(b) 

Fig. 5. Photograph of the fabricated reader (a) and encoder with N = 3 

(or n = 2.81 bits per row) and 7 different resonators (b). 

The reader is simply a uniform transmission line 

implemented in the above cited substrate. The width of such 

line was set to W = 0.5 mm, corresponding to a characteristic 

impedance of Zc = 97 , whereas the length was set to L = 190 

mm, i.e., the reader line is longer than the longest encoder 

resonator. It should be mentioned that a narrow reader line is 

convenient to decrease the period of the encoder (or separation 

between adjacent resonators), and properly discriminate the 

states of adjacent resonators. 

 

Fig. 6. Envelope functions for the three feeding frequencies of the 

reader, when the encoder of Fig. 5 is displaced over the reader line. The 

encoder velocity was set to 10 mm/s. Some tuning in the frequencies of 

the feeding signals has been necessary due to fabrication related 

tolerances. 

Before the experimental validation, left for the next section, 

we have simulated the responses of the reader line loaded with 

the 7 different resonators (with the resonator axis perfectly 

aligned with the axis of the reader line and with the afore-

mentioned air gap). The considered electromagnetic simulator 

is the Keysight Momentum commercial software. The results, 

depicted in Fig. 4, reveal that the frequencies of the different 

states are excited. Such frequencies are the notch frequencies of 

the transmission coefficient, S21, of the reader line, and are 

indicated in the figure. Certain detuning is unavoidable in 

practice, but it can be tolerated (an aspect that will be clear in 

the next section, where experimental validation is carried out). 

IV. EXPERIMENTAL VALIDATION 

A. Validation by Independently feeding the reader line 
with the harmonic signals. 

Figure 5 depicts the photograph of the fabricated reader and 

an electromagnetic encoder with 7 rows (and hence 7 

resonators), so that all possible encoder resonators are present 

and do not repeat. Fabrication was carried out by means of the 

LPKF H100 drilling machine, available in our laboratory. In 

this first experiment, devoted to demonstrating the proof-of 

concept of these encoders, rather than validation by considering 

the complete system of Fig. 1, we have independently fed the 

reader line with the three single-tone signals, with frequencies 

f1 = 1 GHz, f2 = 2.5 GHz, and f3 = 4 GHz. For each frequency, 

generated by means of the network analyser model N5221A as 

signal generator, we have displaced the encoder over the reader 

by means of the Thorlabs LTS300/M linear displacement 

system. The amplitude of the output voltage has been retrieved 

by means of an envelope detector (a Schottky diode model 

Avago HSMS- 2860 and a N2795A active probe) and visualized 

in an oscilloscope (model MSO-X 3104A). 

The envelope functions corresponding to the three frequencies 

are depicted in Fig. 6, where it can be appreciated that the 7 
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frequency combinations generated by the corresponding 

resonators are obtained (identified by the dips in the envelope 

functions). Such combinations are indicated in Fig. 6 and the 

corresponding resonators are identified in Fig. 5. Note that the 

base (voltage) level of the envelope function is different for the 

three frequencies (roughly 0.84 V, 0.63 V, and 0.60 V for f1, f2, 

and f3, respectively). The reason is that the reader line is not 

matched to the impedance of the ports (i.e., Zc > Z0 = 50). 

Under these circumstances, the signal is not totally transmitted 

to the output port when the resonators do not lie on top of the 

reader line (i.e., with the resonator and line axis aligned), unless 

the electrical length of the line is a multiple of 180º (for these 

phases, the line exhibits total transmission regardless of its 

characteristic impedance). Indeed, the magnitude of the 

transmission coefficient with the reader line and the encoder 

resonators misaligned depends on the electrical length of the 

line, and hence on the frequency of the feeding signal. This 

explains the different base levels in the envelope function 

(directly correlated with the transmission coefficient) for the 

three frequencies.  

Note that the encoder system of Fig. 5 is intrinsically 

synchronous since the state corresponding to the absence of 

resonator is not considered (for that reason, the number of bits, 

n, dictated by expression (2), is slightly inferior to N). This 

means that any time a resonator crosses the line axis, an ID code  

 

 
(a) 

  
(b) 

Fig. 7. (a) Photograph of an encoder with 7 different states in the seven 

encoder rows; (b) envelope functions for the four feeding frequencies of 

the reader, when the encoder is displaced over the reader line. The 

encoder velocity was set to 10 mm/s. 

 
(a) 

 
(b) 

Fig. 8. (a) Photograph of an encoder with 8 different states in the eight 

encoder rows; (b) envelope functions for the four feeding frequencies of 

the reader, when the encoder is displaced over the reader line. The 

encoder velocity was set to 20 mm/s. 

corresponding to that encoder row is generated and 

manifested by the presence of at least one dip in the envelope 

function (see Fig. 6). It is not necessary to generate a clock 

signal for synchronization, as it is required in other reported 

electromagnetic encoders based on binary schemes (e.g., [35]). 

