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Abstract-An electromagnetic logic metastructure (ELM) based on the virtual polarizer, capable of
realizing half addition and half subtraction operations, is presented in this work. A virtual polarizer can
control the polarization state of electromagnetic waves by coherent perfect absorption. Electromagnetic
waves display their distinctive propagation characteristics in diverse polarization directions through the
utilization of anisotropic materials such as liquid crystal and plasma, enabling the ELM to fulfill the
function of the virtual polarizer. Through changing the physical quantities regarded as inputs, a
transmission peak or an absorption peak is formed in different polarization directions when the logical
relation is met. The parallel solution of the AND logic and XOR logic operations is realized, and achieve
the function of half addition and half subtraction. The AxialRatio proves that the calculation results can
be quickly solved by observing the different polarization states of the waves. The ELM based on the
virtual polarizer processes data faster and more accurately than traditional logic devices. Half addition
and half subtraction operations realized based on different electromagnetic polarization offer a novel
approach to control the propagation of electromagnetic waves. It might have significant implications for
the application of liquid crystal and other anisotropic materials.

L. INTRODUCTION

Electromagnetic signal processing techniques may be required for future high-performance and ultrahigh-speed
logical networks'?. Realizing logical operation based on electromagnetic signals is one of the important research
directions>*. The aim of the half-addition operation is to export a sum bit (S) and a carry bt (C)°. The half subtraction
operation is used to output a difference bit (D) and a borrow bit (B)°. Their truth tables are shown in TABLE I (The
binary numbers of the two inputs are defined as X and Y). Due to their applications in binary counters’ and the
encryption and decryption of secure network data®®, the study of achieving more efficient and reliable

electromagnetic half-adders and half-subtractors has attracted widespread attention®!°,

Metastructures are artificially engineered, periodic structures'!!2

. The exploration of exotic wave phenomena
within metastructures and their wide-ranging applications represent one of the most intensively studied areas in the
field of electromagnetic waves (EWs), covering frequencies from radio to optics'*!7. Controlling EWs
interactions—incorporating areas such as nonlinear optics'®, semiconductor physics'?, two-dimensional materials®,

and soft matter”'—is one of the most intriguing possibilities for wave engineering with metastructures. Additionally,
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electromagnetic logic metastructures (ELM) offer advantages in electromagnetic image processing®> and complex

logic operations®, drawing increasing attention as a novel approach to achieving electromagnetic logic**.

TABLE I The truth table of half addition and half subtraction

INPUTS OUTPUTS
Half Addition Half Subtraction
X Y Sum (X add Y) Carry (X add Y) Difference (X minus Y) Borrow (X minus Y)
0 0 0 0 0 0
0 1 1 0 1 1
1 0 1 0 1 0
1 1 0 1 0 0

Coherent perfect absorption (CPA), with significant potential for use in electromagnetic devices, has been an
attractive area of study®. The CPA is based on the principles of electromagnetic interference®®. By precisely
controlling the phase difference and intensities between the coherent EWs, CPA, compared to single-port incidence,
can improve the ratio of absorptivity. Because this technology is based on the principles of electromagnetic
interference, which is a common physical phenomenon, it may be used in a wide range of structures and materials>’.
Therefore, CPA provides a new direction for research on the electromagnetic application of soft materials such as
liquid crystals®®.

So, it has been the subject of in-depth research in recent years. Dey et al.”’

proposed a scheme for high-precision
position sensing based on CPA in a composite multi-layered structure. Achieve the high-precision position sensing
based on periodic CPA resonances. Hasegawa et al.?® successfully observed the CPA phenomenon in liquid thin
films for the first time and demonstrated that CPA is a sensitive measurement method for detecting the optical
anisotropy of thin films. Markowitz e al.” proposed a multilayer absorber with CPA. Because it can effectively
capture monochromatic EWs from a wide incidence angle, the device can realize efficient electromagnetic power
transmission. It is undeniable that these works prove the advantages of CPA in realizing optical devices, especially
sensing. However, there is a lack of research on the ELM based on CPA%*%,

Although there are some works about ELM realizing logic gates, the research of arithmetic logic units like
half-adders and half-subtractors based on ELM is also blank?**’. Moreover, based on the technology of CPA, Wu et
al. have proposed a novel concept, a virtual polarizer’!, which can manipulate the polarization of EWs. It will be
interesting to combine a virtual polarizer with arithmetic operations in an ELM. This can not only realize the
control of polarization and phase®! but also improve the efficiency of ELM*. The application prospect of ELM in
the field of antennas and propagation is greatly improved?®!.

