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Abstract—This paper presents a 
novel concept for the implementation 
of electromagnetic encoders 
exhibiting very high data density per 
unit length (DPL), a figure of merit (FoM) of such systems. Encoding is based on a hybrid scheme that exploits both 
the frequency and time domains. The encoders consist of rows of inclusions (linear strips) of different sizes, 
periodically arranged forming a chain (with four columns). The bits corresponding to each row are read sequentially 
in a time-division multiplexing scheme, whereas the size of the inclusions provides frequency encoding. The main 
relevant aspect of the proposed system concerns the reader, based on a power splitter architecture with either two 
outputs (prototype A), or four outputs (prototype B). It is shown that the data capacity per row in one of the encoders 
read through prototype B is 8.78 bits, whereas the data density is as high as DPL = 29.26 bit/cm, an unprecedented 
value in this type of encoders. The proposed system can be used as near-field synchronous chipless-RFID system, or 
as position and velocity sensor. In the latter case, the system is able to provide the absolute encoder position, provided 
the number of bits per row (or position) is enough to discern the different number of encoder positions (up to 440 
different positions for prototype B, corresponding to the indicated number of bits). 

 
Index Terms— Chipless-RFID, electromagnetic encoders, microwave sensors, motion sensors, power splitter. 

 

 

I.  INTRODUCTION 

PTICAL encoders, either linear or rotary, are well-known 

systems useful for the accurate measurement of positions 

and velocities in many different scenarios, including elevators, 

servomechanisms, conveyors, and pointing mechanisms, 

among others [1]-[3]. The working principle of such encoders 

is based on the transparency of a set of apertures arranged 

circularly or linearly on an opaque material (disc in rotary 

encoders) made of metal, plastic, or glass. When one of such 

apertures lies in the optical path between the optical source and 

the photodetector, e.g., a photodiode, a pulse in the form of an 

electrical signal is generated in the detector, and this provides 

information relative to the encoder position and velocity. The 

main advantage of optical encoders is the achievable resolution, 

determined by the number of pulses per revolution (PPR) in 

rotary encoders, or by the number of pulses per unit length in 

the linear counterparts. It should be mentioned that optical 

rotary encoders exhibiting thousands of pulses per revolution 

are commercially available. Moreover, optical encoders can be 
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either incremental or absolute. In the latter case, a unique 

identification (ID) code determines (or is assigned to) the 

different encoder positions. By contrast, in incremental 

encoders, the position is given by the cumulative number of 

pulses recorded from a reference position. Thus, after a system 

reset, it is necessary to return to that reference position. One of 

the main drawbacks of optical encoders concerns their limited 

robustness against harsh environments, such as those subjected 

to pollution, dirtiness, or grease, encountered in many industrial 

systems.  

 The solution to the previous limitative aspect of optical 

encoders is the use of magnetic fields or microwaves, more 

tolerant to the effects of pollution and dirtiness. Magnetic and 

inductive encoders, as well as Hall-effect sensors,  constitute an 

interesting alternative to optical encoders [4]-[12], but such 

systems are based on magnets or inductive coils, and are not 

absent of certain complexity. Recently, a new type of encoder 

systems, based on the effects that a chain (or chains) of 

inclusions etched or printed on a dielectric slab (a disc in rotary 
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encoders) generate on a transmission line feed by a single 

harmonic signal (or by a set of harmonic signals), has been 

proposed [13]. Such encoders have been designated as 

electromagnetic (or microwave) encoders, and both rotary [13]-

[17] and linear [18]-[28] implementations have been reported.  

The working principle of electromagnetic encoders has been 

reported in the previous works and also in the monographs [29], 

[30]. In brief, a chain, or various chains, of (typically, although 

not exclusively) metallic inclusions printed or etched in the 

movable element, made of a dielectric material, modulate the 

transmission coefficient of a transmission line based structure. 

There are specific frequencies where the excursion experienced 

by the transmission coefficient by encoder motion is significant. 

Thus, encoder motion modulates the amplitude of the output 

signal at those carrier) frequencies, and the envelope functions 

contain as many peaks, or dips, as inclusions in the 

corresponding chain/s. Thus, from such envelope functions, it 

is possible to retrieve the information relative to the encoder 

velocity, position and motion direction.   

