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I. INTRODUCTION 

As information communication technology has been selected 

as the core growth engine of the fourth industrial revolution, 

there is a growing interest in constructing a network infrastruc-

ture with low latency and high connectivity. Fifth generation 

(5G) mobile communication is the technology on which such a 

network environment is based and is being actively implement-

ed in several tech-leading countries. One of the key technologies 

employed not only in 4G but also in 5G is the multiple-input 

multiple-output (MIMO) antenna. This technology dramati-

cally increases the data transmission rate without increasing the 

bandwidth or transmitting power by arranging multiple anten-

nas at the transmitting and receiving ends [1, 2]. In general, the 

performance of the MIMO antenna is strongly affected by the 

envelope correlation coefficient (ECC) between the antenna 

elements; a lower ECC offers the best performance [3]. The 

mutual coupling (MC) between the antennas significantly af-

fects ECC. For example, the narrower the distance between the 

antenna elements, the stronger the mutual interference and the 

more fatal the effect on ECC and the overall MIMO system. 

To apply the MIMO antenna technology to a limited space 

(e.g., inside a cellphone), the MC and ECC problems must be 

solved simultaneously [4]. 

Many antenna structures and alignment techniques have been 

studied to solve this problem [5–10]. The most intuitive way to 

reduce the ECC of MIMO antennas is to increase space diver-

sity or polarization diversity by widening the distance between 

the antenna elements or rotating the elements orthogonally to 

each other [5, 6]. However, this is not suitable for MIMO an-

tennas implemented in a limited space. A defected ground 

structure (DGS) was proposed to reduce the ECC by changing 

the surface current distribution flowing on the ground plane [7, 

8]. However, its use is limited because additional patterning on 
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Inserting a suspended line is a widely used technique to reduce the envelope correlation coefficients (ECC) of multiple-input multiple-
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the ground is not preferred for the manufacturing viewpoint, 

and DGS patterns usually generate unwanted back lobes. Simi-

larly, an electromagnetic band-gap (EBG) structure was pro-

posed to reduce the ECC by suppressing surface waves on the 

ground plane [9, 10]. However, the EBG structure complicates 

the antenna structure, and it is not suitable when the antenna 

elements are closely placed.  

Inserting a suspended line between antenna elements is one 

promising way to reduce the ECC. The suspended line is 

known to effectively cancel MC between MIMO antennas, 

thereby reducing the ECC by generating a phase difference of 

180° from the interference signal to the signal flowing through 

the suspended line [11, 12]. It is easy to implement not only for 

small terminals with limited space but also with various antenna 

structures. However, despite these advantages, there is no clear 

guideline for designing a suspended line for ECC reduction. 

Accordingly, many trial-and-error processes are required to find 

the optimal suspended line design. Only a few studies have ana-

lyzed the operation principle of the suspended line. In [4], an 

equivalent circuit of the suspended line was used to analyze it 

based on the relationship between impedance and surface cur-

rent. In terms of the phase of the signal, one study described the 

operation principle of the suspended line based on a negative 

group delay phenomenon [13].  

In this study, we analyzed the operation principle of a sus-

pended line using full-wave simulations and MIMO antenna 

prototype measurements. Several MIMO antennas connected 

with suspended lines were modelled and fabricated, and their S-

parameters, radiation patterns, ECC, and surface current densi-

ties were compared. We found that the reduction of ECC was 

strongly related to the derivative of the surface current magnitude 

in the middle of the suspended line, which supports the assump-

tion of a 180° out-of-phase cancellation in the surface currents.  

II. MIMO ANTENNA PROTOTYPE DESIGN  

AND MEASUREMENT 

The geometries of the MIMO antenna models designed for 

the experiment are illustrated in Fig. 1. They are two-port 

MIMO antennas printed on the top side of an 87 mm × 130 

mm × 1.6 mm FR4 substrate. Two meander-line antennas are 

connected with a suspended line in the middle. The antenna 

models were designed to resonate at a frequency band of 0.8 

GHz. Otherwise, their ECC values were altered by adjusting 

the length of the suspended line. Accordingly, the high ECC 

model in Fig. 2(a) was designed to have an ECC of 0.8 or more, 

and the low ECC model in Fig. 2(b) was designed to have an 

ECC of 0.1 or less. A full-wave electromagnetic simulation 

software (i.e., Ansys HFSS v.18.1) was used to design the an-

tenna models. Table 1 shows the geometrical parameters for the  

(a) (b) 

Fig. 1. Geometry of the designed MIMO antenna models: (a) high 

ECC model and (b) low ECC model. 

 

(a) 
 

(b) 

Fig. 2. Design parameters of the MIMO antenna models: (a) high 

ECC model and (b) low ECC model. 

 
high and low ECC models. Based on these parameters, the 

prototype antennas fabricated by the printed circuit board (PCB) 

process are presented in Fig. 3. The ends of the meander anten-

nas were further tuned to make the antennas resonate at 0.8 

GHz.  

The reflection coefficient (S11) and the transmission coeffi-

cient (S21) of the prototype antennas were measured. Fig. 4 pre-

sents the simulated and measured 𝑆  results. As shown in Fig. 

4(a), the S11 results of both the high and low ECC models are 

not like the conventional meander-line antenna with strong 
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Table 1. Optimized antenna parameters (defined in Fig. 2) 

Parameter Value (mm) 

L1 25.5 

L2 4 

L3 27.7 

L4 30 

W1 1.5 

W2 5 

W3 4 

W4 1.5 

W5 5 

W6 3 

 

 
(a) (b) 

Fig. 3. Pictures of the fabricated prototype antennas fed by 50 Ω 

coaxial cables: (a) high ECC model and (b) low ECC model. 

 

resonance. They act like broadband antennas, as the two mean-

der lines are bridged by the suspended line. The S11 magnitude 

increases as the frequency increases, with a slight dip around the 

operation frequency (0.8 GHz). The simulation and measure-

ment results show good agreement. The slight deviation may 

result from possible fabrication errors, particularly for the S11 

graphs, which have a relatively lower level. Nevertheless, the S11 

magnitude values at 0.8 GHz are all less than −9 dB. Conversely, 

the S21 results in Fig. 4(b) show a good agreement between the 

simulation and the measured results. Note that S21 of the low 

ECC model shows a sharp resonance-like valley at 0.8 GHz, 

but the high ECC model maintains a high S21 value. S21 implies 

the mutual coupling between two antennas. Thus, ECC is pre-

dicted to be low and high for the low and high ECC models, 

respectively.  

We then measured the far-field radiation patterns of the  

prototype antennas to calculate the ECC values. For the ECC 

calculation, although a method using S-parameters as in (1) can 

be employed, this method is effective only for an antenna with  

a high-radiation efficiency, and it is not suitable for calculat-  

ing the ECC between small antennas mounted on the termi- 

nal [14]. 

(a) 

(b) 

Fig. 4. Comparisons of the S-parameter results between the simula-

tions and measurements of the prototype antennas: (a) S11 

and (b) S12 results. 

 
 

𝝆𝟏𝟐
|𝑺𝟏𝟏

∗ 𝑺𝟏𝟐 𝑺𝟏𝟐
∗ 𝑺𝟐𝟐|𝟐

𝟏 |𝑺𝟏𝟏|𝟐 |𝑺𝟐𝟏|𝟐 𝟏 |𝑺𝟐𝟐|𝟐 |𝑺𝟏𝟐|𝟐 . (1)
 

 

Instead, we calculated the ECC using 3D radiation patterns 

measured in an electromagnetic anechoic chamber. The equa-

tion used is as follows: 
 

 

    |𝝆|
| ∮ 𝑬𝟏∙𝑬𝟐

∗  |

∮ 𝑬𝟏∙𝑬𝟏
∗     ∮ 𝑬𝟐∙𝑬𝟐

∗  
, 

 

(2)
 

where Ω sin 𝜃 𝑑𝜃𝑑𝜙 is the beam solid angle, and 𝐸 is the 

electric fields received at the measurement probe in the far-field 

range. The subscript indicates the electric fields received from 

antenna 1 or 2. Fig. 5 shows the anechoic chamber setup for the 

measurements.  

Fig. 6 presents the ECC values computed using the simulat-

ed and measured 3D radiation patterns. The slight deviations 

between the simulation and measurement could have originated 

from the difference between the chamber testing environment 

and the ideal simulation. 

For the high ECC model (Fig. 6(a)), ECC is low at 0.82 

GHz but high at 0.8 GHz as intended. The measured ECC  

S
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 [
d

B
]

S
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Fig. 5. Measurement setup for the far-field radiation characteristics 

of the prototype antennas in an electromagnetic anechoic 

chamber. 

 

(a) 

(b) 

Fig. 6. Comparison of the ECC between the simulation and meas-

urement results of the prototype antenna: (a) high ECC 

model and (b) low ECC model. 

 

value at 0.8 GHz is 0.69 for the low ECC model (Fig. 6(b)). At 

0.8 GHz, the measured ECC value at 0.8 GHz is only 0.076 

and shows a broader frequency range exhibiting the null. 

III. ANALYSIS OF THE ECC REDUCTION EFFECT  

BY THE SUSPENDED LINE 

Having verified that the full-wave simulation results and 

measured results showed similar tendencies, we analyzed the 

ECC reduction effect by calculating the surface current densities 

(𝐽 ) on the suspended line. For this purpose, the observation 

points for calculating 𝐽  on the suspended line of the 

high/low ECC model were set up. As shown in Fig. 7(a) and (b), 

the center of the suspended line was chosen for the high and 

low ECC models, respectively. 

Fig. 8(a) shows the calculated magnitude of 𝐽  at the cen-

ter point 1 for the high and low ECC models. It is interesting 

to note the abrupt changes at the lowest ECC frequency. The 

null of the ECC of the two models was located at the point 

where the magnitude of the surface current density changed 

sharply. On this basis, we can confirm that the two indicators 

have a certain relationship. To further analyze the relationship 

between 𝐽  and ECC, the magnitude of 𝐽  was differen-

tiated with respect to the frequency and then compared with the 

ECC curves, as presented in Fig. 8(b).  

The differentiated response of 𝐽  showed a phenomenon 

in which the value rapidly decreased at the minimum ECC fre-

quency, while a constant value was maintained. This result sup-

ports the cancellation of the surface currents flowing from one 

antenna to another due to a 180° out-of-phase condition as the 

frequency varies. 

For the high ECC model, the 180° out-of-phase frequency 

 

(a) 
 

(b) 

Fig. 7. Surface current density calculation point for the (a) high 

ECC model and (b) low ECC model. 

|
|

|
|
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(a) 
 

(b) 

Fig. 8. Comparison of the ECC and 𝐽  calculated at point 1: (a) 

ECC and magnitude of 𝐽  and (b) ECC and derivative 

of 𝐽 . 

 
band (i.e., 𝐽  abruptly changing band) is narrow and located 

next to the frequency of interest (0.8 GHz). Therefore, the 

ECC at 0.8 GHz is high. Conversely, the 180° out-of-phase 

band of the low ECC model is smooth and broad, resulting in a 

broader low ECC frequency response.  

We performed a parametric study to further investigate the 

relationship between the ECC and the derivative of 𝐽 . Spe-

cifically, the length of the suspended line and the length of the 

antenna, which greatly affect the MIMO antenna’s ECC, were 

set as the design parameters, as shown in Fig. 9. Accordingly, L 

was set as the variable for adjusting the length of the antenna, 

and YY was set as the variable for adjusting the length of the 

suspended line. As the width of the antenna and the thickness 

of the suspended line had no significant effect, they were not 

considered as design parameters for the parametric study. 

Fig. 10 presents the parametric study results of the high ECC 

model. For the parametric study, the L and YY values of the  

(a) 
 

(b) 

Fig. 9. Design parameters for parametric studies: (a) high ECC 

model and (b) low ECC model. 