Herein, a layered one-dimensional electromagnetic logic metastructure (ELM) that performs half-addition and
half-subtraction operations is presented. Utilizing anisotropic materials like liquid crystals (detailed in Section 1 of
the supplementary material) and plasma, electromagnetic waves (EWs) exhibit unique propagation characteristics
in both transverse electric (TE) and transverse magnetic (TM) modes (definitions provided in Ref.32 and Ref.33),
like a virtual polarizer. In TE mode, the input logic level is modulated by adjusting the applied electric fields. A
sharp transmission peak (TP) appears when the output level equals “1.” For TM mode, the phase and applied
magnetic fields serve as input parameters. When the phase and amplitude conditions for CPA are met, a sharp
absorption peak (AP) is generated by the ELM?**%, The transition between half-addition and half-subtraction is
achieved by adjusting the phase difference of coherent EWs. The two output bits for these operations are calculated
independently in different polarization modes, allowing the ELM to perform both logical operations simultaneously,

thus functioning as an electromagnetic half-adder or half-subtractor. Moreover, the resulting peaks have
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high-quality factors (Q), reaching up to 3.6x10° and 1.2x10% respectively. The ELM demonstrates a strong

)34

signal-to-noise ratio (SNR)** for both logical operations, achieving at least 28 dB. So, the electromagnetic logic

operations based on different polarizations are steady and quick. Owing to the constraints of experimental

35,36

conditions and funds, mathematical computations and the numerical verification based on “High-Frequency

Simulator Structure (HFSS)” simulation software constitute the primary content of this paper rather than
experimental verification.

II. STRUCTURE DESIGN AND THEORETICAL CALCULATION

A. The configuration of ELM
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Fig. 1. Schematic diagram of the proposed ELM. (a) The ELM is made up of different dielectric layers, circularly polarized EWs 1
incidents from the positive side (+), linear polarization EWs 2 transmits from the negative side (-), and linear polarization EWs 3
incidents from the negative side. (b) EWs 2 transmits in TE mode and EWs 3 incidents in TM mode. (c) By applying different voltages,
the long molecular axis of the liquid crystal is parallel to different directions (the positive direction of the y-axis or the positive

direction of the z-axis).

TABLE II The detailed parameters of the ELM

Parameters da dp dc dp No

Value 2 mm 4 mm 0.2 mm 10 mm 12

The ELM in this paper is a one-dimensional layered structure, as can be seen in Fig. 1(a), and different materials
are represented by different colors. Although this work focuses on theoretical research, this ELM can be
manufactured with the help of physical vapor deposition®” or wet etching® (Supplement material section 2 provides a
detailed introduction to the particular procedure). The ELM is made up of Methyl pentene copolymer (TPX)>,
Silicon (Si)*, plasma™®, and liquid crystal. The thicknesses of the different dielectric layers are defined as da, ds, dc,
and dp, respectively. The detailed parameters of the proposed ELM are listed in TABLE II. TPX is a polymer
material, and its refractive index (RI) is regarded as 1.44 in this paper®. Si is widely studied in the field of
electromagnetic because of its high RI (n5=3.4)*". The two isotropic dielectrics are periodically layered, and the
number of layered periods is regarded as Ny. After parameter optimization, mentioned below, the ELM has the best
performance when Ny is set as 12.

