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Abstract—In this paper, we study the effect of the transverse 

dimensions of a "thick" substrate on the printed antenna 

radiation properties in the sub-THz range. A four-element series-

fed dipole array operating at 100-116 GHz is chosen as a test 

antenna. It is printed on a rectangular grounded aluminum oxide 

substrate (99.5% Alumina) with a thickness of 0.05 mm, 0.1 mm, 

or 0.2 mm, in which only the fundamental mode of the surface 

wave can exist. The studies used the full-wave electromagnetic 

simulation method with Altair FEKO 2022 software. It is shown 

that pulsations can appear in the main beam of the antenna on a 

truncated substrate, the frequency of which increases 

proportionally to the width of the substrate, and the amplitude 

grows with increasing its thickness. With an increase in the 

substrate size, quasi-periodic variations in the antenna normal-

side directivity and gain are also observed, the period of which is 

equal to two surface wavelengths. The antenna radiation 

efficiency weakly depends on the substrate width, but increases 

noticeably with its thickening. It is shown that using a 

metasurface that significantly weakens the surface wave is an 

effective means of reducing the substrate edges' effect on the 

antenna characteristics. 
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I. INTRODUCTION 

T is expected that the development of sub-THz (0.1-0.3)1012 

Hz and THz (0.3-10) 1012 Hz ranges will significantly 

expand the possibilities of technical use of electromagnetic 

waves, in particular, significantly increase the data transfer rate 

in telecommunication systems [1], increase the capacity of 

communication channels [2], increase the resolution in radar 

[3], [4], improve the quality of non-invasive diagnostics in 

biomedical applications [5], etc. 

Essential components of THz technology are antennas. At 

sub-THz, various types of antennas are used, including 

traditional horn, mirror, lens, microstrip, leaky-wave, and slot-

waveguide antennas [6], taken from the microwave range, as 

well as new dielectric antennas [7], [8], chip antennas, crystal 

antennas [9], etc. 

Printed microstrip antennas [10], known for their apparent 

advantages such as lightweight, low-profile design, 

affordability, seamless integration with other devices, and 

efficient, low-cost mass production, can also be used at THz 

[11]. One of the main factors complicating the use of 
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microstrip antennas in the sub-THz range is that substrates 

have a large electrical thickness, on which intense surface 

waves (SWs) are excited. They can significantly degrade the 

antenna performance, particularly reducing the radiation 

efficiency and narrowing the bandwidth [12]. In addition, SW 

reflections from the substrate edges can also significantly 

affect the printed antenna radiation pattern (RP), which is 

expressed in distortion of its shape, reduction of directivity, 

growth of side lobes, etc.  

Not many works are devoted to considering the influence of 

the substrate size on the RP of printed antennas, which use 

different approaches to solving this problem. The first works 

[13]-[15], published in the 80th - 90th of the last century, 

proposed approximate solutions based on the geometric (GTD) 

or physical (PTD) theory of diffraction to solve this problem. 

In parallel with them, experimental studies of the parameters 

of finite-size microstrip antennas were performed [16], [17], 

[18], where special attention was paid to their directional 

properties. A significant step forward in the development of 

these studies was the appearance of works [19]-[21], in which 

rigorous solutions to the problem were proposed using the 

integral equation (IE) method and the finite difference time 

domain (FDTD) method. Further studies of printed antennas 

on finite substrates were performed using computer 

electromagnetic modeling [22]-[24] using well-known 

software. Microstrip rectangular patch antennas were the 

objects of study in the above works, except [13], where the 

field source was a linear magnetic current thread lying on a 

grounded substrate.  
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TABLE I  

COMPARISON OF SUBSTRATE PARAMETERS IN THE REFERENCES 

Re
f. 

f 
(GHz) 

h 
(mm) 

r 
d (

mm) 
hd 

Method 
or Software 

[13] 2.295 3.175 2.55 81.86 0.039 GTD 

[14] 5.0 2.0 4.0 30.0 0.067 PTD 

[15] 2.35 3.175 2.55 81.86 0.039 GTD 

[16] 6.8 3.175 2.33 28.90 0.11 Exper. 