In electromagnetic rotary encoders, a PPR of 1200 has been 

demonstrated [16]. The device reported in [16] is able to detect 

the motion direction, clockwise and counter-clockwise (the 

rotary encoders reported in [14]-[18] are incremental). Linear 

electromagnetic encoders based on different types of 

inclusions, including linear strips [18], [19] and metallic 

patches [23], [25], [27], have been reported. It is also 

remarkable that electromagnetic encoders based on dielectric 

inclusions have been proposed. Such encoders are based on 

permittivity contrast [20]-[22]. In incremental-type 

electromagnetic encoders, typically a single chain of inclusions 

suffices (unless detection of the motion direction is necessary 

[16]). Such chain contains all the inclusions at the predefined 

positions in the chain. Thus, such periodic chain provides a 

periodic envelope function, and the encoder velocity is 

determined from the time lapse between adjacent peaks (or 

dips), whereas the position is retrieved from the cumulative 

number of pulses from a reference position.  

To the best of the authors’ knowledge, absolute 

electromagnetic encoders have not been reported to date. 

Nevertheless, an approximation to absolute encoders was first 

reported in [23], and then improved in various works [25], [27]. 

In such encoders, designated as quasi-absolute (but not 

absolute), one chain is equipped with a certain ID code, and is 

used to determine the encoder position, whereas another chain, 

periodic, is used as a clock for synchronization purposes, and 

provides the encoder velocity. However, concerning the 

position chain, a single bit, i.e., presence or absence of a 

functional inclusion, is attributed to each position, which is not 

useful to discern the encoder location. Thus, the strategy, first 

proposed in [23], to solve this limitation was to consider a 

certain subset of N consecutive inclusions satisfying  

𝑁 ≥  log2 (
𝐿

𝑝
)                                        (1) 

                           
where L is the encoder length and p is the encoder period (or 

spatial resolution), so that L/p is the number of different encoder 

positions. If the whole encoder chain is codified according to 

the so-called De Bruijn sequence [31], the ID sub-code 

corresponding to any subset of N consecutive inclusions does 

not repeat. Thus, the position can be determined by reading the 

bit corresponding to that position, plus the previous N − 1 bits. 

However, after a system reset, the encoder should displace N 

positions for retrieving its specific location. For this main 

reason, this type of encoders cannot be categorized as absolute. 

Let us mention that the instants of time for reading the bits of 

the position chain are determined by the clock signal, generated 

by the (periodic) clock (or velocity) chain, with all inclusions 

present at their specific locations.  

In this work, it is demonstrated that the number of bits per 

encoder position can be significantly enhanced by considering 

inclusions (linear strips in this paper) of different length. This 

provides frequency encoding, and, consequently, the system 

combines both the frequency and the time domain, as far as the 

ID codes for the different encoder positions, are inferred 

sequentially, in a time division multiplexing scheme. The idea 

of frequency encoding in electromagnetic encoders was 

proposed in [32] by using C-shaped resonators, and in [33], [34] 

by using linear strips of different dimensions. In this work, the 

data capacity per encoder position is enhanced by considering 

four columns of inclusions, and by designing a specific reader 

topology, based on a power splitting scheme. A very 

preliminary idea was reported in [35] by using two columns of 

inclusions and a two-output power splitter reader, resulting in 

4.58 bits per position (or row). In the present paper, it is 

demonstrated that by using four inclusions’ columns and a 

reader based on a four-output power splitter (prototype B), the 

number of bits per position increases to 8.78 bits. Taking into 

account the inclusions’ chains period, the resulting data density 

per unit length in one of the encoders is as high as DPL = 29.26 

bit/cm, an unprecedented value in this type of encoders. 

The paper is organized as follows. The proposed absolute 

electromagnetic encoder concept and the working principle are 

reported in Section II. In section III, the specific designed 

systems, designated as A and B, are presented. In encoder type 

A, the movable part consists of four columns of inclusions 

(linear strips of different size), whereas the reader is based on a 

two-output power splitter. In encoder type B, the difference is 

that the reader is a four-output power splitter (this notably 

increases the inclusions’ combinations, as it will be shown, and, 

consequently, the number of bits per encoder position). 

Experimental validation of the proposed concept is 

demonstrated in Section IV. A comparative analysis with other 

electromagnetic encoders is given in Section V. Finally, section 

VI concludes the work. 