Fig. 1(a) displays that circularly polarized EWs 1 illuminates the positive side of the ELM (since the results are

3
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the same, left or right circular polarization is not considered in this paper). When the wave vector k propagates
along the positive z-axis, the TE mode refers to the positive y-axis being considered as the positive direction of the
electric field E of EWs and the negative x-axis being regarded as the positive direction of magnetic field H. The
TM mode is defined as the polarization mode where the E is in the x-0-z plane and the H is along the negative
y-axis when EWs propagate along the negative z-axis. As seen in Fig. 1(b), EWs 2 transmits in TE mode, and the
positive direction of E is along the positive direction of the y-axis. The EWs 2 is in TM mode, and the positive

direction of E is along the positive direction of the x-axis due to vertical incidence.
B. The RlIs of plasma in TE and TM modes

The dielectric of plasma exhibits an anisotropic material due to the external magnetic field, and so, its RI in TM

mode varies with the magnetic field strength*. Xuan et al.*

proposed a work about producing a spatial linear
magnetic field by applying current to a coil. It provides a way to apply the external magnetic field (Bo).
As shown in Fig. 1(a), the applied By is parallel to the positive y-axis (the other layers in this paper are unaffected

by Bo). The dielectric tensor of plasma can be given by the matrix as**:

g 0 e,
g, = 0 £, 0 |, Y]
_igkz 0 X
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The plasma frequency™ w), satisfies w,=(ne’/zom.)"">. The &y, e, and m, represent the dielectric constant in the
vacuum, electron charge, and the mass of an electron, separately. n is regarded as the carrier density for plasma, and
it can be controlled in the order of magnitudes from 10" to 10'>*, In this work, the carrier density n for plasma is
set to 4x10" m™*, The collision frequency of the carrier is v., and its value is 0.05w,*** The electron gyration

frequency . can be given as**:

o, =—2. (&)

For TE and TM modes, the effective dielectric constants of plasma are respectively considered as ete and erm.

They are stated as®>:

’ ©6)

2
P %)

The RI of plasma can be regarded as nte=(ete) "> and nrv=(etm)"? 335,
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C. The RISs of E7 liquid crystal in TE and TM modes

If the temperature T is constant, the values of n. and n, are also almost unchanged when the wavelength of EWs
is from 10 um to 1x10* um™®. In the case of To=300 K, the n. and n, of E7**, a liquid crystal mixture used in this
work, respectively are 1.68 and 1.50%. Because liquid crystal is regarded as a cylinder, the effective RI of liquid
crystal depends on its long molecular axis (cylinder axis) pointing. The angle between the cylinder axis and z-axis
is considered as #. When no electric field is applied, Fig. 1(c) shows, that direction is along the y-axis (that is
6=90°). So, the effective RI of TM mode (nLcrm) is equal to n,, and the effective RI of TE mode (nLcrm) is changed
to ne*. If applying an electric field and making the value of  reach 0°, as displayed in Fig. 1(c), the cylinder axis is
parallel to the z-axis. So, the effective RI of TM mode (nLcrm) is unchanged and it is equal to n,. The effective RI
of TE mode (n.cTm) is changed to 1,*®. TABLE 111 lists in detail the effective Rls of different states. The value of ¢
can be varied by the strength of applying the electric field. This paper assumes that the electric field strength in the
case of #=0° is En, V/m.

TABLE III The effective RIs of different states (75=300 K)

TE mode TM mode
0=0° nLcre=1.50 (7o) nLerv=1.50 (no)
0=90° nLcre=1.68 (ne) nLerm=1.50 (no)

D. The formula of transfer matrices and CPA

Since this work only studies the case of perpendicular incidence, the transfer matrix of the anisotropic dielectric
(plasma and liquid crystal) becomes the same as that of the isotropic dielectric (TPX and Si). Moreover, the transfer

matrices for TE and TM modes are also the same. Their transfer matrix can be given as:

costk,d))  ——sin(k,d,)
J J s
—in; sin(k,d;) cos(k;d ;) ®)
where kj=w/cn;is the wave vector, and j is signified by different dielectric layer materials A, B, C, and D. i can be
indicated by A, B, TE, TM, LCTE, and LCTM, which are regarded as different RIs. The qu(so/uo)l/znjcosﬁj is
electromagnetic admittance and cos6; in this paper are equal to 1. The entire matrix (M) of the proposed ELM can

be written as’>:

M=[]™,. ©)

which can also be represented as a 2x2 matrix*:

M — [Mll MI2]
MZI M22

(10)
The transmission coefficient 7 and the reflection coefficient r can be calculated by the following formula’>:
r= U()(MI 1 + nl!MI2) - (MZI + n(iMZZ)
oM, +77,M,,) + (M, +17,M,,) an
= 21,
770(MI| +UUMIZ)+(MZI +770M22) (12)
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where no=(eo/1t0)“no. Because the ELM is exposed to the air, the value of no is equal to 1, which is the RI of air.

The intrinsic reflectivity (R), the intrinsic transmissivity (7), and the intrinsic absorptivity A of the ELM can be

given as®:
2
Rf‘r s (13)
T =, (14)
A=1-R-T. 15)

.

The r and ¢ of the positive scale are symbolized as “ry” and “z,”. The r and ¢ of the negative scale are regarded as
“r.” and “t.”. Because the given ELM has a symmetrical structure, there are r=r,=r. and r=t,=t.. The observed EWs
of positive and negative scales (O, and O.) are both made up of the transmitted EWs from the opposite side and the

reflected EWs from this side. Using the scattering matrix S can explain this relationship®*:

[gjzs[;i]:(: ZJU] (16)

where /I, and I are defined as the intensities of EWs from positive and negative scales.
Eq.(16) can also be expressed as*®:
O, :r‘l+ e, an
0. =ti, e, (18)

where ¢, and ¢.are the phases of the EWs from positive and negative scales. The coherent absorptivity A. can be

given as>:

e +t‘17

e +r‘17

e o
So, according to Eqs.(17)-(19), the formula about A can be derived as:
A =1—<z—r>2—2~[‘+21*1CZ’SAg"‘Z"SA"’? :
aEn -

where Api1=Arg(r)-Arg(r), and Apr=g,-¢.. Arg(f) and Arg(r) are regarded as the arguments of 7 and r.
II1. ANALYSIS AND DISCUSSION
A. The generation of sharp TP and AP

In this work, forming sharp TP and AP is the basis for implementing logical operations. Calculating Q is an

important method for evaluating the sharpness of peaks, and its formula is written as*’:
__h
FWHM 1)

where ft is the frequency point of TP or AP, and FWHM is regarded as the full-width half-maximum of the homologous peak®’.
Ahigher Q implies that the ELM has a better selectivity.

In the case of the EWs 1 illuminating the ELM, a sharp TP forms at 7.915 GHz when one of the two electric fields (E; and E»)
exists, as shown in Fig. 2(a). The T at the frequency can reach 0.9. The Q of the TP is up to 2.3x10" There is also a sharp AP at
the same frequency point in the case of Ap,=180° and By=0.23 T when CPA occurs between EWs 1 and EWs 3. Because the

phase and intensity satisfy the conditions of CPA, as displayed in Fig. 2(c), the A¢ can reach 1.0 at 7.915 GHz even
though the A of the ELM is only 0.5. Furthermore, the Q of the AP is up to 1.2x10%, which is relatively high. The
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circularly polarized EWs 1 becomes linearly polarized EWs 2 under the combined effect of linearly polarized EWs
3 and the given ELM. This is the fascinating aspect of combining CPA and virtual polarizer. Fig. 2(d) shows that
the value of Ag> plays an important role in forming higher Ac. For the ELM at 7.915 GHz in the case of Ap,=180°,
the Ac is the highest, up to 1.0. Whether Ag, grows positively or negatively in the range of 0°~360°, A. decreases
accordingly.
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Fig. 2. Theoretical data diagrams of TP and AP. (a) The curves of T and Ac when one of Ei and Exexist, Ap>=180°, and Bo=0.23 T. (b)
The curves of A and Ac in the case of Ap2=180° and Bo=0.23 T. (c) The curves of cosAgicosAg2 and (|r|-|#])* in the case of Ap2=180°.
(d) The effects of the Ap2 and EWs frequency on the Ac.