 

high ECC model were varied from 25.5 mm to 29.5 mm and 

from 5.5 mm to 9.5 mm, respectively, and the resulting varia-

tion profiles for the ECC and the derivative of 𝐽  were 

shown. Fig. 10(a), (b), and (c) illustrate the variation of the 

ECC and the derivative of 𝐽  according to the change in the 

design variable L. As the L value increases, the null of the two 

indicators shifts to the low-frequency band, similar to the de-

crease in antenna resonant frequency shifts as the antenna 

length increases. 

Fig. 10(d), (e), and (f) illustrate the variation in the ECC and 

the derivative of 𝐽  according to the change in the design 

variable YY. As YY increases, the bandwidth around the null of 

the ECC widens from 50 MHz to 70 MHz. This phenomenon 

occurred because the impedance of the suspended line decreased 

as the YY value increased, and accordingly, the amount of the 

surface current flowing through the suspended line changed. 

Considering the above, the ECC minimum frequency and 

bandwidth can be controlled by L and YY, which are the length 

of the antenna and suspended line, respectively.  

In the same way, we performed a parametric study on the low 

ECC model, and the results are presented in Fig. 11. For the 

parametric study of the low ECC model, the L and YY values 

were varied from 23.7 mm to 27.7 mm and from 12.5 mm to 

16.5 mm, respectively. Fig. 11(a), (b), and (c) illustrate the var-

iation of the ECC and the derivative of 𝐽  according to the 

change in L. Similar to the high ECC model, as the L value 

increases, the null of the two indicators shifts together to the 

low-frequency band. 
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Fig. 11(d), (e), and (f) show the variation of the ECC and the 

derivative of 𝐽  according to the change in YY. As YY in-

creases, the bandwidth around the null of the two indicators 

widens from 100 MHz to 140 MHz. From the parametric 

study results of the two models for the design variable YY, the 

length of the suspended line determines the low ECC band-

 
(a) (b) (c) 

 

 
(d) (e) (f) 

Fig. 10. Variation of the ECC and the derivative of 𝐽  according to the change in design parameters of the high ECC model. (a) L = 

25.5 mm, (b) L = 27.5 mm, (c) L = 29.5 mm, (d) YY = 5.5 mm, (e) YY = 7.5 mm, (f) YY = 9.5 mm. 

 

 
(a) (b) (c) 

 

 
(d) (e) (f) 

Fig. 11. Variation of the ECC and the surface current, which is differentiated in terms of frequency according to the change in the design 

parameters of the low ECC model. (a) L = 23.7 mm, (b) L = 25.7 mm, (c) L = 27.7 mm, (d) YY = 12.5 mm, (e) YY = 14.5 mm, 

(f) YY = 16.5 mm. 
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width. 

IV. CONCLUSION 

In this paper, we analyzed the relationship between ECC, 

𝐽 , and its derivative of a MIMO antenna connected with a 

suspended line. A pair of two-port MIMO antenna models 

exhibiting high and low ECC values were designed by inserting 

a short and long suspended line between the antenna elements. 

For each model, the antenna prototype was fabricated, and its 

S-parameters and radiation patterns were measured. With the 

measured 3D radiation patterns, the ECC was calculated and 

compared with the simulation results. The ECC reduction ef-

fect could be clearly observed in different ways for the high and 

low ECC models. The high ECC model showed an abrupt 

change in ECC along the frequency, whereas the low ECC 

model showed a relatively smooth change in ECC, resulting in 

a wider ECC minimum bandwidth.  

These abrupt and smooth variations along the frequency 

turned out to be related to the profile of the 𝐽  magnitude 

and its derivative in terms of frequency. This dispersive phe-

nomenon is similar to the group delay, which is the phase deriv-

ative in terms of frequency. In fact, the ECC reduction effect 

due to the suspended line can be explained by the negative 

group delay phenomenon with a circuit, including lossy loads 

[13]. The latter can be considered as the MIMO antennas with 

high-radiation losses for the current study. By adding the sus-

pended line, which is low loss, between these lossy antennas, the 

overall circuit becomes highly dispersive, and the group delay 

between the two ports exhibits a negative sign in a limited fre-

quency range (i.e., the phase of S21 increases as the frequency 

increases).  

To further investigate the relationship between the ECC and 

the derivative of 𝐽 , the changes in these two indicators were 

observed by varying the length of the MIMO antenna and that 

of the suspended line. The results show that the ECC minimum 

frequency can be adjusted by the antenna length and that the 

ECC minimum frequency bandwidth is controllable by the sus-

pended line length. We believe that these results can provide 

meaningful insights for MIMO antenna designers in the field. 
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I. INTRODUCTION 

Recently, developments in wireless communication technolo-

gy have seen a diversification of the communication services 

provided to single mobile terminals. Accordingly, dual- and 

multi-band microwave components are preferred for such 

communication systems [1], and many dual-band dual-mode 

filters have been studied [2–5]. To realize dual-band dual-mode 

characteristics, a new method of cascading two resonators has 

been presented [2], as well as, elsewhere, a substrate-integrated 

waveguide structure [3], a stepped-impedance stub resonator [4], 

and a stepped-impedance resonator and embedded coupled-line 

[5]. However, none of these structures can adjust the two reso-

nant frequencies independently. 

To address this, a dual-band dual-mode bandpass filter (BPF) 

based on a multi-layer structure has previously been designed [6, 

7]. Dual-band operation can thereby be obtained by separately 

implementing a resonator on each of the two substrates; this 

structure is advantageous in that each operating band can be 

controlled independently. However, the multi-layer structure 

faces other challenges in terms of adjusting the alignment be-

tween the resonators on the different layers. 

A dual-band dual-mode BPF implemented on a single layer 

is preferred because it is simpler in structure and easy to fabri-

cate. Generally, to obtain a dual-band characteristic on a single-

layer, an electrical path for each operating band must be imple-

mented separately [8–10].  

In this study, a novel dual-band dual-mode BPF based on a 

single microstrip ring resonator was designed. Unlike conven-

tional dual-mode filters that use ring resonators, this filter can 

easily obtain a dual-band characteristic by using a non-uniform 

linewidth ring without an additional perturbation structure. In 

the proposed filter, the dual-band characteristic is obtained by 

simultaneously applying an inductor and a capacitor to the gap, 

and by combining various inductor and capacitor values, the 

frequency ratio of the filter can be adjusted from 1.31 to 1.83. 

 

A Novel Dual-Mode Dual-Band Bandpass Filter  

Based on a Single Ring Resonator 
Youngje Sung* 

 

 
   

Abstract 
 

In this paper, a dual-mode bandpass filter that operates in two different bands is proposed. A circular patch with a small circular hole is 

set as the basic resonator, and, as the circular hole moves, the linewidth of the ring resonator becomes non-uniform. Consequently, the 

ring resonator is structurally asymmetric and exhibits a dual-mode characteristic. A gap is formed in the middle of the resonator, a pair of 

inductors and capacitors is applied to the gap, and the proposed dual-mode structure operates as a dual-band filter. The first resonant 

frequency f1 is determined by the inductor and capacitor values, and the second resonant frequency f2 is determined by the capacitor val-

ues. In addition, the frequency ratio (f2/f1) can be adjusted by an appropriate combination of inductor and capacitor values. 
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II. GEOMETRY 

Fig. 1 shows the proposed dual-band dual-mode BPF using a 

single ring resonator with a non-uniform linewidth. The pro-

posed filter structure is implemented using a substrate with a 

dielectric constant of 10.2 and a thickness of 50 mil, and size 

1005 Murata chip inductors and capacitors are used.  

If the linewidth of the ring resonator is constant, the structure 

operates as a single-mode filter. Typically, to obtain a dual-

mode characteristic using this structure, a cut or stub is applied 

to change the line impedance at 45° and 135° with respect to the 

input and output stages. In the proposed structure, the line-

width of the ring resonator is unevenly formed, and the line 

impedances at 45° and 135° are automatically changed with re-

spect to the input and output stages, thereby realizing the dual-

mode characteristic. 

The feed is implemented by a circular arc, and the linewidth 

of the feed is set to w. The gap between the feed line and the 

resonator is set to g, and the angle is set to . In this study, the 

parameters of the feed structure are optimized using an HFSS 

simulator. 

Fig. 2 compares the frequency response of the proposed filter  

 

 
Fig. 1. The proposed dual-band dual-mode filter. 

 

 
Fig. 2 Simulated frequency responses with different dual-mode filters. 

in structures where only the inductor (“Inductor only”) or the 

capacitor (“Capacitor only”) is applied. 

As shown, the resonant frequency of the filter is formed at 

1.55 GHz in the case of the inductor-only filter. As the capaci-

tor is added, the resonant frequency of the filter is lowered to 

the 1.3 GHz band which is the first resonant frequency of the 

proposed filter. The first resonant frequency can therefore be 

adjusted by changing the capacitor or inductor value. Mean-

while, the frequency response near 1.95 GHz, the second reso-

nant frequency, is similar to that of the capacitor-only structure. 

This demonstrates that the second resonant frequency of the 

proposed structure is determined by the capacitor value. 

III. PARAMETER STUDY 

Fig. 3 shows the simulated frequency response with different 

inductors L. At this time, C is fixed at 2.8 pF. The other pa-

rameters are as follows: R1 = 12 mm, R2 = 8 mm, s = 2 mm, d1 

= 3 mm, d2 = 1 mm, g = w = 0.2 mm, and  = 60. Although 

not shown, resonance does not appear in the low frequency 

band when inductors are absent, only appearing at 1.95 GHz. 

When the inductor value is 0.3 nH, a weak resonance is formed 

at 1.37 GHz. As the inductor value becomes larger, resonant 

frequency in the low frequency band decreases, and the two 

resonance modes are gradually split. At the same time, there is 

almost no change in the high frequency band. To obtain a 

proper dual-mode characteristic in the low-frequency band, L is 

therefore selected at 0.5 nH. 

Fig. 4 shows the simulated frequency response with different 

capacitors C. At this time, the 0.5 nH inductor L is applied, and 

the other parameters are the same as above. As the capacitor 

value increases, the frequency response of both bands tends to 

decrease simultaneously. As C increases, the two resonances 

split in the low frequency band but combine in the high fre-

quency band. 
 

 
Fig. 3. Simulated frequency responses with different inductors L. 
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Fig. 4. Simulated frequency responses with different capacitors C. 

 

Fig. 5 shows the frequency response of the proposed filter as 

the distance s changes. As s increases, the low frequency band 

decreases downward, but the high frequency band barely chang-

es. Further, as s increases, the two resonances tend to combine 

in the two bands. The process of designing the proposed dual-

band dual-mode BPF can therefore be presented as follows: 
 

(1) Set R1, R2, and s;  

(2) Set C to exhibit high frequency dual-mode characteristic;  

(3) Add L to the gap to implement dual-mode characteristic 

in the low frequency band. The capacitor value C in the 

previous step will requires slight tuning;  

(4) Optimum results can be obtained by tuning the feed. 
 

According to this design strategy, various L and C combina-

tions are applied to the original structure (Fig. 1), and the results 

are presented in Fig. 6. 

The parameter s is adjusted to obtain the appropriate filter 

characteristic. As L and s increase, the resonant frequency in the 

low and high bands decrease and increase, respectively. Mean- 

while, as C increases, the resonant frequency in the low and 

 

 
Fig. 5. Simulated frequency responses with different distances s. 

 
Fig. 6. Simulated frequency responses with various combinations of 

L and C. 

 

high bands increases and decreases, respectively. As a conse-

quence, the frequency ratio between the two operating bands 

changes. 