[17] 5.66 1.27 10.2 16.6 0.077 Exper. 

[18] 1.050 1.524 3.25 187.6 0.008 Exper. 

[19] 4.97 0.8 4.34 28.97 0.028 IE 

[20] 1.88 0.7874 2.33 100.9 0.008 IE 

[21] 6.458 3.0 2.32 30.50 0.098 FDTD 

[22] 1.8 3.175 2.5 105.4 0.03 HFSS 

[23] 3 1.27 10.2 31.31 0.041 WIPL-D 

[24] 2 1.27 10.2 46.97 0.027 CST MS 
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To facilitate comparison of the results of the referenced 
works, Table I shows the thickness h of the dielectric substrate 

used in each of them, its relative permittivity r , and the 

maximum frequency maxf  at which the studies were 

performed, as well as the method and/or software employed 
These data made it possible to calculate the wavelength in the 

substrate dielectric )( max rd fc = , where c is the speed of 

light in free space, and the electrical thickness of the substrate 

dd hh = . Each of the listed values is assigned a separate 

column in Table 1. 
The studies described in referenced papers show that the RP 

of patch antennas on finite substrates differs significantly from 
the RP of similar antennas on infinite substrates. These 
differences mainly consist of the antenna's back radiation and 
the appearance of some waviness on its RP main lobe in the E 
plane, with PR shape depending on the transverse dimensions 
and substrate thickness.  

In the literature, it is common to rank the substrates of 
printed antennas by their electrical thickness as thin, moderate, 
and thick. Let us briefly consider how it looks in numerical 
terms. 

According to [25], [26], the substrate is thin if its thickness 

lies within the range max0 hh  , where 

 d

rf

c
h 


= 048.0

2

3.0

max

max  (1) 

The authors of [25] believe that the losses in antennas 
associated with the surface wave in such substrates are 
negligibly small. We used the technique given in [27] to 
estimate the level of these losses. We found that the power 
spent on creating a surface wave in a microstrip antenna with 

the substrate of thickness maxh  is indeed relatively small and is 

approximately 1/6 of the input power of the antenna. 
Substrates of moderate electrical thickness occupy an 

intermediate position between thin and thick ones. The lower 

limit of their thickness coincides with maxh , while its upper 

limit is not clearly defined anywhere. However, we can 

suppose that it is approximately equal to max2h , based on the 

works in which their authors describe the substrate height as 
moderately [17], [28], [29], etc. In this case, the moderate 
substrate thickness will be limited by the following inequality: 

maxmax 2hhh  . Therewith, the antenna power spent on 

creating a surface wave in a substrate max2h  thick will be 

approximately one-third of the antenna input power. It also 

follows that substrates of thickness max2hh   can be 

considered electrically thick. 

Returning to Table I, we can see that most of the presented 

works here consider antennas on thin substrates, two works, 

[14] and [17], on moderate substrates, and two more on 

substrates that are formally classified as thick, but not much 

thicker than the moderate ones. Therefore, the results of these 

studies cannot, unfortunately, be a priori extended to the sub-

THz range, where seemingly thin dielectric substrates turn out 

to be electrically thick, reaching max)54( h−  [30]. 

This work aims to evaluate the influence of the thick 

substrate dimensions on the directional properties of printed 

antennas in the sub-THz range and to study the possibility of 

reducing it using metasurface elements. 

II. DESIGN OF THE ANTENNA UNDER STUDY 

A dipole antenna array with a series feed (Figure 1) was 
selected for the study. It was printed on a rectangular grounded 
substrate made of aluminum oxide (99.5% Alumina), which 

has a sufficiently high permittivity ( 75.9=r ) and low losses 

( 0003.0tan = ). This material is promising for use in the mm 

and THz ranges [31]-[34] and has already been repeatedly used 
in the design of millimeter-wave antennas [35]-[38]. The 
substrate thickness h was chosen from the condition that 
guarantees the existence of only the SW fundamental mode 
TM0, while all other modes would be beyond the cutoff 
threshold [25]: 

 
14 max −



rf

c
h  (2) 

It follows that the thickness of the substrate with a given r  

should be 218.0h  mm in the range of interest to us, 100-116 

GHz. Based on this, we selected three substrate options for our 

studies: 0.05 mm, 0.1 mm, and 0.2 mm thick. The electrical 

thicknesses dh  of these substrates are equal to 0.060, 0.121, 

and 0.242, respectively, i.e., the first should be considered 

moderate, and the other two should be thick. 