II. ABSOLUTE ELECTROMAGNETIC ENCODER CONCEPT AND 

WORKING PRINCIPLE 

The absolute electromagnetic encoders of this paper, 

consisting of four columns, or chains, of linear strips (of four 

different sizes), oriented transversally to the axis of the chains, 

and etched on a dielectric substrate, are inspired by the encoders 

proposed in [35], based on two chains. The increase in the 
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number of bits per position in such two-chain encoders, as 

compared to those based on a single chain [32]-[34], is clear. 

Namely, one of the chains provides 5 different states per 

position, corresponding to the four different strip lengths, plus 

an additional state associated to the absence of strip (this latter 

possibility was not considered in [35]). The same applies to the 

second chain. Consequently, this gives 5  5 = 25 different 

states per encoder position. However, the simultaneous absence 

of inclusion in both chains for a given position should be 

avoided, since at least one strip is required for the (necessary) 

synchronism of the encoder. Thus, the total number of states is 

25 − 1 = 24, corresponding to 4.58 bits per position. For the 

detection of the specific state (or ID code) associated to each 

position (encoder reading), a reader based on a power splitter 

configuration, arranged in T-shape, was proposed in [35]. See 

in Fig. 1 the perspective view of the system, and the photograph 

of the reader and a specific encoder reported in [35]. By 

displacing the encoder over the reader, the input signal is 

prevented to be transmitted to the output port (either 2 or 3) 

when a strip lies on top of the corresponding output port access 

line, provided the frequency of such signal is tuned to the value 

associated to such specific strip (which depends on its length). 

Namely, when a strip is on top of a line, a notch in the frequency 

response, controlled by the strip length, is generated. This 

means that for tag reading, as many harmonic signals as strip 

sizes (i.e., four) are needed, and such signals should be injected 

to the input port of the splitter. For that purpose, a combiner 

provides a solution, as it was adopted in [16]. Alternatively, a 

microcontroller can be used in order to inject the harmonic 

feeding signals at different instants of time, the approach used 

in [27].  

The detection of each specific strip is revealed by the 

reduction in the amplitude of the corresponding injected 

(carrier) signal at the corresponding output port (port 2 for the 

left chain, and port 3 for the right chain). In other words, each 

injected carrier signal is amplitude modulated (AM) by encoder 

motion, i.e., by strip overlapping with the access lines of the 

output ports, and the envelope functions contain the ID code. 

Obviously, the absence of strip in any of the chains (but not in 

both chains simultaneously, as justified due to synchronization) 

does not reduce the amplitude of the feeding signals at the 

corresponding port, and therefore can also be detected. Note 

that for retrieving the ID code for each encoder position (or 

row), the envelope functions of each carrier signal should be 

inferred at both output ports of the splitter (the architecture of 

this system is depicted in Fig. 2). 

According to the previously explained scheme, or working 

principle, encoder reading proceeds sequentially, row by row, 

as the encoder is displaced over the reader. However, the states 

(or ID codes) corresponding to each row are generated by 

frequency encoding (through the length of the strips). For this 

reason, it is considered that the proposed encoder system 

exploits both the frequency and the time domains 

simultaneously (hybrid approach).  

In order to enhance the data capacity per row, one possibility 

is to add further chains to the encoder. Particularly, encoders 

with four chains of linear strips, and also with four possible 

 

Fig. 1. Perspective view of the proposed encoder system (a), and 
photograph of the power splitter microstrip reader (b) and a specific 
encoder with two chains of inclusions (c). Relevant dimensions are 
indicated (note that li with i = 1, 2, 3, 4 indicates the strip length). The 
encoder is uncoated in the back substrate side, whereas the reader has 
a ground plane metallization in the back substrate size. 
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Fig. 2. Sketch showing the working principle of the hybrid time/frequency 
domain near-field chipless-RFID system based on a two-chain encoder 
and power splitter reader with two output ports. The VCO generates four 
harmonic signals, managed by a microcontroller, in order to detect the 
different sizes of the chain inclusions (frequency encoding is achieved 
through the size of the inclusions, as indicated in the text). 

 

lengths (and hence requiring four carrier signals for encoder 

reading), are proposed in this work. This represents a significant  
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Fig. 3. Photograph of a specific encoder with four chains of inclusions.  