IV. SIMULATED AND MEASURED RESULTS 

Fig. 7 shows the simulated and measured frequency responses 

of a fabricated filter. The parameters here are R1 = 12 mm, R2 

= 8 mm, s = 2 mm, d1 = 3 mm, d2 = 1 mm, g = w = 0.2 mm,  

= 60, L = 0.5 nH, and C = 2.8 pF. 

The measured passbands are centered at 1.31 GHz and 1.97 

GHz with a 3-dB fractional bandwidth of 1.1% and 3.4%, re-

spectively. The simulated minimum insertion losses of each 

band are –1.71 dB and –2.1 dB while the measured minimum 

insertion losses are –1.86 dB and –2.32 dB. Three transmission 

zeros with frequency locations of 1.23 GHz, 1.53 GHz, and 

2.01 GHz can be clearly observed, providing sharp band-to-

band rejection. 

The slight discrepancy in these results is attributed to fabrica-

tion tolerance as well as the SMA connectors which were not 

 

 
Fig. 7. Simulated and measured results of the proposed filter. 
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Fig. 8. The fabricated dual-band dual-mode filter. 
 

considered in the simulation. The existence of insertion loss is 

mainly due to conductor and dielectric circuit losses and could 

be improved by more careful fabrication and better measure-

ment technology. Fig. 8 presents the fabricated dual-band dual-

mode filter. 

V. CONCLUSION 

We have proposed a novel dual-band dual-mode BPF using a 

ring resonator with non-uniform linewidth. The operating prin-

ciples of the proposed filter are presented above, and the non-

uniform linewidth of the ring is created by off-setting the patch 

and hole centers. The proposed filter is characteristically dual-

mode; inductors and capacitors are applied to the gap, causing 

the filter to operate in two different bands. In addition, the fre-

quency ratio of the proposed filter can be adjusted from 1.31 to 

1.83 through various combinations of inductor and capacitor 

values. 
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I. INTRODUCTION 

The meridian system in acupuncture and moxibustion 

(A&M) medicine has great significance in traditional Chinese 

medicine (TCM) and is one of its most fundamental theories. 

These techniques have had a history of use of 5 millennia in 

East Asia. Since ancient times scholars in this part of the world 

have seen the human body and nature as one, an idea related to 

the concept of Yin and Yang. Any health issue is thought to be 

the result of an unbalanced Yin-Yang, and as such, the result and  

role of medicine is to rebalance this Yin-Yang through various 

means. These ideas about balance and connectedness lead to 

theories about information lines that connect the materials con- 

stituting the human body, therefore, it is important to identify 

and reinforce the existence of these lines. In TCM the basic 

substances composing the human body are said to include the 

Qi (which could be translated as bioenergy), blood and essence. 

As a part of TCM external medicine, the function of A&M is 

often to extract unbalanced Qi from the patient’s body through 

certain, specific acupuncture points (acupoints) that exist on the 

body’s “meridian”. Depending on the patient’s complaint, the  

 

Existence of High Frequency Electricity at Acupoints  

and Meridian Flow Observations via the  

Frequency Spectrum 
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Abstract 
 

We revealed the existence of high frequency (HF) electricity flowing through the meridians known to oriental medicine by observing 

these signals at various acupoints on the human body. This was clearly and scientifically demonstrated by recording the frequency spec-

trum at these acupoints using a spectrum analyzer. The analysis of the measured spectrum found in 5 particular acupoints of each of the 

12 meridians showed that a flow exists in these acupoints that could be measured with a spectrum frequency between 1 MHz and 80 

MHz and an intensity of –70 to –60 dBm. Since the presence of these spectrums can be equated with the presence of electricity, we can 

emphatically conclude that high frequency electricity exists in humans and flows through the acupoints used in oriental medicine. The 

same characteristic frequency spectrums were found at all the acupoints along the same meridian and were shown to have the same type of 

HF current flow. In this way, we were able to confirm the existence of meridian flow in a scientific manner. In addition, it was found that 

as the distance from the organ increased, the intensities of the spectrum measured on that meridian decreased, which is exactly the behav-

ior electrical transmission line theory would predict. 

Key Words: Acupoint, Acupuncture, Frequency Spectrum, HF Electricity, Meridian.   
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TCM practitioner will determine the appropriate acupoints to 

use. Therefore, we can think of A&M medicine as an optimized 

stimulation therapy through which the body balances itself [1–

6]. The meridian system is the circulation system for Qi; it con-

sists of lines that vertically and horizontally wrap around the 

body and connect our internal organs to the body surface. There  

is a constant flow of Qi passing through the meridian of a 

healthy individual. The acupoints on the body surface are points 

on this meridian, and these points can collect and store Qi cy-

cling in from internal organs. These points react when the body 

has a disease but can also be used as preventive and treatment 

points for disease. An acupoint is also referred to as a biological 

action point (BAP). There are 361 acupoints present on the me-

ridian, based on the standard proposed by the World Health 

Organization (WHO). To find these points exactly, we use ei-

ther a proportional measurement to calculate the position using 

the skeleton as a reference or we use finger measurements in 

which the width of the finger is used as a reference distance 

from a landmark spot. An investigation that used acupoints 

identified with an arrow found that acupuncture and moxibus-

tion are more effective when applied to the correct, traditional 

acupoints. Unfortunately, finding the somewhat subjective posi-

tion of acupoints is unscientific. Due to the debate surrounding 

the existence of certain acupoints, and how scientific the treat-

ment is, most countries currently use acupuncture as a form of 

complementary and alternative medicine (CAM) in tandem 

with conventional treatment. A&M is even used in the armed 

forces of some countries. Numerous research papers have dis-

cussed the effect and mechanisms of acupuncture. 

To scientifically explain the effects of acupuncture, we first 

need to investigate the characteristics of the human meridian 

and acupoints. Studies have been performed on electrical prop-

erties found at the meridian and acupoints. Conduction current 

[2, 7–10] and electrodermal characteristics [11–16] have all been 

measured at the acupoints. Although these have produced inter-

esting results, acupoints and the concept of meridians have yet 

to be characterized in a scientific, measurable manner. All such 

attempts to do so have been based on looking at DC (direct 

current) or low frequency range (3–5 kHz) electrical signals. 

Studies to determine the operation of acupoints as electrical 

circuit components have also been undertaken. Skin resistance, 

conductance, impedance, susceptance, bio-electric potential and 

DC voltage at acupoints and on the meridians have all been 

measured [4, 17–26]. The values and characteristics expressed by 

circuit elements have yet to sufficiently explain the effect of 

A&M or the flow of the meridian system on the human body. 

Other researchers have looked at the effects or color phenomena 

between meridians using special cameras in the infrared or visi-

ble ranges [27–31]. Meridians have been represented using an 

impedance matching and mismatching model based on the 

transmission line theory from electrical engineering, and have 

also been expressed using a mesh reticular model [32, 33]. 

In this study, we present evidence showing the existence of 

high frequency (HF) electricity at human acupoints. This is an 

important step toward understanding the meridian flow system 

that has been fundamental to oriental medicine since ancient 

times. The presence of HF electricity was measured using a 

spectrum analyzer and each meridian described according to its 

own frequency spectrum. By comparing the measured spectrum 

in the same meridian, the meridian flow that is the basis of pre-

sent day oriental medicine and is described in ancient literature 

is proven to exist. The measured spectrum intensities show that 

Qi originates from the corresponding organ and is transmitted 

according to the characteristics of transmission line theory in 

electrical engineering. Due to the very small spectrum intensity 

at acupoints, all measurements were taken in an anechoic shield-

ing room to be exact and avoid external noise. The equipment 

used was a FSH6 spectrum analyzer (100 kHz to 6 GHz) man-

ufactured by Rohde & Schwarz, Munchen, Germany. The 0.2 

mm × 50 mm (diameter × length) stainless steel needles con-

nected with an alligator clip to a BNC radio Frequency (RF) 

cable were used for the spectrum measurements. HF spectrum 

were measured at 5 particular acupoints on 12 meridians in both 

male and female test subjects. Measurements for the meridian 

flow were taken in the main acupoints of the same 12 meridians. 

The spectrum measurement method was verified in two previ-

ous studies [34, 35], and this paper was prepared by combining 

those two pieces of research. 

This paper presents, in Section II, the measurement of the 

HF spectrum and in Section III the spectrums are shown to be 

different when the meridians are different. In Section IV, we 

reveal the meridian flow. 

II. MEASUREMENT OF HF SPECTRUM AT ACUPOINT 

In this study, HF spectrums at acupoints on the meridian are 

measured using a spectrum analyzer. A total of 60 points of 5 

types are tested: primary point, cleft point, connecting point, 

front alarm point, and a back associated point on the 12 meridi-

ans, e.g., from the lung meridian of hand-Taiyin to the liver me-

ridian of foot-Jueyin. A BNC RF cable is used to connect the 

needle and spectrum analyzer. These particular acupoints are 

commonly used in acupuncture for various kinds of disease 

treatment. A Dongbang needle made from stainless steel with a 

0.2 mm × 50 mm (diameter × length) is used to perform the 

measurements.  

To remove unwanted external noise from the data, we took all 

measurements in a room with anechoic shielding. This kind of 

anechoic shielding room is generally used to measure antenna 

radiation characteristics [36] and electromagnetic interference 
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(EMI). The anechoic shielding room used for the measurements 

is shown in Fig. 1. The specification for frequency range of the 

anechoic room is from 400 MHz to 6 GHz. This frequency 

specification is the frequency ranges for anti-reflection by the 

electromagnetic wave absorption. In accordance with IEEE-

299 regulation, the anechoic shield room used in this study has 

a shielding effectiveness of 110 dB up to 100 MHz. 

Fig. 2 shows two spectrums measured inside and outside the 

anechoic shielding room. The measurements were taken by 

connecting a BNC cable to the spectrum analyzer and attaching 

an alligator clip to the center of the needle handle. 

As shown in Fig. 2(a), there is a wide-band noise spectrum of 

frequency on 20–40 MHz and 60–80 MHz that is introduced 

when measurements are recorded outside the anechoic shielding 

room. As such, any measurements taken in such conditions 

might introduce an error in the frequency spectrum of the hu-

man acupoints, and this measurement data then becomes unre- 
 

 

Fig. 1. Anechoic shielding room where measurements were taken. 

 

(a) 
 

(b) 

Fig. 2. Frequency spectrum outside (a) and inside (b) of the ane-

choic shielding room. 

liable. However, the interior of the room is free from noise, as 

shown in Fig. 2(b). 

The measurements were made from acupoints on both male 

and female subjects. The man and woman tested were 61 years 

old, 75 kg and 63 years old, 58 kg, respectively. The results of our 

analysis will be presented in Sections III and IV.  

Fig. 3 shows the measured spectrum at SI4, a primary acu-

point of the small intestine meridian of hand-Taiyang. SI4 is the 

WHO standard acupuncture point location for Wangu (or wrist 

bone in English) [37]. Fig. 3(a) and (b) are for a male and a fe-

male, respectively. The detailed spectrum strengths versus fre-

quencies are -51.5 dBm (7 × 10–9 W) in the 1–5 MHz range, -57 

dBm (2 × 10–9 W) at 13 MHz, -59 dBm (1.3 × 10–9 W) at 24 

MHz, -61 dBm (7.9 × 10–10 W) at 30 MHz, -65 dBm (3.2× 

10–10 W) at 40 MHz, -68 dBm (1.6 × 10–10 W) at 60 MHz, 

and -69 dBm (1.3 × 10–10 W) at 70 MHz. The spectrum 

shows various strengths in 1–80 MHz frequency range. In the 

case of the female subject in Fig. 3(b), a similar spectrum to the 

man is found up to 20 MHz, but it is completely different be-

yond a frequency of 20 MHz. The spectrum strengths in Fig. 3 

are relative values. For the absolute values of strength, we must 

consider the impedance matching with the ohmic losses for the 

BNC clip and needle. Since this study compares the trends of 

the measured frequency spectrums, the relative values of streng-

th may be sufficient. However, as described above, we can see 

various HF spectrums ranging from 1 MHz to 80 MHz meas-  
 

(a) 
 

(b) 

Fig. 3. Measured frequency spectrum at a primary point (SI4) on 

small intestine meridian of hand-Taiyang for a male (a) and 

a female (b). 
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ured at the acupoints, as well as a very complicated HF electrici-

ty with various frequency components.  

