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Abstract—The eigenmode method is typically leveraged to 

determine the dispersion characteristics of the element for 
holographic impedance surface (HIS), i.e., the relation between 
surface impedance and the element geometry of a HIS. This 

relation is based on curve fitting according to the extensive 
simulation samples, which is time-consuming due to the great 
number of simulations needed to ensure accuracy, especially at 

the high-frequency bands (e.g., sub-THz or THz). As the sub-
THz and THz frequency spectra are promising for 6G wireless 
communications, an effective method is highly demanded to 

significantly reduce the holistic design period. To this end, the 
transmission line method is proposed to directly formulate the 
relation between the surface impedance and the element 

geometry, which highly reduces the design complexity and 
time. For proof of the concept, a 3D-printed HIS  enabled by 
the proposed TL method is demonstrated. In addition, the 

traditional eigenmode method is also presented and compared 
with the proposed TL method to validate the effectiveness of 
the latter method. The performance of the proposed 3D-

printed HIS has been verified with full-wave simulations. 

Index Terms— holographic impedance surface, transmission 

line mode, eigenmode, 3D printer, THz. 

I.  INTRODUCTION  

Intelligent surfaces, a kind of software-control planer 

meta-surfaces, have been developed for the fifth-generation 

(5G) and are also expected to be used in 6G wireless 

communication because of the high gain, low cost, and 

multi-function performances. A typical intelligent reflecting 

surface needs to employ a separation horn antenna to excite 

the surface, which increases the structure profile. To address 

this issue, holographic impedance surface (HIS) [1][2], 

integrating the feed source on the planar surface, is expected 

to be good for future wireless communication [3]. HIS, 

proposed based on the holography concept, can control and 

modulate electromagnetic (EM) waves, transforming the EM 

waves into leaky waves to radiate. 

According to the holography principle, HIS can record EM 

fields information when two interference waves illuminate 

the HIS. The two interference waves are called the object 

wave and the reference wave, corresponding to the radiation 

wave from HIS and the surface wave from the source 

antenna. The radiation wave can be reproduced when the 

HIS is excited by the surface waves. The typical design 

process of a HIS is the following: 

• Determine the reference and radiation waves, and 

derive the surface impedance matrix for a HIS from 

reference and radiation waves. 

• Find the relation between the surface impedance 

and the element geometry. 

•  Establish the HIS by setting the element geometry 

at each position according to the surface impedance 

matrix. 

     For the traditional HIS, a patch or stripe printed on the 

grounded substrate is used to be the element. In [4], different 

patch geometries are discussed. The symmetry geometry of 

the element divided the HIS into the scalar (symmetrical) 

and tensor (asymmetrical) HIS. Typically, scalar HIS is used 

to realize the linear polarized waves, e.g., [5][6], and tensor 

HIS is used for circularly polarized (CP) waves, e.g., [7]-[9].  

    For both scalar and tenor HIS, the determination of the 

relation between the element geometry and the surface 

impedance needs a great number of simulations with the 

eigenmode method in microwave software (e.g., CST studio 

or Ansys HFSS), which is time-consuming. Therefore, 

effective methods are highly demanded. [10] presented a 

transmission line modal for the traditional HIS element, 

which uses analytical calculations to substitute the partial 

simulations. However, for the conventional HIS element, a 

number of simulations are still needed to determine the 

effective capacity or inductance.  

In this paper, a 3D-printed HIS, operating at 200 GHz,  

enabled by the TL method is proposed. The proposed 

method can directly compute the surface impedance 

according to the HIS geometry. As a result, the design period 

is significantly reduced. Besides, the sidelobe level (SLL) is 

suppressed without extra algorithms, which might be caused 

by the exact formulated relation between the element 

geometry and the surface impedance. Finally, the 

performance of the proposed 3D-printed HIS has been 

verified with full-wave simulations. 

 

II. DESIGN AND METHOD 

A. Surface Impedance Matrix Based on Radiation Wave 

and Reference Wave  

    In this paper, a monopole, integrating at the center of the 

HIS, is used as the feed source antenna. The reference wave 

ѱref can be expressed by [1] 
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where kt and ρ are the transverse wave vector and the 

position coordinate, respectively. The radiation wave ѱrad is 

expressed as  
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where k0 is the wave number in free space, and φ and θ are 

the azimuth and zenith angles. φ = 0° and θ = 30° in this 

paper. According to the holography principle, the surface 

impedance matrix Zsurf (ρ) is obtained by [1]  
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where Zmean and M denote the mean value and varying range 

of the surface impedance, respectively (M, the modulation 

intensity, is also called the modulation depth). Zmean and M 

need to be determined according to the relation between Zsurf 

and element geometry.  