 

 

Fig. 4. Possible combinations (11) of strips for the two pairs of chains of 

the encoder. Absence of strip is labeled as ‘0’ and the other four labels 

correspond to the different strip lengths. 

 

enhancement in the data capacity of the encoder, as it will be 

demonstrated in the next section. Nevertheless, it will also be 

shown in that section that by using a reader based on a power 

splitter with four output ports, conveniently designed, the data 

capacity can be further increased (this constitutes the main 

relevant contribution of the present paper). 

III. SPECIFIC ENCODER SYSTEMS DESIGN 

The first encoder system proposed in this paper, designated 

as encoder type A is based on a two-output power splitter reader 

and four-chain encoders. The second system uses a four-output 

splitter reader and four-chain encoders (encoder type B). Let us 

next discuss in detail both systems separately. 

A. Encoder type A: two-output splitter reader and four-
chain encoder 

For encoder type A, the considered reader is the one depicted 

in Fig. 1(a), whereas the encoder consists of four chains of 

linear strips (with four possible different lengths, as indicated). 

Reader dimensions, in reference to Fig. 1(a), are L1 = 31.20 mm, 

L2 = 8.80 mm, L3 = 150.00 mm, W1 = 1.80 mm, W2 = 2.98 mm, 

and W3 = 1.80 mm. The reader was implemented on the Rogers 

4003C substrate with dielectric constant r = 3.55, thickness h 

= 0.81 mm and loss factor tan = 0.0022. The photograph of a 

specific encoder, implemented on an identical substrate to that 

of the reader, is depicted in Fig. 3. Dimensions are: l1 = 23.0 

mm, l2 = 19.0 mm, l3 = 16.5 mm, l4 = 12mm, l´1 = 23.5mm, l´2 

= 19.5 mm, l´3 = 17.0 mm, and l´4 = 12.5 mm. The super-index 

(‘) corresponds to the dimensions in the outer columns, slightly 

enhanced to preserve the same resonance frequency. When the 

encoder is in relative motion to the reader, two chains should 

lie to the left and two chains should lie to the right of the 

imaginary line given by the axis of the input access line (this 

determines the minimum length of the output access lines). By 

this means, the possible states per row are significantly higher 

than the 24 states of the encoder system reported in [32]-[34], 

and briefly discussed in the previous section. Let us next 

analyze this aspect. 

Obviously, not all the possible combinations of two strips at 

both sides of the axis of the input line can be detected. 

Particularly, the presence of two identical strips in one of the 

sides of a row, e.g. in the right hand side chain, cannot be 

discerned from the case of only one of such strips present (and 

the other absent), as far as they provide a notch at the same 

carrier frequency. Nevertheless, the absence of strips in both 

chains, either situated to the left or to the right of the input line 

axis, can be perfectly detected by the absence of a dip in any of 

the envelope functions. On the other hand, the placement of two 

different strips provides the same result in the corresponding 

output port, regardless of the specific position. Thus, the 

number of possible states for each pair of chains is given by the 

so-called combinations of m = 5 elements (absence of strip plus 

four different strips) taken in groups of n = 2 elements (two 

chains), where repetition is not possible and the order does not 

matter. The expression is as follows. 

 

    C𝑚
𝑛 =

𝑚!

𝑛! (𝑚 − 2)!
= 10                             (2) 

 

This gives 10 possible combinations. However, exceptionally, 

absence-absence of strips can be detected, as mentioned, and 

therefore the number of possible states for each pair of chains 

is 11 (see those combinations in Fig. 4). This gives a total of 11 

x 11 = 121 possible states, but the state corresponding the 

absence of the four strips should be avoided for synchronization 

reasons, as explained before. Therefore, the total number of 

states per row (or position chain) is 121 − 1 = 120, 

corresponding to 6.9 bits.  

 

B. Encoder type B: four-output splitter reader and four-

chain encoder 

The main limitation of the system described in Section III.A 

is the impossibility to distinguish states (for either of the two 

chains at both sides of the main axis of the splitter) where the 

order of the strips is interchanged [e.g., (1,2) and (2,1), 

according to the nomenclature of Fig. 3]. To solve this aspect, 

a reader based on four, rather than two, outputs, conveniently 

disposed, is proposed. The layout of such splitter is depicted in 

Fig. 5. The dimensions of the reader, implemented on the 

Rogers 4003C substrate with dielectric constant r = 3.55, 

thickness h = 0.81 mm and loss factor tan = 0.0022, are given 

in the caption of Fig. 5, whereas the encoder dimensions are: l1 

= 26.2mm, l2 = 24mm, l3 = 20.5mm, l4 = 17.5mm, l´1 = 27.5mm, 

l´2 = 25mm, l´3 = 22mm, l´4 = 18.5mm [see Fig. 10(a)]. 