III. DIFFERENT FREQUENCY SPECTRUMS BETWEEN  

THE MERIDIANS 

To investigate the frequency spectrum characteristics between 

the meridians, we compared the spectrums of the 60 pieces of 

measured frequency spectrum data. First, the spectrum at each 

primary acupoint of the 3 Yin meridians on the hand are shown 

in Fig. 4. More specifically, the lung meridian of hand-Taiyin, 

heart meridian of hand-Shaoyin, and pericardium meridian of 

hand-Jueyin were measured. The peak portion of each spectrum 

is represented by a dashed line for easy comparison. 

Fig. 4(a) shows the frequency spectrum at LU9 on the prima-

ry acupoint of the lung meridian of hand-Taiyin. It has a wide 

band spectrum at frequencies of 1–20 MHz and 25–45 MHz, 

and there is no apparent spectrum over a frequency of 60 MHz. 

On the other hand, the spectrum of HT7, which is the primary 

acupoint of the heart meridian of hand-Shaoyin, has a narrow 

frequency bandwidth at 1–10, 15, 25, 30, 40, 60, and 70 MHz, as 

shown in Fig. 4(b). Fig. 4(c) shows the spectrum of PC7, the 

primary acupoint of the pericardium meridian of hand-Jueyin. It 

is different compared to the spectrum for LU9 and HT7. 

Therefore, the spectrums of the three acupoints found on the 

inner wrist that are within 2 cm of each other can be seen to be 

quite different. These remarkable differences are ultimately due 

to differences in the meridian, which is demonstrated in the 

next section by showing that the frequency spectrum of the acu-

points of the same meridian have the same or a similar spectrum. 

While the 3 Yin meridians of the hand are found on the inside 

of the arm and hand, the 3 Yang meridians of the hand are 

found on the outside of the arm and the hand.  

Fig. 5 shows the measured frequency spectrum at each prima-

ry acupoint for the 3 Yang meridians of the hand.  

The frequency spectrum at LI4, which is the primary acu-

point of the large intestine meridian of hand-Yangming is 

shown in Fig. 5(a). It has a wide frequency band and a large 

intensity both at 1–15 MHz and 30–40 MHz. However, the 

frequency spectrum at SI4 shown in Fig. 5(b) has a narrower 

band and a lower intensity, around 40 MHz lower than that  

seen for LI4. SI4 is the acupoint of the small intestine meridian 

of hand-Taiyang. Fig. 5(c) shows the frequency spectrum at 

TE4, which is the primary acupoint of the Sanjiao meridian of 

hand-Shaoyang; we can see it has a narrower band than LI4 and 

SI4. Like the 3 Yin meridians, we can see the 3 Yang meridians 

show quite different spectrum characteristics despite the fact 

that they are close to each other. They show these different HF 

electrical characteristics due to their locations on different me-

ridians. 

The Qi from the meridian of hand-Yin to the meridian of 

hand-Yang passes down to the meridian of foot-Yin through   

each organ. Fig. 6 shows the measured frequency spectrum of 

each primary acupoint on the 3 Yin meridians of the foot. 

    

 

 

 
(b) 

 

(c) (a) 

Fig. 4. Frequency spectrum on (a) LU9, (b) HT7 and (c) PC7. The red dashed lines in this and all subsequent frequency spectrum figures 

are the spectrum envelopes, which are the maximum connection lines of the spectrum strength. 

 

 
(a) (b) (c) 

Fig. 5. Frequency spectrum on (a) LI4, (b) SI4, and (c) TE4. 
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The frequency spectrum at SP3, which is the primary acu-

point of the spleen meridian of foot-Taiyin, is shown in Fig. 6(a). 

In the frequency band of 20–60 MHz, Fig. 6(a) is different than 

the spectrum at KI3 in Fig. 6(b) and LR3 in Fig. 6(c), which are 

the primary acupoints at the kidney meridian of foot-Shaoyin 

and the liver meridian of foot-Jueyin, respectively. Even at 70 

MHz, the spectrum positions and intensities of the three acu-

points are different, showing a clear difference in the type and 

intensity of the HF electricity flowing through them.  

Finally, let’s look at the frequency spectrum of the 3 Yang me-

ridians of the foot. Fig. 7 shows the frequency spectrums at 

ST42, BL64, and GB40, which are the primary acupoints of the 

stomach meridian of foot-Yangming, bladder meridian of foot-

Taiyang, and gallbladder meridian of foot-Shaoyang, respectively. 

The frequency spectrum in Fig. 7(a) is narrow with high in-

tensity characteristics at frequencies of 1–5, 10, 25, and 40 MHz. 

It is wide with low intensity at 60 MHz. For BL64 in Fig. 7(b), 

we can see a wide bandwidth. GB40 is characterized by a nar-

row in the low frequency band and a narrow but high intensity 

spectrum from 50–60 MHz. 

As described above, in the cases of the 3 Yin meridians of the 

hand, the 3 Yang meridians of the hand, the 3 Yin meridians of 

the foot and the 3 Yang meridians of the foot, all have a fre-

quency spectrum characteristics that are quite different. This 

means that Qi, in the form of HF electricity, flows through the 

human body, and the characteristics of this electricity, such as 

the waveforms and the frequency spectrum, are different for 

each of the meridians. 

IV. REVEALING THE MERIDIAN FLOW PATH 

To reveal the mechanism of acupuncture therapy, it is first 

necessary to determine which energy exists at the acupoints and 

also confirm the phenomenon of meridian flow. In this study’s 

previous chapter, we have shown by measurement with a spec-

trum analyzer in an anechoic shielding room that HF electricity 

exists at the acupoints. The existence of meridians will be ad-

dressed in this chapter. In the previous chapter, we saw that the 

frequency spectrum found on one meridian differs from those of 

the other meridian’s acupoints. If the frequency spectrum at the 

acupoints on the same meridian are the same or similar to each 

other, they may have the same electrical characteristics. This 

means that the existence of the meridian is proven by HF elec-

tricity in the meridian, and by comparison of the frequency 

spectrum.  

Fig. 8 shows the acupoints and pathways of the lung meridian 

of hand-Taiyin. The measured frequency spectrum from 

Zhongfu (LU1), the first acupoint on the lung meridian of 

hand-Taiyin, to Shaoshang (LU11), the last, are shown in Fig. 9. 

The lung meridian of hand-Taiyin has 11 acupoints, and it 

flows toward the fingers in both the left and right arm from the 

lungs. While measuring in the left arm, the 4th acupoint, LU4, 

was skipped due to it being so near to the location of the 3rd 

acupoint, LU3. The important acupoints of the lung meridian of 

hand-Taiyin are Zhongfu (LU1) of the front alarm point, Chize 

(LU5), Kongzui (LU6) of the cleft point, Lieque (LU7) of the 

connecting point, Jingqu (LU8), Taiyuan (LU9) of the primary  

 

 (a) (b) (c) 

Fig. 6. Frequency spectrum on (a) SP3, (b) KI3, and (c) LR3.

 

    
(a) (b) (c) 

Fig. 7. Frequency spectrum on (a) ST42, (b) BL64, and (c) GB40.
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Fig. 8. Pathways and acupoints for the lung meridian of hand-

Taiyin. 

 

point, Yuji (LU10) and Shaoshang (LU11). The frequency spec-

trum at LU1, as shown in Fig. 9(a), shows a narrow bandwidth 

for each of the frequencies of 1–5, 10, 30, 40, and 65 MHz. This 

spectrum tendency is similar to all of the other acupoints. Al-

though the intensities of the measured powers, which is the 

magnitude of the frequency spectrum, are slightly different, the 

spectrums are basically the same in that the frequency compo-

nents are the same. It is clear that this similarity of form is sig-

nificant when we compare these results to those seen in Fig. 4, 

which shows that the frequency spectrum of the 3 Yin meridi-

ans on the hand had quite different basic characteristics due to 

their locations on different meridians despite their physical 

closeness. Therefore, these frequency spectrums confirm that 

measurements taken on eleven acupoints of the same meridian 

will display similar characteristics. In this way we can only con-

clude that these points of the lung meridian of hand-Taiyin lie 

 
(a) (b) (c) 

 

 
(d) (e) (f) 

 

 
(g) (h) (i) 

 

 
 (j) 

Fig. 9. Frequency spectrum at acupoints of (a) LU1, (b) LU2, (c) LU3, (d) LU5, (e) LU6, (f) LU7, (g) LU8, (h) LU9, (i) LU10, and (j) 

LU11 on the lung meridian of hand-Taiyin. 
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on a single transmission line of HF electricity that travels 

throughout the body. The spectrums of LU1 and LU2, which 

are close to the lungs, have high intensity, which reduces as you 

move farther away from the lungs. This phenomenon is the 

same as that seen in transmission line theory of electrical engi-

neering; the signal waveform becomes weaker as it goes farther 

from the source. This indicates that the Qi energy originates in 

the lungs and radiates out through the lung meridian.  

In this study, a total of 361 acupoints on 14 meridians were 

measured. The flow through the Yin-Yang meridian in the up-

per and lower half of the body and also the conception vessel 

theory was investigated. The upper half Yin-Yang meridians 

investigated were the lung meridian of hand-Taiyin, shown in 

Fig. 8, and the large intestine meridian of hand-Yangming, 

shown in Fig. 10. The liver meridian of foot-Jueyin and the 

stomach meridian of foot-Yangming for the lower half of the 

body were also measured. 

Fig. 10 shows the acupoints and pathways of the large intes-

tine meridian of hand-Yangming. This meridian has a total of 

20 acupoints from Shangyang (LI1), located 0.1 chon (1 chon = 

the length of one horizontal row of finger, about 1.4–1.8 cm) 

from the nail of the forefinger, to Yingxiang (LI20), located on 

the flank outside the nose. 

The measured frequency spectrum for 11 acupoints are show-

ing in Fig. 11: Shangyang (LI1), Sanjian (LI3), He Gu (LI4), 

Yangxi (LI5), Wenliu (LI7), Shousanli (LI10), Quchi (LI11), 

Binao (LI14), Jianyu (LI15), Futu (LI18), and Yingxian (LI20). 

In Fig. 11, the frequency spectrum intensity of LI1, the point 

farthest from the large intestine, is smaller than that of LI14 or 

LI15, which are located nearby. Since the intensity of the spec-

trum closer to the large intestine becomes greater, the HF elec-

tricity at these points is strong. This tells us that Qi comes from 

the large intestine, which is the corresponding organ to the 

measured meridian. This gives an especially excellent explanat- 
 

 
Fig. 10. Pathways and acupoints for the large intestine meridian of 

hand-Yangming. 

ion of why the frequency spectrum of LI20, beside the nose, is 

stronger than at LI1 on the finger. All acupoints on the large 

intestine meridian of hand-Yangming have frequency compo-

nents at 1–5, 10, 25, 30, 40, 55, and 65 MHz.  

Fig. 12 shows the pathways of the liver meridian of foot-

Jueyin from LR1 to LR14, and the acupoints on that pathway. 