Obviously, according to (2), as N increases, n approaches N.  

Let us next report another prototype electromagnetic encoder, 

also synchronous, with N = 4 feeding frequencies (f1, f2, f3, f4), 

and n = 3.91 bits per encoder period (or 15 different states). The 

main difference, as compared to the previous encoder, is that in 

this encoder, the design of the 15 different resonators 

(providing the required 15 frequency combinations) has not 

been done systematically, but according to a tuning and 

optimization procedure, where each resonator topology has 

been tailored to achieve the required state. Moreover, certain 

SIRs of such encoder exhibit more than three sections, and are 

not necessarily symmetric. The substrate of the reader and 

encoder are identical to those in reference to the previous 

encoder. We have fabricated two encoders covering all the 

states (or frequency combinations). The photographs of these 

encoders and the corresponding envelope functions are depicted 

in Figs. 7 and 8, where a good correlation between the dips in 

the envelope functions and the frequencies generated by the 

resonators has been found. Note that in these measurements the 
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encoder velocities are deliberately different (namely 10 mm/s 

and 20 mm/s) to ensure that system functionality and robustness 

do not depend on such velocity. 

B. Validation by simultaneously feeding the Reader line 
with the harmonic signals. 

Let us next go one step further to validate the proposed system 

by simultaneously injecting the feeding harmonic signals to the 

reader line. According to the sketch of Fig. 1, the 

microcontroller provides different voltage levels to the VCO 

(those that are needed to generate the required harmonic 

signals) during different periods of time, so that the harmonic 

signals are alternately injected to the reader line in a time-

division multiplexing scheme. The sketch of Fig. 1 is the best 

option, since a single VCO is used. However, a VCO covering 

the required harmonic signals is needed, and this option is not 

always possible. Due to the lack of an available VCO satisfying 

this demand in our laboratory, we have opted for an alternative 

scheme, that uses three independent signal sources and a switch 

managed by the microcontroller, as depicted in Fig. 9. Note that 

this validation corresponds to the case with N = 3. In particular, 

one of such sources is a VCO, model HMC391LP4, that 

provides the signal tuned to f3 = 3.97 GHz. The signal tuned to 

f2 = 2.44 GHz is generated by a vector network analyzer 

(Agilent N5221A), and, finally, the signal tuned to f1 = 0.98 GHz 

is generated by means of a signal source (PROMAX GR-405).  

The microcontroller (model Arduino UNO R3) generates a 

cycle of 100 ms, so that during 25 ms each harmonic signal is 

sequentially injected to the reader line (and during 25 ms no 

signal is injected to the reader line). Such 100-ms cycle should 

be small enough as compared with the time lapse between the 

crossings of two adjacent resonant elements (SIRs) over the 

axis of the reader line, a necessary requirement. The output 

signal (i.e., the one recorded at the output port of the envelope 

detector) is depicted in Fig. 10 (such envelope detector is 

different to the one used in Section IV.A, in particular, we have 

used the Analog Devices envelope detector, model ADL5511). 

This signal contains the equivalent information to the one that 

results by independently injecting the harmonic signals (Fig. 6) 

but multiplexed in time. To better appreciate this time-division 

multiplexing, we have zoom in Fig. 10 in the vicinity of 

different instants of time. The results are depicted in Fig. 11. 

The levels indicated in red correspond to the base levels at 

different frequencies, after the envelope detector, when there is 

no resonator on top of the reader line, whereas those in green 

correspond to the displacement of the encoder over the reader 

line. It can be appreciated in Fig. 11 that, depending on the 

resonator that crosses the line, such levels are modified 

(decrease). For example, in Fig. 11(a), frequencies 0.98 GHz, 

2.44 GHz and 3.97 GHz are detected (corresponding to 

resonators [f1, f2, f3]), whereas in Fig. 11(b), the detected 

frequency is only [f3]. In Fig.11(b), we have further zoomed a 

section containing about 200 ms to help the reader to have a 

better view of the signals and pulses. Note that the considered 

envelope detector provides a base signal of roughly 1.20 V 

when there is no signal at the input port of the reader line. In 

view of the results of Fig. 10 and 11, it is apparent that such 

level varies as dictated by the signal tuned to 3.97 GHz. This is 

attributed to a lack of isolation of the switch, but it does not  

 

 
(a) 

 

 
(b) 

Fig. 9. Sketch of the system used for validation purposes with 

simultaneous signal feeding (a) and photograph of the experimental 

setup (b). 

 

 

Fig. 10. Signal at the output port of the envelope detector, recorded with 

an oscilloscope, when the encoder of Fig. 5 crosses the reader line. The 

encoder velocity was set to 2.5 mm/s. 

represent an issue, since this signal is not used, as it does not 

provide useful information. 