In view of the splitter topology and encoder displacement over 

the reader (with two chains at both sides of access line of port 

4 and two chains at both sides of access line of port 2), it  

0 0 0 0 0 1 1 1 2 2 3       

0 1 2 3 4 2 3 4 3 4 4       

Ch.1

Ch.2

l3 



5 

 

 

 Fig. 5. Photograph of the four-output power splitter reader. Dimensions 

of the reader (in mm) are: a = 51.5, b = 8.5, c = 4, d = 3, e = 27.5, f = 7, 

g = 58, h = 56. Dimensions of the access lines, as well as the distance 

between the different T-junctions, has been determined to 

accommodate displacement of the chains over the reader as indicated 

in the text, namely, with two chains at both sides of access line of port 4 

and two chains at both sides of access line of port 2. 

 

Fig. 6. Possible combinations (21) of strips for the two pairs of chains of 

the encoder. Absence of strip is labeled as ‘0’ and the other four labels 

correspond to the different strip lengths. 

 

Fig. 7. Envelope functions of the four-column and five-row encoder of 

Fig. 3, recorded at ports 2 and 3 with the reader of Fig. 1(a), prototype 

A. 

follows that with the configuration of Fig. 5, the order of the 

strips among the pair of chains can be distinguished (however, 

repetition of elements should be avoided). For example, the 

state (1,0) and (0,1) can be distinguished, but (1,1) provides the 

same result than (1,0). Thus, the number of possible different 

states is given in this case by the so-called variations of n = 2 

elements taken among m = 5 elements, given by: 

 

    V𝑚
𝑛 =

𝑚!

(𝑚 − 𝑛)!
= 20                             (3) 

 

Note, however, that, similar to the previous case, the state 

(0,0) should be exceptionally considered, and thus the number 

of possible states is 21  21 = 441, minus the state where all the 

strips of the four chains are absent. The 21 possible 

combinations for the two pairs of chains are depicted in Fig. 6. 

This gives a total number of 440 different states, corresponding 

to 8.78 bits per row, a competitive number. 

IV. EXPERIMENTAL VALIDATION 

Both systems, encoder type A and encode type B, have been 

experimentally validated by considering three specific encoders 

with different ID.  

A. Results for encoder type A 

Figures 7, 8, and 9 depict the three considered four-chain 

encoders for experimental validation of the system designated 

as A, based on the reader of Fig. 1(a). Note that, for each figure 

(or specific encoder), two graphs are depicted, corresponding to 

the envelope functions of the four signals recorded at both 

output ports of the reader. The specific (carrier) frequencies of 

the four signals are f1 = 4.70 GHz, f2 = 5.60 GHz, f3 = 6.14 GHz, 

f4 = 7.90 GHz, where the sub-index is the same used for the 

identification of the length of the strips. For better 

understanding of the results of Figs. 7, 8, and 9, different colors 

are assigned to each signal frequency. According to these 

figures, a perfect correlation between the strips present at each 

row and the dips of the envelope functions is found. 

Nevertheless, let us mention that in the validation of this 

proposed proof-of-concept, rather than using either a combiner 

or a microcontroller for injecting the four harmonic signals, 

such signals have been injected separately. Retrieving the 

envelope functions has been carried out by means of an 

envelope detector, which has been implemented by means of a 

Schottky diode (model Avago HSMS- 2860) and the N2795A 

active probe (with capacitance C = 1 pF and resistance R = 

1 MΩ). The input signals have been injected by means of the 

network analyzer Agilent N5221A. Finally, the envelope 

functions have been recorded by means of an oscilloscope, 

model Agilent MSO-X 3104A. Let us also mention that for the 

mechanical displacement of the encoder over the reader the 

linear displacement system model Thorlabs LTS300/M has 

been used. The displacement velocity of the encoders was set 

to v = 10 mm/s, but a constant velocity is not necessary. The 

photograph of the experimental setup in depicted in Fig. 10. 