B. Parameters optimization

Since the ELM performs logical operations with the assistance of TP and AP, the closer the values are to 1, the better the
performance. To achieve better performance, various results can be obtained by adjusting parameters and
comparing them, as demonstrated in Fig. 3. The influence of No on TP and AP is significant (Supplement material
section 2 provides detailed curves), as shown in Fig. 3(a). Although in the range of 10 to 14, TP decreases as No
increases. In the case of No=12, TP remains at a relatively high level, 7=0.9. When Nj is set to 12, the A reaches its
maximum value of 1. However, when Ny is increased or decreased to 14 or 10, respectively, Ac drops to about 0.7
and 0.6. As both Ac and T exhibit satisfactory values when No=12, the period number of stacking is defined as 12 in
this paper. Fig. 3(b) illustrates that the strength of By also affects the outcome of AP when Ny is set to 12. In the case
of Bop=0.23 T, Ac is up to 1, and the frequency point of AP is 7.915 GHz which is the same as TP. So, the function of
a virtual polarizer can be realized by setting By 0.23 T.

C. The analysis of the physical mechanism of sharp AP

To clearly understand the cause of peak formation, the electric field intensity distribution maps are provided under different
conditions in Fig. 4. When E; exists but E; does not, as displayed in Fig. 4(a), the plasma layer is considered as the defect layer
in the ELM, leading to energy localization within this layer***. Due to this energy localization, the ELM forms a sharp TP at
7.915 GHz™. When only EWs 1 incidents from the positive side, there is no significant energy localization, as shown in the first
map of Fig. 4(b). However, when EWs 1 and TM mode EWs 3 respectively incident from the positive and negative sides in the
case of Ap>=180°, as observed in the second map of Fig. 4(b), there is significant energy localization in the middle
of the ELM. Because the phase and amplitude conditions of CPA are perfectly satisfied. The energy of EWs 1 and
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3 is locked in ELM and enables a more thorough energy exchange with ELM. The value of A can be up to 1 when
Ag> is defined as 180° in the case of By=0.23 T. Conversely, despite being incident through double ports, the third
map of Fig. 4(b) shows that mismatched phases will disrupt the energy localization in the defect layer. If Ags is
defined as 0°, the value of A will drop to 0, as demonstrated in Fig. 2(d).
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Fig. 3. The effects of different No and Bo on the results of TP and AP. (a) The peak values of Ac and 7 in the case of No=10, 11, 12, 13,
and 14 when the value of Bo is set to 0.23 T. (b) The top view of AP varies with the value of By when the value of No is defined as 12.
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Fig. 4. The electric field intensity distribution maps about peaks forming. (a) TE mode EWs 2 transmits and form TP when Ex exists but E1 does not.
(b) TM mode EWs 3 incidents in the case of Bo=0.23 T under three different conditions and form AP when Ag> is defined as 180°.

D. The logical operation as a half-adder or a half-subtractor

The EWs 2 and EWs 3 display their distinctive propagation characteristics by controlling the electric fields E;
and E> and magnetic field By applying to liquid crystal and plasma. In addition, because there is CPA between EWs
1 and EWs 3, the phase Ag; is also an important parameter for controlling the absorption characteristics of EWs 3.
The spectrum charts satisfy the “AND” logic and the “XOR” logic, respectively, when “Ei, Ea, By, Apy” are
considered as the inputs and the responses of EWs 2 and 3 are the outputs.

In both half addition and half subtraction operations, the “X=1 or X=0" and “Y=1 or Y=0" of the Sum operation
and the Difference operation are defined as “E|=En V/m or E1=0 V/m” and “E>=En V/m and E>=0 V/m”. The two
bits S and D are output with the help of TP. If T is larger than 0.9, the output level is regarded as “1”. In contrast,
the output level is defined as “0” when T is lower than 0.1. The difference between a half-adder and a
half-subtractor is that one outputs C and the other outputs B. The working mode of the proposed ELM (a half-adder
or a half-subtractor) can controlled by changing phase difference Ag,. When the “X=1 or X=0" is defined as
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“Ap2=180° or Ap>=0°”, the ELM is working as a half-adder. If the “X=1 or X=0" is regarded as “Ap>=0° or
Ag>=180°", the ELM is a half-subtractor. The “Y=1 or Y=0" of half addition and half subtraction operations are
both considered as “By=0.23 T or Bo=0 T”.