The results presented in Figs. 10 and 11 correspond to a 

sensing experiment where the encoder is displaced over the 

reader line, and the signal at the output port contains the 

information regarding the relative position between the reader 

line and the encoder, determined by the specific ID code, 

indicated in Fig. 10. Further post-processing to retrieve the 

specific distance in cm can be added, but this aspect is out of 

the scope of this paper.  
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(a) 

 

 
(b) 

Fig. 11. Zoon view of Fig. 10 in the vicinity of 16 s (a) and 7 s (b). 

V.  COMPARISON WITH OTHER ELECTROMAGNETIC 

ENCODERS AND DISCUSSION 

Table I compares the electromagnetic encoders of this paper 

with other previously reported electromagnetic encoders. As 

already pointed out, the main advantageous aspect of the 

proposed electromagnetic encoders is the achievable number of 

bits per encoder period or row (n = 3.91 bits in one of the 

reported prototypes), and the simplicity of the reader (a  

TABLE I 

COMPARISON OF VARIOUS ELECTROMAGNETIC ENCODER 

SYSTEMS 

Ref. Sync. 
Res. 

(mm) 

Bits 

per 

row 

Single 

frequency 
DPS 

(bits/cm2) 

DPL 

(bits/cm) 

[53] Yes 16.0 1 No 0.60 0.63 

[54] Yes 6.0 1 No 1.15 1.67 

[55] Yes 6.0 1 No 1.19 1.67 

[35] Yes 4.0 1 No 0.76 2.50 

[56] Yes 1.2 1 No 1.63 6.96 

[37] Yes 4.0 1 No 0.8 2.50 

[38] Yes 4.0 1 No 0.8 2.50 

[43] Yes 8.0 2 No 0.89 2.50 

[33] No 0.6 1 Yes 7.45 16.7 

[34] No 0.6 1 Yes 26.0 16.7 

[57] No 0.6 1 No 4.90 16.7 

[44] Yes 4.0 2 No 1.67 5.00 

[45] Yes 2.0 2 No 3.34 10.0 

[46] Yes 6.5 4.58 No 0.70 4.58 

[47] Yes 3.0 8.78 No 1.90 29.26 

[48] Yes 5.0 5.58 No 2.32 11.16 

[49] Yes 7.0 4 Yes 0.57 5.71 

T.W.* Yes 5.0 3.91 No 1.11 7.82 

*The encoder of this work (T.W.) considered in the table is the one 

with N = 4 feeding signals. 

 

transmission line fed by several single-tone signals). In [46]-

[48], the number of bits per row is higher than in the prototypes 

of this work, but at the expense of complex readers, based on 

power splitter structures or multiple reader lines. The prototype 

reported in [49] is very competitive, with 4 bits per encoder 

period, operation at a single frequency, and a simple reader 

based on a one-port transmission line terminated with a 

matched load. Such system encodes the information in the 

phase of the reflection coefficient at the operating frequency 

(determined by the transverse position of the encoder 

inclusions). Therefore, retrieving the ID code in operational 

environment is not absent of certain difficulty. As reported in 

[49], a gain/phase detector (to provide the phase information) 

and a specific microwave circuit based on a pair of rat-race 

hybrid couplers (to separate the feeding signal to the reader 

from the reflected one) are needed. By contrast, in the system 

reported in this work, a simple amplitude detector suffices, 

since the ID information is contained in the envelope function 

of the transmitted signals. 

Encoder resolution (p = 5.0 mm in the reported encoders) is 

comparable to that of other synchronous electromagnetic 

encoders with multiple bits per row. With such resolution and 

number of bits per row, the resulting density of bits per encoder 

length is found to be DPL = 7.82 bits/cm (prototype with N = 

4). The density of bits per surface is DPS = 1.11 bits/cm2, a 

relatively low value caused by the width of the encoder. 

Nevertheless, such width, and hence the DPS, is not critical in 

many applications. Note that by merely increasing the 

operational frequencies, the lengths of the SIRs and half-

wavelength resonators are dropped down, and this intrinsically 

improves the DPS. For improving the DPL, either the encoder 

period is reduced, or the number of bits per row, n, is increased. 

The period is mainly dictated by the minimum distance between 
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adjacent resonators necessary to discriminate their respective 

ID codes (coupling between the line the two encoder resonators, 

or between adjacent resonators, should be avoided), and such 

period cannot be reduced substantially, unless all encoder and 

reader dimensions, including also the air gap, are scaled down 

(with the penalty of an increase in the feeding frequencies). To 

increase the number of bits per row, a double-chain encoder 

(with the resonators of either chain perfectly aligned) and two 

aligned reader lines constitutes an option, similar to the one 

reported in [48]. By this means, the number of bits per row and 

the DPL can be enhanced by a factor of two, with no significant 

effect on the DPS. 