The liver meridian of foot-Jueyin in Fig. 12 depicts a flowing 

pathway from Dadun (LR1) inside the big toe to Qimen 

(LR14), the 14th acupoint of a meridian that flows through the 

foot and leg. The measured frequency spectrum at 9 acupoints 

of this meridian are shown in Fig. 13. The frequency spectrums 

are significantly different from the lung meridian of hand-

Taiyin and the large intestine meridian of hand-Yangming, as 

seen in Figs. 9 and 11, respectively. The frequency spectrums in 

Fig. 13 show that these acupoints have frequency components at 

frequencies of 1–5, 15, 25, 30, 40, 60, and 70 MHz. Although 

the intensities of the frequency spectrum in Fig. 13(a)–(l) are 

not similar, the frequency components in the spectrum are the 

same. Therefore, we can conclude that the HF electricity comes 

from a single source, in this case the liver, and that the meridian 

operates as a transmission line that preserves the characteristics 

of the frequency components. Accordingly, we see a reduction in 

intensity as we move away from the signal source, just as scien-

tific transmission theory predicts. 

Fig. 14 shows the acupoints and pathway of the stomach in-

testine meridian of foot-Yangming. This meridian has a total of 

45 acupoints starting from Chengqi (ST1), located below the 

eyes, to Lidui (ST45), located at the end of the 2nd toe. 

The Qi that flows through the stomach meridian of foot-

Yangming originates from the large intestine meridian of hand-

Yangming and flows into the spleen meridian of foot-Taiyin. 

Acupoints on this meridian are used for various treatments of 

digestive problems, eye disease, problems of the facial nervous 

system and joint problems. Fig. 15 shows the frequency spec-

trum at 12 acupoints on this meridian. 

In the frequency spectrums of Fig. 15, we can see the intensi-

ties of the spectrum change according to the distance from the 

organ, in this case the stomach, but, unlike the other meridian 

tested, they are weaker near the stomach and stronger far from 

the stomach. In further detail, the spectrum intensities for ST4 

and ST7, located on the face and shown in Fig. 15(b) and (d), 

and for ST34 and ST36, located on the leg and shown in Fig. 

15(i) and (j), are larger than those at ST21, ST24, and ST25, 

which are shown in Fig. 15(e), (f ), and (g), respectively. This 

result could be anticipated given the fact that the response to the 

stomach is greater in the acupoints of the face and feet, which 

are farther from the stomach, as shown in literature [38] subject 

as Donguibogam External Appearance. Food stays in the stom-

ach for up to 2–3 hours (if the stomach is empty initially) and 

then proceeds down to other digestion organs. Therefore, 
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we might expect the Qi reaction to appear far away from the 

stomach. This may be related to lesions in the stomach that re-

late to abnormalities in the face or limbs. This should be studied 

in further detail in the future. However, all spectrums look to 

have the same frequency components: in the 1–30 MHz band, 

at 40 MHz, at 45 MHz and at 65 MHz. They have different 

characteristics than the spectrums of the other meridian, and it 

is significant that the frequency spectrum of Zusanli (ST36), 

shown in Fig. 15(j), the most important acupoint in A&M 

medicine, has strong and broad frequency band characteristics. 

Study of the therapeutic effects and how they are related to the 

frequency spectrums seen at certain acupoints of the various  

 

meridians needs to continue in the future. 

Finally, the conception vessel that belongs to the eight ex-

traordinary meridian and that controls all Yin meridian is inves-

tigated. Due to this, the acupoints of the conception vessel are 

widely applied in the treatment of diseases along with the acu-

points of the 3 Yin meridians of the hand and foot. Fig. 16 

shows the pathway and the acupoints of the conception vessel. 

The conception vessel has a total of 24 acupoints from Hui-

yin (CV1) near the anus through the center for the body to 

Chengjiang (CV24) between the lower lip and jaw. The meas-

ured frequency spectrums at 6 acupoints are shown in Fig. 17. 

Fig. 17(a)–(f ) shows the measured frequency spectrums at  

 
(a) (b) (c) 

 

 
(d) (e) (f) 

 

 
(g) (h) (i) 

 

  

 

(j) (k)  

Fig. 11. Frequency spectrum of acupoints at (a) LI1, (b) LI3, (c) LI4, (d) LI5, (e) LI7, (f) LI10, (g) LI11, (h) LI14, (i) LI15, (j) LI18, 

and (k) LI20 on the large intestine meridian of hand-Yangming. 
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Fig. 12. Pathways and acupoints for the live meridian of foot-

Jueyin. 
 

Zhongji (CV3), Guanyuan (CV4), Shimen (CV5), Zhongwan 

(CV12), Juque (CV14), and Shanzhong (CV17) on the concep-  

 
Fig. 14. Pathways and acupoints for the stomach meridian of foot-

Yangming. 

tion vessel, repectively. The frequency spectrums are tightly con-

figured so as to be narrow rather than wide. Although the 

 

 
(a) (b) (c) 

 

 

(d) (e) (f) 
 

   

(g) (h) (i) 

Fig. 13. Frequency spectrum of acupoints at (a) LR1, (b) LR2, (c) LR3, (d) LR5, (e) LR6, (f) LR8, (g) LR10, (h) LR13, and (i) LR14 on 

the liver meridian of foot-Jueyin. 
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Fig. 16. Pathway and acupoints for the conception vessel. 

 

intensities of the spectrum are not large, they all have the fre-

quency components found at the 3 Yin meridians of the hand 

and foot. This explains how the conception vessel has the ability 

to control the entire Yin meridian. If we examine the frequency 

spectrum in Fig. 17, it is absolutely clear that the acupoints on 

the conception vessel have frequency components that are all the 

same. In addition, the intensities are almost constant, which is 

explained neatly by the fact there is no corresponding organ of 

the conception vessel. 

V. CONCLUSION 

In this study, we revealed, by measurement of frequency spec- 

trums, the existence of HF electricity flowing through the very 

 
(a) (b) (c) 

 

 

(d) (e) (f) 
 

 
(g) (h) (i) 

 

 
(j) (k) (l) 

Fig. 15. Frequency spectrum of acupoints at (a) ST2, (b) ST4, (c) ST6, (d) ST7, (e) ST21, (f) ST24, (g) ST25, (h) ST28, (i) ST34, (j) 

ST36, (k) ST40 and (l) ST44 on the stomach meridian of foot-Yangming. 
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particular acupoints that are widely used in acupuncture and 

moxibustion. Analysis of the measured frequency spectrums 

leads naturally to the truth that there must be some kind of 

transmission line located exactly along the lines of the meridian 

known to TCM. The acupoints used for acupuncture treatment 

and therapy were found to contain various frequencies between 

1 MHz and 80 MHz with intensities of -70 to -60 dBm (10–10 

to 10–9 W). Different spectrums measured at each primary acu-

point of the 3 Yin meridians of the hand, 3 Yang meridians of 

the hand, 3 Yin meridians of the foot and 3 Yang meridians of 

the foot tell us that these 12 meridians have their own HF elec-

tricity flow. The same frequency spectrum characteristics found 

at the acupoints along the meridian show that the same HF 

current flow was being measured at various points along the 

meridian. From this we must conclude that the meridian oper-

ates just like transmission lines in electrical engineering. Thus, 

the meridian and acupoints used in oriental medicine coming 

from ancient times were verified through our investigation of 

spectrum measurements. The results of this study show that the 

changes in the HF spectrum at these acupoints as the result of a 

related disease is to be expected, and these kind of measure-

ments will become a cornerstone in the process of clarifying the 

mechanism of A&M treatment. In addition, finding the optimal 

combination of acupoints in the treatment of various patholo-

gies has exciting potential as a future research topic. 
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I. INTRODUCTION 

High-power microwave (HPM) systems have been actively 

studied. To design an HPM system, a high-gain antenna and 

HPM source are essential for high effective radiated power 

(ERP). Conventionally, reflectors, horns, and helical antennas 

[1–4] have been studied for use in HPM systems. These anten-

nas have robust structures to withstand very high power. Amo-

ng them, the reflector antenna, which has high-gain characteris-

tics, has a very large size. It has back lobe radiation due to spillo-

ver. Owing to the low front-to-back ratio (FBR) from spillover, 

the high back lobe causes a malfunction of the near system and 

radiation hazards for the person operating the device. For these 

high-gain antennas, one very high-power source is used. How-

ever, designing a high-power source is difficult and expensive 

[5]. In other words, arrayed medium-power sources and arrayed 

antennas are suitable for designing high-power sources, and 

arrayed antennas are appropriate for designing high-ERP mi-

crowave systems in terms of cost and design of the power source. 

Therefore, one large source generator is needed to substitute for 

several medium-power sources to generate a high ERP. A re-

flector antenna is also needed to reduce the back lobe in the 

HPM antenna design.  

In this paper, we report a 2 × 2 array synthesis horn antenna 

for an HPM system with an arrayed medium-level power 

source. A pyramidal horn antenna is designed at 2.45 GHz as 

an array antenna element. Then, the horn antenna is arrayed in 

a 2 × 2 configuration to apply an arrayed power source with an 

extended horn to obtain a high gain. To convert the mode from 

TE20 to TE10, the vertical junction of the array antenna is con-

trolled. The two-stepped and partitioned corrugate structures 

are attached to both apertures of the antenna to improve the 
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FBR. The simulated and measured results are described in the 

next section. 

II. ANTENNA DESIGN 

Genetic algorithms are widely used as an optimization design 

technique for antennas [6]. They are used for effective optimi-

zation while satisfying multiple design goals. Specific design 

variables are assigned to obtain the characteristics of the target 

horn antenna.  

Conversely, in this paper, the optimization design is carried 

out with CST Microwave Studio 2010 using the sequential 

design optimization method. This study begins with the design 

of a basic horn antenna based on theory, and the antenna pa-

rameters are individually optimized for the design. The final 

characteristics are derived by sequential optimization without 

using any algorithm.  

A pyramidal horn antenna, shown in Fig. 1(a), is designed at 

2.45 GHz through a simulation. A coaxial probe feed structure 

and a WR-340 waveguide are used for the feed. This feed struc-

ture can be changed according to the structure of the power 

sources. Here, we simply use the coaxial probe feed to easily 

verify the antenna performance. The input impedances are well 

matched below the return loss of 10 dB, and the 10 dB return 

loss bandwidth is measured within 74 MHz (1.94–2.68 GHz) 

for all ports. A gain of 10.2 dBi is obtained in the simulation.  

 

Fig. 1. Structure of the designed antenna: (a) basic pyramidal horn 

antenna, (b) 2 × 2 array horn antenna, (c) 2 × 2 array syn-

thesis horn antenna. 

The half-power beamwidths (HPBWs) of the E-plane and H-

plane are 50.4° and 59.8°, respectively. The size of the pyramidal 

horn antenna is 122.5 mm × 122.5 mm × 364 mm (1λ × 1λ 

× 2.97λ), where λ is the wavelength in free space at 2.45 GHz. 

Then, the designed pyramidal horn antennas are arrayed in a 

2 × 2 configuration to synthesize the beam for high gain, as 

depicted in Fig. 1(b). The array distance is set to 1λ to achieve a 

narrow beamwidth. The gain of the array antenna is increased 

to 16.4 dBi, and the HPBWs are narrowed to 25.3° in the E-

plane and 25.4° in the H-plane. To obtain a high gain, we at-

tach an extended horn with dimensions of 500 mm × 500 mm 

× 637.5 mm (4.08λ × 4.08λ × 5.21λ) in front of the 2 × 2 

array horn antenna, as shown in Fig. 1(c).  