By controlling the values of Ei, E», Bo, and A2, obtain Fig. 5, composed of different curves representing various
logical outputs. As depicted in Fig. 5(a), a TP (7>0.9) occurs when either “X=1, ¥Y=0" or “X=0, Y=1”, resulting in

«“1”

output S or D being “1”. Conversely, when the logical output S or D should be “0”, no TP appears between 7.912
GHz to 7.918 GHz, with T being less than 0.1. The curves in Fig. 5(a) prove that the logical operation, functioning
in TE mode, can be expressed by Eq.(22). In Fig. 5(b) and (c), it is evident that a sharp AP forms when there is a
carry in X add Y or a borrow in X minus Y, denoted as “C=1" or “B=1". If no carrying or borrowing is required, no
peak is observed in the range of 7.912 GHz to 7.918 GHz. In the scenario of “C=0" or “B=0", the values of A. are
below 0.1. The Ac exceeds 0.9 when the logic level of C or B transitions to “1”. Fig. 5(b) and 5(c) show that Eq.(23)
can describe the logical operation, working in TE mode. To more clearly analyze the logical operation, the truth table
corresponding to E, E», Bo, and A is displayed in TABLE IV. The two operations can also be a flow chart, shown in

Fig. 6.

S=D=XY+XY, (22)
C=XY,B=XY. (23)
(@) Sum () bit or Difference (D) bit output (b) Carry (€) bit output (¢) Borrow (5) output
10Fy o : o
8 FX0 (a0 11»::: X=0 (Ap,=180°)
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Fig. 5. The schematic curves for logical operations. (a) The operation of Sum or Difference output in TE mode in the case of X add ¥
or X minus Y. (b) The operation of Carry output in TM mode in the case of X add Y. (c) The operation of Borrow output in TM mode in

the case of X minus Y.

TABLE IV The truth table corresponding to the variable parameters

TE mode TM mode
a half-adder a half-subtractor

X Y SorD X Y c X Y B

0 0 0 0 0 0 0 0 0
(E1=0 N/C) (E2=0 N/C) (7<0.1) (Ap2=0°) (Bo=0'T) (Ac<0.1) | (Ap2=180°) (Bo=0T) (Ac<0.1)

1 0 1 1 0 0 1 0 0
(E1=En N/C) | (E2=0N/C) (T>0.9) (Ap2=180°) (Bo=0T) (Ac<0.1) | (Ap2=0°) (Bo=0'T) (Ac<0.1)

0 1 1 0 1 0 0 1 1
(Ex=0N/C) | (E2=EmN/C) (T>0.9) (Ap2=0°) | (Bo=0.23T) | (Ac<0.1) | (Ap2=180°) | (Bo=0.23T) | (A:>0.0)

1 1 0 1 1 1 1 1 0
(E1=En N/C) | (E2=EnN/C) (T<0.1) (Ap2=180°) | (Bo=0.23T) | (Ac>0.9) | (Ap2=0°) (Bo=0.23T) | (Ac>0.1)
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Half-adder: Ap,=180° as X=1
Half- Subtractor: Ag,=0° as X=1

E1 |—————|
f
t

|
XOR—<SorD
|

|
AND |
|
AND 0
NOT Lo —— !
(Reversal of Phase) ELM

Fig. 6. The flow chart of the ELM working as a half-adder or a half-subtractor.