The accuracy, or degree of closeness to the true value of the 

measurand (the relative distance between the reader and the 

encoder, in our case.), is an important parameter in sensors. The 

dips in the time responses determine the instants of time where 

a resonant element of the encoder is just on top of the reader 

line, and from the retrieved ID code the absolute position can 

be determined. There are positions where the reader line is in 

between resonant elements. Such positions are undetermined 

and for this reason the resolution of the device is given by the 

distance between adjacent resonators, or period, p = 5.0 mm, in 

our case. Such resolution is thus the maximum error in the 

reported system (note that the error is the opposite of accuracy). 

Thus, the accuracy is intimately related to the resolution. 

Optical encoders (either linear or angular) commercially 

available exhibit, in general, better resolution than the proposed 

electromagnetic encoder (typically in the submillimetre range). 

However, optical encoders suffer from other drawbacks, as 

mentioned before, particularly, higher cost and limited 

robustness when they operate in environments subjected to 

pollution or dirtiness. In this paper, the main goal has been to 

demonstrate the possibility of implementing electromagnetic 

encoders, as an alternative to optical encoders, with multiple 

bits per position, pursuing the implementation of absolute 

encoders, or at least quasi-absolute encoders (depending on the 

required dynamic range). In terms of performance, particularly 

resolution, certainly optical encoders are preferred over 

electromagnetic encoders, but we do consider that our research 

is of interest given the advantageous aspects of electromagnetic 

encoders.  

Another important parameter is precision (or repeatability), 

related to the standard deviation of measured data. This 

performance parameter is determined in our case by the width 

of the dips in the responses. Note that an estimate of precision 

is given by the product of the encoder velocity times the width 

of the dips, given by the width at half maximum. The encoder 

velocity is the ratio between the period (or resolution), p, and 

the time interval between adjacent dips, tadj. Let us call the 

width at half maximum t. Thus, the precision or uncertainty is 

given by: 

𝑑𝑢 =
𝑝

𝑡𝑎𝑑𝑗

𝑡                                        (7) 

Although t and tadj depend on the encoder velocity, its ratio is 

quite constant, and has been estimated to be roughly 0.26. Thus, 

according to (7), the precision of the proposed system is roughly 

du =1.3 mm.                 

These systems can be used as absolute encoder-based linear 

displacement sensors, where the position is given by the ID 

code associated to the specific resonator. Naturally, the 

dynamic range is limited, provided an absolute position system 

is pursuit. Nevertheless, it is possible to consider quasi-absolute 

systems where the position is dictated by the ID of that position 

plus the IDs of a certain number of previous positions (similar 

to the system of [35]-[39]). By this means, the dynamic range 

can be dramatically improved. Another potential application 

concerns the implementation of near-field chipless-RFID 

systems, where the chipless tags are the encoders, that must be 

displaced over the reader line to retrieve the whole ID code. As 

compared to other chipless-RFID systems, typically based on 

spectral signature barcodes [58]-[70], the proposed 

electromagnetic encoders, acting as near-field chipless RFID 

systems, exhibit a relevant advantage: the number of bits is only 

limited by tag (or encoder) length. However, tag reading 

proceeds by proximity and alignment with the reader. This 

aspect is not necessarily an issue in certain applications, such as 

anti-counterfeiting or secure paper, among others, where 

reading by proximity might offer a major level of confidence 

against eavesdropping or spying.  

VI. CONCLUSIONS 

In conclusion, a novel approach for the implementation of 

synchronous electromagnetic encoders able to provide multiple 

bits per encoder row has been proposed and validated. The 

system is compatible with simple readers, consisting merely of 

a transmission line fed by (roughly) as many single-tone 

signals, N, as number of bits per row (N = 3 and N = 4 signals 

in the two reported prototypes). The number of states per row 

is 2N  − 1, and such states correspond to any combination of 

frequencies amongst those of the N feeding single-tone signals. 

Such frequency combinations are generated in this paper by 

means of step-impedance resonators (SIRs), i.e., planar 

resonant elements where the location of the resonance 

frequencies can be tailored by means of the impedance contrast. 

Encoder reading is achieved by retrieving the envelope 

functions of the feeding signals at the output port of the reader 

line when the encoder is displaced over it at short vertical 

distance. Good correlation between the ID codes of the different 

encoder periods (or rows) and the specific encoder resonators 

of such rows has been found, for both the N = 3 and the N = 4 

fabricated prototype encoder systems, thereby validating the 

proposed approach. Up to date, with such simple reader, 

synchronous electromagnetic encoders based on frequency 

encoding exhibiting only 2 bits per row have been reported. 

This work represents a contribution towards the implementation 

of true absolute electromagnetic encoders, in which as many 

number of states per encoder period as different encoder 

positions are required. 
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