As a result of the simulation, the TE20 mode occurs because 

of the extended horn in the 2 × 2 array horn antenna with an 

extended horn. The TE20 mode causes a beam ripple in the 

HPBW, a large HPBW of 42.6° in the H-plane, and an 

HPBW of 14.0° in the E-plane because of the vertical junction 

and boundary of the extended horn. To improve the radiation 

pattern in the H-plane, the mode at the junction between the 2 

× 2 array horn antenna and the extended horn should be 

changed from TE20 to TE10. Therefore, a parameter study for 

the vertical junction length (VJL) is performed through a simu-

lation.  

Figs. 2 and 3 show the simulated H-plane patterns and E-

field distributions in the observation plane, not in the waveguide, 

by varying the VJL parameter. The TE20 mode can be verified 

from the E-field distribution at a VJL of 200 mm, as shown in 

Fig. 3. The length of the extended horn is fixed at 635.7 mm 

(5.21λ). 
The VJL is changed from 200 mm to 0 mm in four steps, 

and the H-plane pattern is observed. As shown in Fig. 2, the 

HPBW and the side-lobe level decrease when the VJL is re-

duced, and the gain increases. To obtain a good H-plane pat-

tern, we chose the VLJ of 60 mm. As depicted in Fig. 3(b), the 

conversion from the TE20 to the TE10 mode can be conducted 

when the VJL is 60 mm. 

When the TE20 mode is generated, the gain is 18.2 dBi and 

the HPBWs of the E-plane and the H-plane are 14.0° and 

42.6°, respectively. Conversely, the gain is 21.3 dBi in the case 

of the antenna with the TE10 mode. The HPBWs in the E-

plane and the H-plane are 14.1° and 14.0°, respectively. Thus, 

the HPBW is decreased by 28.6° in the H-plane, and the gain 

is improved by 3.1 dB because of the conversion of the TE20 

mode to TE10.  

At the same time, suppressing the back lobe is required for 

high-power antennas because these antennas radiate tremen-

dous power and can have a considerable effect on human bodies 

nearby, even when the back radiation level is low. Consequently,
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Fig. 2. Simulated H-plane patterns according to the vertical junc-

tion length (VJL). 

 

(a) (b) 

Fig. 3. Simulated E-field distribution: (a) VJL = 200 mm, (b) VJL 

= 60 mm. 

 

to significantly reduce the back radiation level, corrugated struc-

tures [7] with a depth of 90 mm (0.735λ) and a width of 166.6 

mm (1.36λ) are added to the top and bottom of the ends of the 

synthesis horn. Two-stepped corrugated structures are installed 

to optimize the reduction of the back radiation level. The dif-

fraction on the aperture of the horn antenna is large in the E-

plane, and the H-plane removes the field through the boundary 

condition. The second step is to offset the backward direction 

by 35 mm (0.286λ) and divide it into three sections, so that it is 

shaped like a waveguide. Therefore, a ¾ λ short stub function is 

generated in this space, effectively reducing the back radiation 

level. 

III. SIMULATED AND MEASURED RESULTS 

A 2 × 2 array synthesis horn antenna with an extended horn 

is fabricated to compare its radiation properties according to 

whether it has two-stepped and partitioned corrugated struc-

tures, as shown in Figs. 1(c) and 4. The antenna is made using a  

Fig. 4. Fabricated prototype antenna. 

 

copper sheet, and a 10 mm-thick styrofoam is used as the sup-

porting material. A coaxial probe with an N-type connector is 

used for the feed. A four-way T-junction power divider is con-

nected to the N-type connector to measure the radiation pattern. 

The insertion loss, including the coaxial cables and the substrate 

of the power divider, is 1.15 dB. The input impedance of each 

port matches well with the return loss of below −10 dB, as 

shown in Fig. 5.  

The simulated and measured radiation patterns of the pro-

posed antenna according to the presence or absence of two-

stepped and partitioned corrugated structures are shown in Figs. 

6 and 7. When the corrugated structure is present, the HPBWs 

do not change in either the simulation or the measurement. The 

gains of the array synthesis horn antenna with the corrugated 

structure are 21.2 dBi in the simulation and 19.7 dBi in the 

measurement. The discrepancy between the simulation and the 

measurement is a result of the loss of the four-way T-junction 

power divider. 

Therefore, we can confirm that the corrugated structure has 

no effect on the main beam. Conversely, the average level of the 

back radiation from 90° to 180° and from −90° to −180° decreas-

es in the E-plane, and the FBR increases by 7.7 dB in the simu-

lation and 6.4 dB in the measurement. This outcome is a result 
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of the short stub effect of the corrugated structures and the sup-

pressed creeping currents on the external surface of the antenna 

synthesis horns. The characteristics of the designed antennas are 

summarized in Table 1. 

IV. CONCLUSION 

In this study, we designed and fabricated a 2 × 2 array syn-

thesis horn antenna for HPM applications. To obtain a high 

gain, the pyramidal horn antenna was arrayed in a 2 × 2 con-

figuration, and an extended horn was added to the front of the 

array horn antenna. Mode conversion was performed by con-

trolling the vertical junction length for a good radiation pattern 

in the H-plane. To reduce the back lobe, two-stepped corrugat-

ed structures were attached to the aperture of the horn antenna. 

The designed antenna had a gain of 19.7 dBi and a front-and-

back ratio of 39.6 dB. The results suggest that the designed an-

tenna is appropriate for HPM applications.  
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Fig. 6. Simulated radiation pattern: (a) without a corrugated structure and (b) with a corrugated structure. 
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Fig. 7. Measured radiation pattern: (a) without a corrugated structure and (b) with a corrugated structure.  

Table 1. Characteristics of the designed antennas  

 
Fig. 1(b)  

simulated 

Fig. 1(c) without a corrugated structure Fig. 1(c) with a corrugated structure

Simulated Measured Simulated Measured

Design freq. (GHz) 2.45 2.45 2.45 2.45 2.45

Gain (dBi) 16.4 21.3 19.5 21.2 19.7

HPBW (°)  

E-plane 25.3 14.1 14.0 14.2 13.0

H-plane 25.4 14.0 13.0 14.1 13.8

SLL (dB)  

E-plane -13.9 -19.9 -17.2 -10.0 -17.6

H-plane -10.3 -11.0 -10.4 -11.2 10.2

FBR (dB) 25.4 29.1 33.2 36.8 39.6
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I. INTRODUCTION 

In recent years, remarkable interest has been generated in an-

tennas characterized by a miniaturize size and the potential to 

operate at different frequency bands suitable for modern wireless 

communication systems, such as radio frequency identification 

(RFID), wireless local area networks (WLAN), and worldwide 

interoperability for microwave access (WiMAX). Thus, multi-

band antennas should operate in the desired frequency bands 

allocated for these applications: 2.45 GHz (2.4–2.5 GHz), 5.8 

GHz (5.725–5.875 GHz), and 3.5 GHz (3.4–3.7 GHz), re-

spectively. In order to meet these requirements, in addition to 

meeting the widespread demand for antennas that are light-

weight, low-cost, and easy to fabricate, microstrip antennas rep-

resent the best solution for use in most applications [1–8].  

It is well known that designing a miniaturized antenna for 

dual-band or multi-band applications is a difficult task, with se-

veral attempts to do so already reported in the literature [9–13]. 

In these papers, many techniques for designing dual-band an-

tennas that cover WLAN and WiMAX bands were successfully 

demonstrated, like using shorting pins [9], employing a rectan-

gular-shaped strip ring along with a defected ground structure 

[10], implementing fractal-shaped geometry [11, 12], or design-

ing a 9-pointed-star monopole antenna [13]. In addition, a cir-

cular ring [14] and two arc-shaped strips [15] with a slot in their 

ground were successfully designed to satisfy the specifications of 
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the 2.4/2.5 GHz WiMAX/WLAN and 3.5/5.5 GHz WiMAX 

bands.   

In recent years, researchers have mostly used a coplanar wave-

guide (CPW) mechanism to feed their proposed antennas be-

cause of its attractive features, such as a simple feeding structure, 

a wider impedance bandwidth with good radiation characteris-

tics, and easy integration with passive and active devices [16–18]. 

For instance, in literature [19, 20], new ideas were demonstrated 

for designing compact, CPW-fed microstrip antennas with du-

al-band characteristics. In [19], a novel approach was proposed 

for designing a compact-size (20 × 22 mm2) microstrip anten-

na with dual-band characteristics for 3.5-GHz WLAN and 

5.5-GHz WiMAX band systems. This proposed antenna uses a 

grounded CPW mechanism for feeding the antenna, and two 

strip-shaped patch radiators to maintain 3.5 GHz and 5.5 GHz. 

When using only one strip, the lower resonant frequency at 3.5 

GHz is excited with a frequency band at 3.06–3.89 GHz, while 

another resonant frequency at 5.8 GHz with a frequency band 

at 5.14–5.93 GHz is achieved by the antenna when the other 

arm is included. A planar meandered line monopole antenna 

with a fork- and double fork-shaped strip were presented in [20] 

for the design scheme of compact antennas with a size of 21 × 

21 mm2 and improved dual-band performance for 3.5- and 5.5-

GHz wireless applications. 

Due to their interesting features, metamaterials have been re-

ported by researchers for antenna miniaturization and multi-

band applications. For instance, a folded monopole dual-band 

antenna [21] consisting of a composite right- and left-handed 

metamaterial was proposed for 2.5- and 5.8-GHz center fre-

quencies (from the normal strip and a single metamaterial cell, 

respectively), which can be controlled independently by varying 

their geometrical parameters. Although the above techniques 

have achieved remarkable success in designing antennas with 

the potential for operating within multiple frequency bands, 

most of these antennas have large dimensions or a complex 

structure, or they are difficult to manufacture.  

Unlike the previous dual-band antennas mentioned above, 

the present proposed antenna meets the requirements of Wi-

MAX and WLAN devices. Therefore, it is useful to introduce a 

two-band, semi-circular-shaped monopole antenna with a sim-

ple miniature structure that enables the independent tuning of 

the two bands. This issue is addressed here. 

In this paper, a semi-circular slotted antenna (SCSA) is de-

scribed. The conventional semi-circular patch is loaded with a 

folded U-slot structure to achieve dual-band characteristics and 

3.5-GHz WiMAX and 5.8-GHz WLAN bands. An imped-

ance bandwidth over the dual-band frequency spectrum is ob-

tained by feeding the radiating patch by a CPW feedline mech-

anism. The proposed antenna structure is created by using a 

finite integration method-based CST Microwave Studio simu-

lator to confirm the results, Ansoft’s finite element technique-

based High-Frequency Structure Simulator (HFSS) was used. 

To validate the simulated results, the prototype antenna struc-

ture was fabricated, and good agreement was achieved between 

the experimental and simulated results. The designed antenna 

has a miniaturized size, a simple structure, and is easy to manu-

facture in comparison with previously reported antenna struc-

tures. 

II. DESIGN CONCEPTS OF THE DUAL-BAND ANTENNA 

This section describes the geometry of a miniaturized dual-

band antenna structure and outlines the four basic steps of the 

procedure applied to the designed antenna. The concept of a 

folded U-shaped loaded structure to achieve a miniaturized du-

al-band antenna is presented here. Initially, the design procedure 

begins with a conventional reference antenna, which is inset-fed 

with a circular microstrip patch antenna (CMPA). Then, inter-

mediate design steps are successively applied to achieve an 

SCSA with a size reduction of 32% compared with the refer-

ence antenna. 

 

1. Antenna Geometry 

The geometry of the proposed antenna is shown in Fig. 1. 