Moreover, the realization of a logic function based on a virtual polarizer is an innovation point of this work.
AxisRatio (AR) is an important performance index of circular polarization. If AR of EWs is not greater than 3 dB,
the EWs is defined as circular polarization®'. The formula of AR is written as’':

20,,,O.
20log,, ¢ tan[ —M=TE_gin(A
gm{ [OTMZ +0“:2 ( (ﬂ)]}

B

AR(dB)=

(24)
where Ot and Orwm respectively are observed EWs of TE mode and TM mode, and Ag is regarded as the phase
difference between them. Fig.7 shows the AR of negative observed EWs in different logical states (For clarity, AR
is represented by a negative number). When the output is “S=0, C=0" or “D=0, B=0”, the AR is less than -40 dB
and the EWs are close to ideal linear polarization. There is a frequency point AR is close to 0 dB when the output is
“S=1, C=0” or “D=1, B=0". AR is larger than -40 dB but much less than 0 dB in the case of “S=0, C=1" or “D=0,
B=1". If the output is “S=1, C=1" or “D=1, B=1", there are two frequency points AR is close to 0 dB. The ELM

operation results can be clearly obtained through the polarization of EWs, which greatly speeds up the ELM
operation efficiency.
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-20 [ Y=0 (E,=0 N/C) =0 -20 [ Y=0 (E,=0 N/C) =0
-40 § — — — — — 9 -40
-60 [ -60 [
0 -X=1(E=E,, N/C) Circular polarization D=1 0 -X=1 (E,=E,, N/C) Circular polarization p=1
-20 [ y=0 (E,=0 N/C) -20 [ y=0 (E,=0 N/C) S=1
-40 . -40
g o0F 1 g60F
gl 0 - X=0 (E,=0 N/C) Circular polarization D=1 :/ 0 -X=0 (E,=0 N/C) Circular polarization D=1
< -20 - y=1 (E,=E,, N/C) < -20 - y=1 (E,=E,, N/C) S=1
-40 | -40
60 f . 60 F |
0 - X=1 (E,=E,, N/C) , - D=0 0 X=1 (E,=E,, N/C) . 27915 GH D=0
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.40_.6 ..... ——r — — _404._. B
-60 | . - -60 [ ) V )
7912 7914 7.916 7918 7912 7.914 7.916 7.918
Frequency f (GHz) Frequency f (GHz)

Fig. 7. The schematic curves of AR in different logical operations. (a) the output of “AND” logical operation is “0”. (b) the output of

“AND” logical operation is “1”.
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E. Numerical verification

Experiment is an indispensable link to verify the correctness of the work. However, due to the lack of experimental
conditions, it is unrealistic to prepare samples for real experiments. To make this work more complete, simulation experiments
were carried out with the simulation software, HFSS. The Floquet ports at the top and bottom of the unit, respectively, are
where the vertically incident coherent EWs are released. In , the primary-secondary mode is used for the boundary conditions.
As can be seen in Fig. 8, the HFSS results and the theoretical results are both frequency-shifted for different logical states. Fig. 9
displays that a sharp AP only occurs in the case of “1 AND 1” whether it is a theoretical result or a HFSS result.

1 07.7(’16 7768 7770 7772 7774 7.7776  1.778

® 0XOR0 ' N \ \
® 1XOR0 ‘| n y  HFSSresults:
0.8+ ® 0XOR1 ] Short dash lines
[} !
S ® 1XOR1 N o oTsa
206 ! 1
2 \
2 ! ;
é 1 Theoretical results:
& 0.4 V' Solid lines
g0
& \ 0=23%10¢
N Tun=09
0.2 \.
L - - ™ -
00 =" : ; ~—r ==
7904 7908 7912 7916 7.920 7.924 7928

Frequency f(GHz)
Fig. 8. TP in different logical states (the red f-axis corresponds to theoretical results and the bule f-axis corresponds to HESS results).

(7).784 7.786 7.788 7.790
1.4

@ 0AND O ‘ \ A
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~ 0.8{@0AND 1
=z ® 1AND 1 \ 0=1x10*

£ \ A =092
2 0.6 A

1=

2 \  Theoretical results:
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2 044 '

s ! \ 0=14x10¢
E] / \ A=l

=3 .
© 0.2

e - |
0.0 T T
7.912 7.914 7.916 7.918

Frequency f(GHz)
Fig.9. APin different logical states (the red f~axis corresponds to theoretical results and the bule f~axis corresponds to HFSS results).