Taking into account the period of the encoders of Figs. 7, 8, 

and 9 (p = 1.0 cm), and the number of bits per row (6.9) bits, 

the resulting density of bits per unit length is DPL = 6.9 bit/cm. 

Concerning the density per surface, it is found to be DPS = 

0.575 bit/cm2 (note that the width of these four-chain encoders 

is 12 cm). Nevertheless, the relevant figure of merit in these 

encoders is the DPL, rather than the DPS, since the main goal 

is to accommodate as much number of bits per row as possible. 

 

0 0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4        

0 1 2 3 4 0 2 3 4 0 1 3 4 0 1 2 4 0 1 2 3      

Ch.1

Ch.2
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(a) 

 
(b) 

Fig. 8. Four-column and five-row encoder (a) and the corresponding 

envelope functions recorded at ports 2 and 3 (b) with the reader of Fig. 

1(a), prototype A. 

 

(a) 

 

 
(b) 

Fig. 9. Four-column and five-row encoder (a) and the corresponding 

envelope functions recorded at ports 2 and 3 (b) with the reader of Fig. 

1(a), prototype A. 

 

 

Fig. 10. Photograph of the experimental setup. 

 

B. Results for encoder type B 

Figures 11, 12, and 13 depict the three considered four-chain 

encoders for experimental validation of the system designated 

as B, based on the reader of Fig. 5. In this case, for each specific 

encoder, four graphs are depicted, corresponding to the 

envelope functions of the four signals recorded at the four 

output ports of the reader. The specific (carrier) frequencies of 

the four signals are in this case f1 = 4.22 GHz, f2 = 4.55 GHz, f3 

= 5.24 GHz, f4 = 6.01 GHz (see Fig. 11), but for Figs. 12 and 

13 such frequencies have been slightly tuned, as indicated in the 

figures. According to Figs 11, 12, and 13, a perfect correlation 

between the strips present at each row and the dips of the 

envelope functions is found. The density of bits in this case is 

DPL = 8.78 bit/cm and DPS = 1.90 bit/ cm2, significantly 

improved as compared to system A, due the enhanced number 

of bits per encoder row.  

We should mention that in the design of the four-chain 

encoders presented so far, we have been a bit conservative, in 

order to clearly distinguish the dips in the envelope functions. 

Thus, with the objective of improving the DPL as much as 

possible, we have fabricated additional four-chain encoders 

with smaller periods, i.e., one encoder with a period of p = 0.5 

cm and another one with the period set to p = 0.3 cm. The 

optimum period has been found to be p = 0.3 cm. For smaller 

periods, the encoders cannot be correctly read. Figure 14 shows 

a four-chain encoder with p = 0.5 cm and the corresponding 

envelope functions, which again, perfectly correlate with the ID 

code of the encoder (let us designate this system, with encoders 

with smaller period, as B’, in order to differentiate it from the 

previous one, designated as B). Figure 15 shows the encoder 

with the period of p = 0.3 cm, as well as the results for that 

encoder system (prototype B’’). The figure of merit in these 

cases are DPL = 17.56 bit/cm for the encoder with the period of 

p = 0.5 cm, and 29.26 bit/cm for the encoder with the period of 

p = 0.3 cm, unprecedented values in this type of 

electromagnetic encoders, to the best of authors’ knowledge. 

L1 
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(a) 

 
(b) 

Fig. 11. Four-column and four-row encoder (a) and the corresponding 

envelope functions recorded at ports 2, 3, 4 and 5 (b) with the reader of 

Fig. 5, prototype B. 

 

(a) 

 

(b) 

Fig. 12. Four-column and four-row encoder (a) and the corresponding 

envelope functions recorded at ports 2, 3, 4 and 5 (b) with the reader of 

Fig. 5, prototype B. 

 

 

(a) 

 

(b) 

Fig. 13. Four-column and four-row encoder (a) and the corresponding 

envelope functions recorded at ports 2, 3, 4 and 5 (b) with the reader of 

Fig. 5, prototype B. 

 

(a) 

 

(b) 

Fig. 14. Four-column and four-row encoder with improved period p = 0.5 

cm (a) and the corresponding envelope functions recorded at ports 2, 3, 

4 and 5 (b) with the reader of Fig. 5, prototype B’. 
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(a) 

 

(b) 

Fig. 15. Four-column and four-row encoder with optimized period p = 0.3 

cm (a) and the corresponding envelope functions recorded at ports 2, 3, 

4 and 5 (b) with the reader of Fig. 5, prototype B’’. 