The semi-circular patch antenna’s radiator of radius 𝑅 is etched 

on the top side of one side of an FR4 glass epoxy substrate of 

dimensions 𝐿 𝑊  (17 mm × 18 mm); its other para-

meters are as follows: a substrate height of ℎ  0.8 mm, a 

dielectric constant of 𝜀 4.4, a loss tangent 𝑡𝑎𝑛 𝑜𝑓 𝛿  

0.025, and a conductor thickness of 35 μm. The feed conductor 

of the CPW structure of length 𝐿  is connected to the center 

of the semi-circular patch, and the CPW feed width 𝑊  and 

gap 𝑔 are calculated using CST MWS to yield a characteristic 

impedance of 50 Ω. The calculated CPW dimensions are 𝑊
2.0 mm and 𝑔 0.25 mm. Two symmetrically tapered gr-

ound planes for bandwidth enhancement with a length of 𝐿  

are placed at distance 𝑔 around the CPW feedline. A folded 

U-shaped slot structure (large and short widths, 𝑤  and 𝑤 , 

respectively, length 𝑙  and thickness 𝑡  is cut at distance 𝑑 

from the semi-circular patch.  

An SMA connector is used for correctly modeling the pro-

posed antenna in CST and HFSS simulators in order to ac-

count for its effect on the result, and a waveguide port is used to 

feed the antenna. All metallic conductors used for simulating 

the designed antenna, depicted as brown in Fig. 1, are chosen as 

a perfect electric conductor (PEC). Table 1 lists the optimized 

geometrical dimensions of the proposed antenna. 

 

2. Design Details 

The design concept is introduced here for a reference antenna 
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(a) (b) 

Fig. 1. Geometry of the proposed antenna: (a) front view and (b) 

side view. 

 

Table 1. Geometric parameters of the proposed antenna 

Geometric parameter Symbol Value (mm)

Substrate length 𝐿  17.0

Substrate width 𝑊  18.0 

Substrate height ℎ  0.8

Patch radius 𝑅 8.0

CPW-fed width 𝑊  2.0

CPW-fed length 𝐿  8.0

CPW-fed gap 𝑔 0.25

The major width of U-slot  𝑤  11.0

The length of U-slot 𝑙  3.0

The minor width of U-slot 𝑤  1.75

The thickness of U-slot 𝑡 0.5

The location distance of U-slot 𝑑 1.0

 

(RA) with a circular-shaped patch configuration, and the design 

steps can also be applied for other patch geometries. Thus, a 

circular patch was chosen as an RA in this work, as it offers a 

minimum footprint area in the final antenna compared with 

other, conventional geometries. Fig. 2 illustrates the procedure 

for the four design steps applied to develop the proposed dual-

band antenna, namely: 

Step-1 (Ant0): In this step, a reference antenna, or Ant0, is a 

conventional inset-fed CMPA which is designed by assuming 

that the specified information includes the resonant frequency 

𝑓  (in Hz), a dielectric constant 𝜀 , and the height of the sub-

strate ℎ  (in cm). Then, the actual radius 𝑅 (in cm) of the 

patch is calculated as in [22]:  

 

𝑅
.

⁄             (1a) 

 

where 
 

𝐹
.

√
                     (1b) 

 

 

By substituting 𝑓 5.8 GHz, 𝜀 4.4 FR4 , and ℎ  

0.8 mm in Eq. (1), one can see that 𝐹 0.7309 and 𝑅
0.693 cm. Then, 𝑅 6.93 mm is used as an initial value in 

designing Ant0, and subsequently CST MWS is performed to 

fine-tune 𝑅, and the other geometric dimensions are optimized 

to make Ant0 resonate at 5.8 GHz. The final optimized dimen-

sions of Ant0 were set as follows: 𝑅 7.3 mm;  𝐿
25 mm;  𝑊 18  mm; ℎ 0.8 mm; 𝐿 8  mm; 

𝑊 1.6 mm; 𝐿 5 mm; and 𝑊 0.5 mm. Fig. 3 shows 

the reflection coefficient (S11) curves of the various antennas 

(Ant0–Ant3). As can be observed from this figure, Ant0 is a 

single-band antenna that resonates at 5.8 GHz with S11 = –13.25 

dB. 

Step-2 (Ant1): This step presents the design of a convention-

al CPW-fed circular patch antenna (Ant1) to resonate at 𝑓
3.5 GHz by removing the ground plane in the back side of  

 

               Ant0     Ant1 Ant2 Ant3 

Fig. 2. Geometry of various antennas (Ant0–Ant3) involved in the design evolution of the proposed antenna. 
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Fig. 3. CST simulated reflection coefficient curves of various an-

tennas (Ant0–Ant3). 

 

Ant0 and placing a pair of ground planes of height 𝐿
5 mm around the CPW stripline (length 𝐿 8 mm and 

width 𝑊 2 mm) at a distance of 𝑔 0.25 mm. The total 

dimensions 𝐿 𝑊  of Ant1 are the same as those of 

Ant0 (25 mm  18 mm). As shown in Fig. 3, Ant1 oper-

ates at a 3.5-GHz resonant frequency with –10 dB impedance 

bandwidth ranging from 3.20 to 3.87 GHz. Thus, Ant1 repre-

sents the main designed antenna operating at the desired lower 

frequency band suitable for a 3.5-GHz application from which 

the proposed antenna is obtained. 

Step-3 (Ant2): In this step, a semi-circular patch antenna 

(Ant2) is produced by removing the lower half circle of Ant1. 

Thus, the size of Ant2 𝐿 𝑊  is the substrate length 

𝐿 17 mm, which is lower than that of Ant1 by the value 

of a circular patch radius 𝑅 7 mm, and its substrate width 

𝑊  is the same as that for Ant1, 18 mm—that is, there is a 

gain in size reduction of 32%. As shown in Fig. 3, Ant2 reso-

nates at 𝑓 4.23 GHz. It can be noticed from this figure that 

the three previously designed antennas (Ant0–Ant2) cover a 

single band at the following resonant frequencies: 5.8, 3.5, and 

4.23 GHz; and thus a modification must be made on Ant2 for 

possessing a dual-band characteristic. 

Step-4 (Ant3): In this fourth and final step of the design pro-

cedure, the proposed antenna (Ant3) is obtained by adding a 

folded U-shaped slot structure on the lower side of the semi-

circular patch of Ant2, as shown in Fig. 2. It can be noted from 

Fig. 3 that the proposed antenna covers the desired bands: 3.5-

GHz WiMAX band (3.4–3.7 GHz), and 5.8-GHz WLAN 

ISM band (5.725–5.875 GHz). The proposed antenna has ex-

quisite features, such as a simple structure, miniaturized dimen-

sions (17 × 18 × 0.8 mm3), and easy fabrication. 

III. PARAMETRIC STUDY AND ANALYSIS 

In this section, the return loss performance of the proposed 

dual-band antenna is examined by analyzing its important key 

geometrical parameters, and interesting conclusions can be 

drawn from these analyses. These parameters include a half-

circle patch radius 𝑅, the CPW feedline length 𝐿 , and the 

ground length 𝐿 , in addition to U-shaped slot parameters 

(major and minor widths, 𝑤  and 𝑤 , respectively, the length 

𝑙 , the width 𝑡, and the distance 𝑑, from which the slot is cut 

from the patch). In order to study the impact of varying the 

aforementioned parameters on return loss, only one target pa-

rameter is varied at a time, whereas all other geometrical para-

meters retain their same values, as in Table 1. 

Figs. 4 and 5 show the impact of the variation of the follow-

ing geometrical parameters, 𝑅, 𝐿 , 𝐿 , and U-shaped slot pa-

rameters (𝑤 , 𝑙 , 𝑤 , 𝑑, and 𝑡), on the simulated reflection 

coefficient, respectively. One can notice from these figures that 

the variation of each of the abovementioned parameters has a 

different impact on the two resonant modes excited on the an-

tenna, the first and second resonance frequencies, 𝑓  and 𝑓 , 
and their corresponding level of return loss, 𝑆  and 𝑆 , re-

spectively. Table 2 summarizes the effect of these eight parame-

ters on both resonant frequencies, for which the following nota-

tion is used: slight increase (↑), strong increase (↑↑), slight de-

crease (↓), strong decrease (↓↓), and approximately negligible 

change ( ). 

It can be seen from Figs. 4(a)–(c) and the three pink-shaded 

rows in Table 2 for parameters 𝑅, 𝐿 , and 𝐿  that 𝑓  of the 

Table 2. Simulated influence of geometrical parameters of the antenna on reflection coefficient peak frequencies 

Parameter Variation range (mm) Step size (mm) 

Frequency shift Reflection coefficient shift 

𝑓  𝑓  𝑆  𝑆  

𝑅 7.50–9.00 0.50 ↓ ↑ ↓ ↓
𝐿  6.00–9.00 1.00 ↓ ↓ ↑ ↓↓
𝐿  2.00–5.00 1.00 ↑ ↑ ↑ ↑

𝑤  9.00–12.00 1.00 ↓ ↓↓ ↓ ↑

𝑑 0.50–2.00 0.50 ↑ ↓↓ ↑ ↑↑

𝑤  1.25–2.00 0.25 ↓  

𝑙  2.00–3.50 0.50 ↓↓  

𝑡 0.25–1.00 0.25 ↑↑  ↑↑
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(a) 
 
 

(b) 
 

(c) 

Fig. 4. Impact of varying (a) the half-circle patch, (b) the feed 

length, and (c) the ground length on the reflection coeffi-

cient. 
 

lower band is slightly decreased with increasing 𝑅 and 𝐿 , and 

is slightly increased with increasing 𝐿 . Meanwhile, 𝑓  of the 

higher band is slightly increased with increasing 𝑅 and 𝐿 , and 

is slightly decreased with increasing 𝐿 . Thus, there is a slight 

shifting in both resonance frequencies of the lower and higher 

band, but with acceptable values of their return losses, 𝑆  and 

𝑆 , respectively, when 𝑅, 𝐿 , or 𝐿  is varied.  

As mentioned earlier, one objective of slot loading is to make 

the proposed antenna operate on an additional higher-order 

mode, and it is easily controlled by slot dimensions without af-

fecting the dominant lower resonant mode patch antenna. This 

concept is investigated by studying the effect of varying U-

shaped slot dimensions (𝑤 , 𝑙 , 𝑤 , 𝑡, and 𝑑, which are dis-

played as five green-shaded rows in Table 2) on the reflection 

coefficient of the proposed antenna. The main idea behind using 

the proposed slot-loading technique can be clarified with the aid 

of plotting the surface current distribution at the higher- and 

lower-order modes of the patch antenna. 

It can be observed from Table 2 and Fig. 5(a) that the effect 

of increasing the major slot width 𝑤  from 9 to 12 mm 𝑓  

(𝑓 ) is strongly (slightly) decreased, and its 𝑆  (𝑆 ) is slightly 

increased (decreased). Fig. 5(b) shows the impact of sweeping 

the slot distance 𝑑 from 0.5 to 2 mm on the return loss of the  
 

 

(a) 
 

(b) 
 

(c) 
 
 

(d) 

(e) 

Fig. 5. Impact of sweeping (a) the major width 𝑤 , (b) the distance 

location 𝑑, (c) the minor width 𝑤 , (d) the length 𝑙 , and 

(e) the thickness 𝑡 of the U-slot on the reflection coeffi-

cient of the proposed antenna. 
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antenna. It can be seen from this figure that increasing 𝑑 causes 

𝑓  (𝑆 ) to strongly decrease (increase), whereas both 𝑓  and 

𝑆  are slightly increased. On the other hand, it can be seen 

from Fig. 5(c), (d), and (e) that the minor slot width and length, 

𝑤  and 𝑙 , and the thickness 𝑡, respectively, play a main role in 

strongly controlling the shifting of higher resonant frequency 

𝑓  without any affect on either the lower resonant frequency 

𝑓  or on the peaks of return loss at 𝑓  and 𝑓 —that is, 𝑆  

and 𝑆 , respectively. 