While the formula in this study is based on the analytical solution approach, HESS is based on the finite element method.
There are discrepancies in the simulation results generated by different approaches due to the truncation error in the data value
calculation, for instance, the characteristic frequencies do not coincide completely. The accuracy of HFSS depends on mesh
density—coarse grids may cause frequency shifts and Q errors, while dense grids improve accuracy at the cost of longer
computation times and more computer memory. Moreover, analytical methods like the transfer matrix method are efficient and
allow fine frequency step control (e.g., 1°° GHz), whereas the numerical methods may introduce deviations due to coarse
frequency steps. The maximum inaccuracy of the two simulation approaches after computation is 0.143 GHz. The error of
0.143 GHz is only 1.8% when compared to the frequency band in which this ELM operates. Compared with the theoretical
value, although the performance parameters of ELM have decreased in the simulation experiment, it is still satisfactory.
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F. Performance analysis

TABLE V The published electromagnetic logic devices compared with this work in performance

Refs. SNR (dB) [0} Logical function Arithmetical operation  Virtual Polarizer = CPA Phase control
[52] 82 77 NOR & AND X X x X
[53] 45 - XOR & AND Half-adder X x X
[54] 6.0 - OR &AND X x X X
[55] 6.5 9 NOT,NOR, OR, & AND x X X X
[56] - - OR,NOR, XOR, & AND X X x X
[57] 207 - AND, OR, XOR, NAND, X X x X

NOR, XNOR, & NOT

[58] 577 - NOT, NOR, & AND x x x x
THIS TE 97 7.5x10° XOR Half-adder N x N
WORK  mode &

™ 300 1x10* AND or BORROW Half-subtractor \/

mode

The dependability of ELMs is assessed through the use of the SNR [34]. The formula of SNR is regarded as [34]:
SNR(dB) = 10log,, [%] (26)

where the values of Ac at an output value of “1”” or “0” are represented individually by A and Ao. “SNR=3 dB” is considered
to be the cutoff point between low and high SNRs.

The higher the SNR, the better the calculation accuracy of the logic device [34]. The SNR of the proposed electromagnetic
half-subtractor is listed in TABLE V. Furthermore, TABLE V incorporates several previous studies on electromagnetic logic
devices, systematically illustrating the advantages of this work. In comparison with these published studies, our work advances
beyond logical operations into arithmetic operations. The achieved improvements in SNR and Q endow the proposed ELM
with outstanding performance, meeting the requirements of a half-adder or a half-subtractor. Leveraging the technique of CPA,
the ELM gains the capability of changing operation type by controlling phase. Additionally, this work combines the function
of a virtual polarizer with arithmetic operations in an ELM, which provides a new idea for the study of ELM and

virtual polarizer. It is of great significance for the development of the antennas and propagation community.
IV. CONCLUSION

In summary, the proposed ELM functions as an electromagnetic half-adder or half-subtractor, capable of
outputting “S and C” or “D and B” simultaneously. The use of two anisotropic materials (liquid crystal and plasma)
enables EWs to exhibit distinct propagation characteristics in different polarization directions. In TE mode, input
logic levels are controlled by adjusting applied electric fields (E; and E»). When the output level is “1”, a sharp TP
is observed, with T exceeding 0.9. For TM mode, the phase and applied magnetic field serve as input parameters.
When these coherent EWs satisfy the conditions for CPA, denoted as “C=1" or “B=1,” a sharp AP is generated by
the ELM, with A, reaching a value of 1. With enhanced SNR and high Q (28 dB and at least 1.4x10%), this ELM
achieves high-accuracy calculations. Because the ELM based on virtual polarizer realizes parallel processing of
AND logic and XOR logic, faster information encryption operation may be realized. Compared with traditional
ELM, this work improves the complexity and performance of electromagnetic calculation through parallel logic
operation.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the introduction of liquid crystal, preparation methods, and detailed curves of
TP and AP in different No.
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