B. Relation Between The Element Geometry and The 

Surface Impedance Based on TL Method 

The element of the proposed 3D-printed HIS is a 

grounded dielectric, as shown in Fig. 1. The dielectric 

parameters εr and δ of the element are 2.65 and 0.0009, 

respectively, and the variable parameter of the element is 

the height h. Fig. 2(a) shows the illustration of the reference 

propagating across the element. In Fig. 2(a), kzr, the wave 

vector along -z-direction in the dielectric, can be calculated 

by  

               2 2
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where kt is calculated by  
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According to Fig. 2(a), the equivalent circuit can be 

established, as shown in Fig. 2(b). In Fig. 2(b), the element 

is equivalent to a short transmission line. The impedances 

looking in opposite directions (+z and -z) from z = 0 should 

be the same. According to this, Zsurf can be calculated by  
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Fig. 1. Illustration of the 3D-printed HIS element with the 3D-printed 
material of εr = 2.65 and δ = 0.0009. The size of the element is a×a = 0.3 

mm × 0.3 mm, and the height h is the variable parameter.  
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(b) 

Fig. 2. Illustration of the 3D-printed HIS element. (a) Transmission mode 

for reference wave. (b) The equivalent transmission line mode.  
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Fig. 3. Zsurf varies with h. The red dashed line represents Zmean, (the mean 

value of the Zsurf). M is the varying range of Zsurf. 

surf 0r zrtan( )Z jZ k h=                    (5) 

where Z0r, the effective characteristic impedance for the 

equivalent transmission line, is defined as  
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According to eqs. (4)-(6), the relation between Zsurf and h 

can be established, as shown in Fig. 3. From Fig. 3, it can be 

seen that the Zsurf increases with h. Zsurf varies from j126.8 to 

j386.9 Ω when h increases from 0.1 to 0.4 mm. The varying 

range can be used to determine Zmean (see the red dashed line) 

and M in eq.(3). 

C. Eigenmode Method for The Element Dispersion  

To validate the TL method, the eigenmode method is 

used to establish the relation between the Zsurf and h in this 

subsection. The element (in Fig. 1) is established and 

simulated in the CST studio. The periodic boundary 



condition was set for the simulation, as shown in Fig. 4. In 

Fig. 4, Δϕ is the phase difference of the reference wave 

propagating across the element. The dispersion curve of the 

element can be obtained by sweeping Δϕ and h with 

eigenmode simulation in CST, as shown in Fig. 5(a).  
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Fig. 4. Illustration of the 3D-printed HIS element with the eigenmode 
method for the relationsh between h and Zsurf.  
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Fig. 5. Dispersion of the proposed HIS element (a) eigenfrequency varies 

with Δϕ with the eigenmode method. (b) Zsurf varies with h with the 

eigenmode method and TL method.  
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Fig. 6. Illustration of the proposed HIS for (a) Zsurf distributions and (b) the 

whole structure. 

From Fig. 5(a), for each h, the Δϕ corresponding to the 

frequency of 200 GHz can be found, and further, the Zsurf for 

different Δϕ can be calculated by [1] 
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Fig. 5(b) shows the Zsurf calculated by eq.(7) with Δϕ 

extracted from Fig. 5(a). From Fig. 5(b), it can be seen that 

the Zsurf for a certain h with the improved TL method 

matches the eigenmode method.  

D. 3D-Printed Holographic Impedance Surface  

According to eqs. (3), Zsurf distribution for the whole 

surface can be calculated, as shown in Fig.6(a). The number 

of elements is 80 × 80. From Fig. 6(a), it can be seen that 

the asymmetrical Zsurf distribution along y-direction is used 

to reverse the backward EM waves. The reason is that the 

EM fields in the radiation beam direction will be canceled if 

the forward and backward waves are in phase [5]. The 

whole structure of the HIS can be seen in Fig. 6(b). 

III. RESULTS AND DISCUSSIONS 

The performances of the proposed 3D-printer HIS are 

presented and discussed in this subsection. Fig. 7 shows the 

S-parameters of the proposed HIS. From Fig. 7, it can be 

seen that a good matching performance for the frequency 

from 180 to 220 GHz.  
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Fig. 7 S-parameters for the proposed 3D-printed HIS. 
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Fig. 8 Radiation pattern of the proposed HIS at central frequency.  

TABLE I.  COMPARISONS OF SLL BETWEEN OUR WORK AND OTHERS  

Parameters This work [1] [2] [66] [10] 

Frequency 

(GHz) 
200 17 18 12 10 

Sidelobe level 
(dB) 

-19.5 -15 -18.7 -17 -13 

The radiation pattern is shown in Fig. 8. From Fig. 8, it can 

be seen that the peak realized gain and the sidelobe 

suppression level at central frequency are 26.4 dBi and 19.5 

dB, respectively. Table. I shows the comparisons of the 

sidelobe level between our work and others. It can be seen 

that the 3D-printed HIS enabled by the improved TL 

method has a good SLL suppression capability. 

IV. CONCLUSIONS 

In this paper, a 3D-printed holographic impedance surface 

enabled by the TL method is proposed. Compared to the 

traditional eigenmode method, the surface impedance can be 

directly calculated without simulation in the proposed TL 

method, significantly reducing the design period. The 

performance of the full-wave simulation has validated the 

proposed 3D-printed HIS enabled by the TL method. 
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