Below, for the convenience of presentation, we will call the 

dipole antenna array under study an antenna. 

First, let us consider the antenna located on a grounded infinite 

substrate, the characteristics of which are not affected by the 

edges. SWs excited by the antenna run away to infinity along 

the Y-axis on the substrate-air interface, carrying with them 

part of the power. 

The wavelength of the SW can be found in the following 

relation [26] 

 
2

00 −= rTM  (3) 

where 0  is the wavelength in free space,  is the root of the 

dispersion equation 

 0)tan(1 0
2 =−−− hkrr  (4) 

The above relationships determine the basic parameters of 

the substrate that we will need to solve the problem. 

The studies announced in the objectives of this work were 

carried out using the full-wave electromagnetic modeling 

method using the well-known commercial software Altair 

Feko 2022 [39], which has proven its high efficiency in the 

analysis and design of a broad class of microwave and sub-

THz antennas [40], [41]. 

 

Fig. 1. Dipole array layout: 2l = 0.7 mm, b = 0.05 mm, s = 0.02 mm, 

gap = 0.01 mm, d = 1.2 mm, lp = 0.56 mm, lx = 1.0 mm, LH = 5.6 mm. 
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The models of the considered antennas were constructed 

assuming all conductors are perfect. 

III. RESULTS AND DISCUSSION 

A. Antenna on an Infinite Substrate 

First, we will consider the antenna characteristics under study 

on an infinite grounded substrate, which we will need later for 

comparison. 

Fig. 2 depicts the 2D distribution of the Y-component of the 

Poynting vector of the SW excited by the antenna, obtained as 

a result of the simulation. Here, the thick black lines show the 

assumed boundaries of the substrate along the X-axis, which it 

will have after truncation. It follows from the Fig.2 that the 

SW propagates along the Y axis and in the considered region 

has the form of a fairly narrow beam, the amplitude of which 

has a maximum at 2−X  mm, and at the future boundaries 

of the substrate (at 6Y  mm) it drops by about 10 dB. 

 

 

Fig. 2. Distribution of the Poynting vector Y-component at the substrate 

surface. 

Fig. 3 shows the dependence of the ratio 00 = TM  on 

the substrate thickness at the middle and extreme frequencies 

of the considered range of 108-116 GHz. 

 

 

Fig. 3. Normalized SW wavelength  vs. substrate thickness. 

This evinces that when the substrate thickness maxhh   (2), 

the SW wavelength is almost the same as 0 , but with 

growing h, it falls at an increasing rate, which becomes even 

more with increasing frequency. 

Fig. 4 demonstrates the antenna RPs on an infinite substrate 

with thicknesses 05.0=h  mm, 0.1 mm, and 0.2 mm at a 

frequency of 108 GHz. Here, it can be clearly seen that the 

shown antenna RP in the H plane completely corresponds to 

the RP of a 4-element uniform array, the half-power width of 

its main beam is 30º and remains almost unchanged with 

increasing h, and the side lobe level does not exceed –13.2 dB. 

In the E plane, the RP has no side lobes, and its half-power 

width decreases with increasing h: from 160º (at 05.0=h  mm) 

to 138º (at 100.=h  mm), and 126º (at 20.0=h  mm). 

 

Fig. 4. The antenna RPs on infinity substrates at 108 GHz: (a) E plane, (b) H 

plane. 

This narrowing of the RP causes a monotonic increase in the 
antenna directivity D: 9.4 dB, 10.1 dB, and 11.4 dB for 

050.=h  mm, 0.1 mm, and 0.2 mm, respectively. At the same 

time, the dependence of the antenna gain G on h turns out to be 
non-monotonic: 7.2 dB, 8.0 dB, and 7.5 dB the same 
thicknesses h. We can easily explain this effect as follows. 