Let us comment that lateral (transverse) potential 

misalignments between the reader and the encoder can be 

tolerated with the present system, as far as the reader 

dimensions have been conservatively calculated so that when 

the encoder moves over the reader, the strip inclusions of the 

chains do not lie on top of access lines of ports 1 for sensor type 

A, and ports 1, 2 and 4 for sensor type B, B’ and B’’.  

V. COMPARATIVE ANALYSIS AND DISCUSSION 

A. Functionality as motion sensor 

The main advantageous aspect of the electromagnetic 

encoders proposed in this paper is the number of bits per 

encoder row (or position), as high as 8.78 bits in the system 

identified as B, with four-chain encoders and four output port 

splitter reader. By contrast, system A, with four-chain encoders 

and two output port splitter reader, exhibits 6.9 bits per row. 

Systems A and B represent an improvement as compared to the 

system presented in [35], based on a two output port power 

splitter reader, but considering encoders with only two chains 

(with 4.58 bits per row). In the electromagnetic encoder systems 

reported in [32]-[34], frequency was also used for encoding, but 

with a single encoder chain and four different inclusion 

dimensions, only 2 bits per row where achieved. Nevertheless, 

this represented an improvement as compared to the former 

systems, without frequency encoding, and based merely on the 

presence or absence of functional inclusions at the predefined 

positions of the (single) chain [18], [19], [23], [24], [26], [27], 

[36]-[39]. An additional chain in some of these systems was 

used for synchronization purposes [23], [24], [26], [27], [36]-

[38]. 

Concerning the data density, there are two relevant figures of 

merit (FoM), i.e., the density per length (DPL) and the density 

per surface (DPS). However, in electromagnetic encoders, the 

main goal is to accommodate as much bits as possible in the 

minimum possible length. Thus, the key FoM is the DPL, as 

high as DPL = 17.56 bit/cm in the prototype designated as B’ 

in the previous section (with encoder period of p = 0.5cm) and 

even higher in the prototype B’’ (DPL = 29.26 bit/cm), with p 

= 0.3 cm. Note that these values of the DPL are superior to the 

one of the prototypes presented in [18], [19], [39]. Those 

encoders exhibit a competitive DPS, but only one bit per row is 

accommodated in the encoders proposed in [18], [19], [39], 

contrary to the very competitive number (8.78 bits) achieved in 

this work. With the achieved bits per row, it is possible to assign 

a unique ID code to the different positions, and thus such 

encoder system can be considered to be absolute, contrary to 

previous systems (e.g., [23]), designated as quasi-absolute, as 

far as the ID codes of the different positions were inferred by 

reading a certain sequence of precedent N − 1 bits (the whole 

encoder needs to be encoded with the so-called De Bruijn 

sequence, as detailed, e.g., in [23]). 

Table 1 summarizes the performance and characteristics of 

various linear electromagnetic encoders (note that a quantitative 

comparison with other type of encoders based on different 

principles is meaningless). Some of the reported prototypes 

were considered for near-field chipless-RFID applications [36]-

[39]. However, such encoders can be applied to motion control, 

and are therefore also included in the comparative Table 1. 

According to this table, the proposed encoder systems B’ and 

B’’ are very competitive, since both exhibit very high number 

of bits per encoder position (row) and an unprecedented DPL, 

the main FoM in electromagnetic encoders. The spatial 

resolution of encoder system B’ and B’’ is 0.5 cm and 0.3 cm, 

respectively, i.e., identical to the chains’ period. With such 

resolution and the (indicated) 440 different positions with 

assigned ID code, it follows that the dynamic range of the 

encoder system B’ is 220 cm, and it is 132 cm for the encoder 

system B’’. With such a maximum dynamic range, the encoder 

position is unequivocally determined with a single ID code, and 

therefore the encoder can be categorized as absolute. Higher 

dynamic ranges with such resolution and system are possible, 

but then the system can no longer be considered absolute, but 

quasi-absolute, since a certain ID code does not univocally 

identify a single position (and therefore, after a system reset, the 

encoder should move various periods in order to determine their 

position). 