The power inP  consumed by the antenna from the generator 

is spent on the radiation of spatial waves into free space radP , 

on the excitation of a surface wave swP , and losses in the 

dielectric P . Let us consider the dependences of these powers 

on the substrate thickness h, presented in Fig. 5, in normalized 

form: inradrad PPe = , inswsw PPp = , and inPPp  = . 

 

Fig. 5. The antenna power budget at 108 GHz. 
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As can be seen from the Fig. 5, with decreasing substrate 

thickness, the power swp  of the surface wave decreases; 

however, at the time the power of losses in the dielectric p  

increases. As a result, the antenna radiation efficiency rade  has 

a maximum of 0.645 at h=0.077 mm, which causes non-
monotonic behavior of the antenna gain G since it is the 

product DeG rad= . 

B. Antenna on a truncated Substrate 

Now let's consider an antenna on a substrate of finite 

dimensions (Fig. 1). SWs propagate along the Y axis in 

opposite directions and, reaching the substrate edges AB and 

CD, diffract on them, creating an additional radiation field. 

This field interferes with the main far field of the antenna and 

reshapes its RP. The AC and BD substrate edges are 

practically not excited in this case since they are not an 

obstacle to the propagation of the SW 0TM  mode in the Y-

axis direction, and the amplitude of the SW Poynting vector X-

component is approximately 10 dB less than its Y-component 

(Fig. 2). In this regard, we can consider the antenna RP 

depending on the substrate width EL  only, with its length 

6.5=HL  mm fixed.  
Simulation results of the antenna evidenced that its RP in 

the H plane in the upper half-space does not depend on the 

substrate width EL  and is almost the same as the antenna RP 

with an infinite substrate, shown in Fig. 4(b). On the contrary, 

the antenna RP in the E plane depends quite strongly on EL . 

Fig. 6 demonstrates how its shape changes with an increase in 

EL  from 1 mm to 12 mm for different thicknesses 05.0=h  

mm (Figs. 6(a), 6(b), and 6(c)), 0.1 mm (Figs. 6(d), 6(e), and 
6(f)), and 0.2 mm (Figs. 6(g), 6(h), and 6(i)). 

We can come to the following conclusions after analyzing 

the antenna RPs in the E plane: 

1. At the substrate width of less than one SW wavelength 

( ≲2 mm), the antenna RP has a bulb-shaped main beam with a 

maximum in the direction of the antenna plane normal. 

2. When 0TMEL  , pulsations are superposed on the 

antenna RP, the period of which decreases with increasing EL , 

and the amplitude increases with increasing substrate 

thickness h. 

 

Fig. 6. The antenna normalized RP in the E plane at 108 GHz for different substrate wide LE and thickness h. 
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3. When the substrate thickness h is not very thick (from 

0.05 mm to 0.1 mm), the range of the RP pulsations is 

approximately 2 dB to 3 dB, however, when h reaches 0.2 mm, 

the main beam of the RP in fact splits into several lobes, the 

number and directions of which depend on the substrate width 

EL . 

4. The antenna RP contains back lobes, whose number 

increases with the substrate width EL , and their level grows 

approximately from –25 dB to –5 dB with substrate thickening 

h from 0.05 mm to 0.2 mm. 

There is no doubt that the variations in the antenna RP, 

visible in Fig. 6, should be reflected in its directivity D and 

gain G. Fig. 7 reveals the dependence of the directivity D of 
this antenna in the normal direction on the substrate width, 
which is normalized to the SW wavelength 0TMEE Ll = .  

 

 

Fig. 7. The antenna directivity at 108 GHz for different substrate thickness, 

h=0.05 mm, 0.1 mm and 0.2 mm. 
 

The positions of the maxima and minima of all three curves 

practically coincide, but the values of D at these points differ 

significantly. If the curves of antenna directivity on substrates 

with 05.0=h  mm and 10.0=h  mm vary within (5...9) dB 

and (5...10) dB, respectively, then at 20.0=h  mm, their 

variation limits expand to (–13...13) dB. 