With the previous dynamic ranges (220 cm for system B’ and 

and 132 cm for system B’’) and resolutions (0.5 cm and 0.3 cm 

for systems B’ and B’’, respectively), it follows that the 

proposed absolute encoders may find application as motion 

sensors in scenarios with moderate displacement spans and 

accuracy, encountered in many industrial systems. For very 

small displacements, other microwave sensors should be used, 

in particular, devices based on movable resonant elements (see, 

e.g., [40]-[45]).  
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B. Functionality as chipless-RFID system 

As indicated before, some of the prototypes of Table 1 were 

designed for near-field chipless-RFID systems, rather than for 

measuring linear displacements and velocities. Indeed, the 

prototypes presented in this paper, as well as almost all the 

prototypes reported in Table 1, can also be considered for that 

purpose. Comparison of most reported electromagnetic 

encoders with other chipless-RFID systems, typically based on 

frequency domain [46]-[58], is meaningless, in general. 

However, since the proposed system uses also the frequency 

domain, plus the time domain, for encoding, it is interesting to 

compare the density per frequency (DPF) of frequency-domain 

chipless-RFID tags, with the DPF of any of the rows of the 

proposed system. In particular, for prototype B’, such density is 

found to be DPF = 5.075 bit/GHz. In the reported frequency-

domain chipless-RFID tags [46]-[58], there are systems that 

exhibit a superior DPF. For example, DPF = 25 bit/GHz in [48], 

a very competitive value. However, it should be emphasized 

that the DPF of prototype B’ is for a single row, as mentioned. 

Such value (DPF = 5.075 bit/GHz) should be multiplied by the 

number of rows in order to obtain the real bit density per 

frequency of the encoder B’. Thus, the DPF can be made 

comparable, or even superior, to that of [48]. However, it 

should also be noted that, in the proposed system, the ID code 

of the whole tag (for a chipless-RFID application) is retrieved 

sequentially, row by row, through near field, different to the 

systems reported in [46]-[58]. 
 

Table 1.  Comparison of various electromagnetic encoders. 

Ref. Sync. 
Direction 

detection 

Bits per 

row 

DPS 

(bits/cm2) 

DPL 

(bits/cm) 

[36] Yes No 1 0.60 0.67 

[37] Yes No 1 1.15 1.67 

[38] Yes No 1 1.19 1.72 

[23] Yes Yes 1 0.76 2.29 

[24] Yes Yes 1 1.63 6.96 

[26] Yes Yes 1 0.8 2.42 

[27] Yes Yes 1 0.8 2.4 

[32] Yes No 2 0.89 2.5 

[18] No No 1 7.45 16.7 

[19] No No 1 26.0 16.7 

[39] No No 1 4.90 16.7 

[33] Yes No 2 1.67 5.0 

[34] Yes No 2 3.34 10 

[35] Yes No 4.58 0.70 4.58 

A Yes No 6.9 0.575 6.9 

B Yes Yes 8.78 0.58 8.78 

 B’ Yes Yes 8.78 1.17 17.56 

B’’ Yes Yes 8.78 1.90 29.26 

VI. CONCLUSIONS 

In conclusion, a strategy to significantly enhance the number 

of bits per row in electromagnetic encoders has been reported 

in this paper. The proposed system is based on four-chain 

encoders consisting of linear strips of different length. Such 

different lengths provide different notch frequencies when the 

strips lie on top of a transmission line and, thus, the frequency 

domain is used for encoding. The ID of the different rows 

(encoder positions), is retrieved sequentially, in a time-division 

multiplexing scheme similar to previous systems, but the 

number of bits per row is much higher by virtue of frequency 

encoding (through strip length) and thanks to the four chains 

per row considered. The system is intrinsically synchronous and 

does not need any additional chain for the generation of the 

clock signal, contrary to previous implementations. In the 

optimized prototype system, based on a reader consisting in a 

power splitter with four output ports, the achieved number of 

bits per row is 8.78 bits, and the data density per unit length, a 

figure of merit, is as high as DPL = 29.26 bit/cm in the 

optimized prototype, an unprecedented value in this type of 

encoders. With such number of bits per row, up to 440 different 

positions can be discerned. Thus, these encoders can be 

considered to be absolute, as far as the required number of 

positions to be identified by a unique ID code is inferior to that 

number. 
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