It is natural to assume that the extremes of these curves are 

caused by the in-phase and out-of-phase addition of the 

antenna's intrinsic field aE


 and the edges diffracted field dE


. 

To check this assumption, we split the far field E


 of the 

antenna on the truncated substrate into two components 

da EEE


+= . 
Fig. 8 depicts the RPs )(f  in the E plane of the antenna on 

substrates with a thickness of 20.0=h  mm and a width of 

5.0=El  (Fig. 8(a)), 1.5 (Fig. 8(b)), 2.5 (Fig. 8(c)), and 3.5 

(Fig. 8(d)), as well as their components )(af  and )(df , all 

normalized to the field aE


 in the normal direction: 

)0()()( aEEf  = , )0()()( aaa EEf  = , and 
)0()()( add EEf  = . The indicated values of El  were 

chosen because, for them the field dE


 was strictly in-phase or 

out-of-phase with the field aE


 in the normal direction. 

It follows from Fig. 8 that when the substrate width 50.=El  

(Fig. 8(a)), the surface waves create a field dE


 on the 

substrate edges, which is in phase with aE


 in the normal 

direction, and their ratio is )0(0.52)0( ad ff = . If the substrate 

is expanded to 51.=El , the surface waves run an additional 

05.0 TM  (Fig. 8(b)) and the field dE


 becomes antiphase to the 

field aE


 with their ratio )0(0.87)0( ad ff −= . With further 

expansion of the substrate, the situation is repeated cyclically. 

When 52.=El  (Fig. 8(c)), the surface waves run another 

05.0 TM  and again create a field dE


, in phase with aE


 at 

)0(0.87)0( ad ff = , and finally, when 53.=El , the phase of 

dE


 more again changes to the opposite, and its amplitude is 

practically equal to the amplitude of aE


, )0(0.98)0( ad ff −= . 

It can assume that with a further increase in the substrate 

width, the situation will be repeated in a similar way. 
 

 

Fig. 8. Decomposition of the antenna far field on the truncated substrate of 0.2 
mm thickness and different widths: dotted line – total far field of the truncated 
antenna; dashed line – the antenna far field on infinity substrate; solid line – 
the far field due to substrate edges 

 

Now let us consider how the antenna radiation efficiency 

behaves. Fig. 9 shows its dependence on the normalized 

substrate width El  for the same thicknesses 05.0=h  mm, 0.1 

mm, and 0.2 mm.  
 

 

Fig. 9. The antenna radiation efficiency erad at 108 GHz for different truncated 

substrate thickness h=0.05 mm, 0.1 mm and 0.2 mm. 
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It can be seen in Fig. 9 that the antenna radiation efficiency 

is almost independent of El , if we do not take into account its 

small variations visible in the graphs. Its average values are 

0.732, 0.925, 0.981 with deviations of no more than 0.03, 0.01, 

0.006 for h=0.05 mm, 0.10 mm, and 0.20 mm, respectively. 

With the increasing truncated substrate thickness, the antenna 

radiation efficiency improves due to reduced losses in the 

dielectric (Fig. 5) that remained the only ones here. Thus, an 

antenna on the 0.2 mm thick substrate is the most attractive for 

antenna manufacturing in terms of its radiation efficiency that 

is very close to 100%. On the other hand, the strong 

dependence of the RP of such an antenna on the substrate 

width makes it difficult to choose its optimal size based on 

other design considerations. Let us show how this undesirable 

dependence can be reduced by using metasurface (MS) 

elements. 

C. Antenna with MS Elements 

In [41] it is shown that the use of MS elements in the form 

of quad split rings QSR (Fig. 10) in printed antennas allows 

changing the positive surface reactance of the grounded 

dielectric layer to negative, which prevents the propagation of 

SW in the layer and thereby increases the radiation efficiency 

of these antennas. We will use QSR arrays to reduce the 

influence of the substrate edges on the antenna RP. 

 

Fig. 10. The metasurface QSR element, p = 165 μm, s = w = 25 μm, g = w/2. 

 

Fig. 11 shows the antenna under study (Fig. 1) with two 

added arrays of nine QSR elements, the distance between 

which along the X axis is 6.02 == dd x  mm and along the Y 

axis is 4.22 == dd y  mm. 

 

Fig. 11. Layout of the antenna with metasurface QSR elements. 

 

Let us consider how the added metastructure affected the 

power of the SW in the antenna. Fig. 12 shows the Y-

component of the SW Poynting vector magnitude on the 

surface of an infinite substrate with the different thickness vs. 

the Y at fixed 2−=X  mm in the coordinate system indicated 

in Fig. 2. When calculating this graph, it was assumed that the 

antenna input power is 15=inP  mW. 

It follows from Fig. 12 that the surface wave power flux 

density decreases by approximately 8 dB (at 20Y  mm) with 

a halving of the substrate thickness. A similar effect is 

produced by the proposed metastructure in the antenna under 

study on a substrate of 20.0=h  mm, the use of which 

decreases the Poynting vector magnitude approximately as 

much as a halving of h, which should certainly be reflected in 

the dependence of the antenna RP on the substrate width. 

Fig. 13 shows the antenna RP with metasurface elements 

(Fig. 11) on a 0.2 mm thick substrate for different EL  from 3 

mm to 8 mm.  

It is evident from it that the antenna RP has no dips in the 

normal direction with a substrate width of up to 5.7=EL  mm 

( 7.3=El ), and the first noticeable minimum in the normal 

direction is observed only at 8=EL  mm ( 4=El ), however, it 

is not as deep as in the RP of the antenna without MS. Its value 

in the minimum point is 0.5, i.e. the same as in the antenna on 

the 0.1 mm high substrate (Fig. 6(b)), which was predicted by 

the graphs in Fig. 13. If it is undesirable for the minimum in 

the antenna RP to appear precisely at the substrate size 8=EL

 mm, it can be shifted by changing the distance between the 

metaelement arrays yd  (Fig. 11). 

There is the antenna RP in Fig. 13(c) with the substrate 

width 8=EL  mm, in which the distance yd  is reduced to 1.8 

mm, is marked with an asterisk. As can be seen from this 

figure, the minimum in this RP was successfully eliminated, 

but with 8.1=yd  mm it appears in the antenna RP on the 

substrate with the width 4.7=EL  mm. Thus, if the antenna 

has an undesirable minimum in the RP caused by the finite 

dimensions of the substrate, it can be eliminated using the 

proposed arrays of metasurface elements by correctly selecting 

the distance yd  between them. 

CONCLUSION 

The studies that were performed allowed us to establish the 

dependence of the directional properties of the printed sub-

THz planar antenna on the width and thickness of the 

substrate. It is shown that the antenna RP in the E plane has 

one main lobe in the normal direction when the substrate width  

 

 

Fig. 12. The Poynting vector magnitude of SW as a function of Y at X=–2 

mm;* – with metasurface QSR elements. 
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does not exceed one surface wavelength. An increase in the 

substrate width leads to the appearance of local minima and 

maxima in the main beam of the antenna RP, the number of 

which increases with an increase in the substrate width, and the 

depth of the minima increases with a thickening of the 

substrate, as a result of which the main beam is divided into 

several. Changes in the RP lead to quasi-periodic variations in 

the antenna directivity in the normal direction, the range of 

which increases with a thickening of the substrate, reaching 26 

dB. The peak antenna directivity (as well as its gain) at some 

values of the substrate width exceeds its level with a short 

substrate by more than 3 dB. It was also found that the antenna 

radiation efficiency weakly depends on the substrate width, but 

noticeably increases with its thickening. All this opens up 

additional possibilities for antenna optimization by consciously 

choosing the width and thickness of the substrate. To reduce  

 

the influence of the substrate edges on the antenna RP, it is 

proposed to use arrays of metaelements that significantly 

weaken the surface wave, which leads to stabilization of the 

antenna directional properties against the background of a 

change in the substrate width. The results of this work can help 

design printed antennas on thick substrates, which will extend 

their application field into the sub-terahertz range. 
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