To confirm that the antenna prototype operates over two dif-

ferent frequency bands, Figs. 6 and 7 show the simulated reflec-

tion coefficient curves and the surface current distribution on 

the metallic region for the proposed antenna, with and without 

a U-slot structure. It can be seen from Fig. 6 that when an an-

tenna is loaded by a U-slot, two resonance frequencies appear in 

the frequency response; in the case where the U-slot is not used, 

only one resonance mode is excited by the antenna. As expected, 

the behavior of the surface current distribution at 𝑓
3.5 GHz (Fig. 7(a)) significantly differs from that at 𝑓
5.8 GHz (Fig. 7(b)) when the U-slot is used. As seen from Fig. 

7(a), at a low resonant frequency of 3.5 GHz, the maximum 

current (appearing as a red color) flows from the SMA connect-

or toward the half-circle patch antenna’s radiator via the CPW 

feedline, concentrating around the edges of the U-slot structure. 

Thus, the guided wavelength 𝜆  and the effective path of the 

current to flow at 𝑓 3.5 GHz, 𝐿 , are calculated as 
 

 𝐿 𝐿 0.5𝑤 𝑙 𝑤 𝑑              (2a) 

𝜆 𝑐/𝑓 √𝜖                       (2b) 
 

where c is the speed of light in free space. By substituting in Eq. 

(2) the specified parameters listed in Table 1, one can get 𝐿 ≅
19.25 mm, which is nearly equal to 𝜆 20.60 mm.  

In the same manner, the surface current at higher resonant 

frequency 𝑓 5.8 GHz still flows to the top of the radiating 

structure (Fig. 7(b)), but it is significantly concentrated (red col-

or) around the edges of the U-slot, moderately distributed 

(green color) at the CPW stripline, and nearly no current flows 

(blue color) at the region above the center of the U-slot struc- 

 

Fig. 6. CST simulated reflection coefficient curves of proposed 

antenna, with and without the U-slot. 

 

(a) (b) 
 

(c) (d) 

Fig. 7. Simulated surface current distributions for the proposed 

antenna with a U-slot at (a) 3.5 GHz and (b) 5.8 GHz, 

and without a U-slot at (c) 3.5 GHz and (d) 5.8 GHz. 

Red color represents maximum, blue color represents min-

imum, and green color represents moderate current. 

 

ture. Thus, the nearest region to the slot structure represents the 

effective path 𝐿  over which the surface current at 𝑓
5.8 GHz flows. The value of 𝐿  and the guided wavelength 

at 𝑓  are calculated as  
 

𝐿 0.5𝑤 𝑙 𝑤                   (3a) 

𝜆 𝑐/𝑓 √𝜖                      (3b) 

 
and from (3), it is found that 𝐿 ≅ 10.25 mm, which is close 

to one-half of 𝜆 —that is, 𝜆 12.45 mm.  

On the other hand, as can be seen from Fig. 7(c) and (d), for 

the case without using the U-slot structure, there is more cur-

rent to flow (red color) at the two side edges of the CPW-fed 

stripline nearer to the resonant frequency 3.5 GHz (Fig. 7(c)), 

and no current (blue color) flows at 5.8 GHz (Fig. 7(d)). There-

fore, it is clear from the previous discussion that inserting proper 

dimensions of the U-slot structure into the half-circle patch 

plays a key role for the proposed antenna to operate over the 

desired DB frequency ranges. 

IV. EXPERIMENTAL AND SIMULATED RESULTS  

AND DISCUSSION 

In the previous section, the proposed antenna was successfully 

designed to cover the desired bands using a full-wave CST 

MWS simulator. In this section, a commercially, widely known 

software tool—namely, HFSS—is used to validate the simulated 
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return loss S11, and a measured result of the fabricated prototype 

is compared with the simulated results. Then, the performance 

of the antenna, such as far-field characteristics, gain, efficiency, 

and radiation patterns, using CST and HFSS software is dis-

cussed. Finally, a comparison of the proposed antenna with oth-

er reported antennas is addressed 

 

1. Reflection Coeff icient 

To validate the CST and HFSS simulated results in terms of 

reflection coefficient 𝑆 , an optimized version of the proto-

type designed antenna, with a miniaturized size of 17 × 18 × 

0.8 mm3, was fabricated on an FR4 substrate as shown in Fig. 8. 

An Agilent/HP N9923A 6 GHz Handheld RF vector network 

analyzer (VNA) was used for obtaining the measured result. 

The comparison of the simulated and measured 𝑆  of the 

fabricated antenna is displayed in Fig. 9. 

As can be seen from Fig. 9, good agreement between the 

CST and HFSS simulated results were obtained, and a slightly 

marginal deviation in these simulated results can be attributed 

to differences in the numerical methods and boundary condi-

tions used by the two simulator programs.  The measured and 

simulated results are nearly identical over the two operating 

bands, and the slight difference between them is due to the un-

certainty in relative permittivity, heights, and properties of avail-

able dielectric materials, or due to inaccuracies in the fabrication 

process. Table 3 summarizes the simulated and measured fre- 

 
 

 

(a) (b) 

Fig. 8. Prototype of the proposed dual band antenna: (a) front view 

and (b) back view. 

 
 

Fig. 9. Comparison of measured and simulated 𝑆 . 

Table 3. Comparison of the measured and simulated CST 

MWS and HFSS results of the frequency bands cov-

ered by the proposed antenna (unit: GHz) 

|𝑆11|  
dB  

Band 1 Band 2

𝑓𝑟
1 𝑓𝐿

1 𝑓𝐻
1  𝑓𝑟

2 𝑓𝐿
2 𝑓𝐻

2

CST 3.50 3.30 3.71 5.80 5.70 5.94

HFSS 3.50 3.35 3.71 5.85 5.69 > 6.00

Measured 3.45 3.33 3.78 5.76 5.65 5.87

 

quency bands covered by the antenna in terms of resonant fre-

quency (𝑓  and 𝑓 ), lower frequency (𝑓  and 𝑓  , and high-

er frequency (𝑓  and 𝑓   for band 1 and band 2, respectively. 

It can be observed from Fig. 9 and Table 3 that the simulated 

band 1 is 3.5 GHz (3.30–3.71 GHz) using CST and 3.5 GHz 

(3.35–3.71 GHz) using HFSS, whereas the measured band 1 is 

3.45 GHz (3.33–3.78 GHz). The simulated band 2 is 5.8 GHz 

(5.70–5.94 GHz) and 5.86 GHz (5.69–greater than 6 GHz) 

using CST and HFSS, respectively, and the measured result is 

5.76 GHz (5.65–5.87 GHz). Hence, the proposed antenna suc-

cessfully covers the desired bands required by WiMAX and 

WLAN systems. 

 

2. Far-field Radiation Performance 

Regarding the study of radiation properties, Fig. 10 elucidates 

the CST (right) and HFSS (left) three-dimensional (3D) simu-

lated gain radiation patterns of the proposed antenna at the res-

onant frequencies of 3.5 and 5.8 GHz. At both the lower fre-

quency, 3.5 GHz (Fig. 10(a)), and higher frequency, 5.8 GHz 

(Fig. 10(b)), a radiation pattern close to the conventional mono-

pole antenna pattern is exhibited by the proposed antenna with  
 

(a) 

(b) 

Fig. 10. Comparison between CST (right) and HFSS (left) simu-

lated 3D radiation patterns of the proposed antenna at two 

frequencies: (a) 3.5 GHz and (b) 5.8 GHz.  
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an omnidirectional characteristic in the azimuthal (xz-plane or 

𝜙  0°), and a butterfly-shaped pattern in the elevation (yz-

plane or 𝜙  90°) with null radiation is exhibited along the y-

axis. It is clear from this figure that there is good agreement be-

tween CST and HFSS simulated results for the 3D radiation 

patterns of the antenna. 

For further validation and comparison purposes, Fig. 11 

shows the CST and HFSS simulated two-dimensional (2D) 

radiation patterns of the antenna at 3.5 and 5.8 GHz in the two 

fundamental cut planes: E- or xz-pane, and H- or yz-plane. 

At the lower frequency (Fig. 11(a)) and higher frequency (Fig. 

11(b)), an almost (nearly) similar 2D gain radiation pattern in 

both the E- and H- planes can be seen, as omnidirectional and 

figure-eight-shaped pattern behavior, respectively, is observed 

for the CST and HFSS software. As deduced from the above-

mentioned study of the surface current characteristic, the radia-

tion behavior of the prototype antenna further confirms that 

both the semi-circular patch radiator and the U-shaped slot 

structure act like a half-wave bipolar at 3.5 and 5.8 GHz. More-

over, the total values of 3D gain achieved from the antenna 

along the maximum radiation at 3.5 and 5.8 GHz are 1.58 dB 

(1.84) and 0.94 dB (1.37 dB), respectively, for the HFSS (CST) 

EM simulator. 

 

3. Realized Gain and Efficiency 

The simulated peak realized gain and efficiency for the pro-

posed antenna at both the desired lower and upper frequency  

 
 

(a) 
 
 

(b) 

Fig. 11. Comparison between CST and HFSS simulated 2D radia-

tion patterns of the proposed antenna at two frequencies: 

(a) 3.5 GHz and (b) 5.8 GHz. 

bands (3.4–3.7 GHz and 5.725–5.875 GHz) are plotted in Fig. 

12. As seen from Fig. 12(a), using CST (HFSS), a maximum 

gain of 1.83 dB (1.58 dB) and 1.37 dB (0.94 dB) at 3.5 and 5.8 

GHz, respectively, is achieved, and the gain ranges in the lower 

and upper bands are 1.32–1.57 dB (1.12–1.43 dB) and 0.79–

1.41 dB (0–1.22 dB). Thus, nearly acceptable results are ob-

tained from the simulated realized gain of the antenna using the 

CST and HFSS programs.  

Fig. 12(b) shows the plot of total efficiency at the desired 

aforementioned lower and upper frequency bands. As is clear 

from Fig. 12(b), a maximum efficiency of 94.2% (97.6%) and 

79.2% (84.1%) at 3.5 and 5.8 GHz, respectively, is gained, and 

the ranges of efficiency in the lower and upper bands are 84.6%–

87.8% (82.2%–85.6%) and 68.4%–80.9% (82.1%–85.2%) using 

CST (HFSS). 

 

4. Comparison of Proposed Antenna with Other Reported An-

tennas 

Table 4 provides a comparison between the proposed antenna 

and some other reported compact dual-band antennas from the 

open literature. In Tale 4, 𝜆  is calculated at the lower frequen-

cy in the first band. As can be observed from Table 4, the pro-

posed antenna has a miniaturized size of 𝐴  306 mm  or 

0.0413𝜆 , which is considered the smallest area among the 

published antennas’ areas 𝐴  listed in Table 4. Hence, a gain 

in the criterion of relative area 𝐴 , which is calculated by divid-

ing 𝐴  in 𝜆  by 𝐴  in 𝜆 , results in 𝐴 0.73 

being achieved by the proposed antenna with respect to the 

smallest area of the reported antenna in literature [10]. 
 

(a) 
 

(b) 

Fig. 12. Comparison between CST and HFSS simulated results: (a) 

gain and (b) efficiency. 
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V. CONCLUSION 

A miniaturized CPW-fed SCSA is proposed for operation at 

3.5-GHz WiMAX and 5.8-GHz WLAN ISM band systems. 

A thin folded U-shaped slot structure was employed for gener-

ating the higher resonance frequency to cover the 5.8-GHz 

band. The effects of varying various design parameters on the 

antenna’s frequency bands were comprehensively addressed. A 

valuable conclusion was drawn from this study that via the 

proper insertion of an optimized slot structure in the patch, the 

proposed antenna has the ability to easily generate the second 

resonant frequency with sufficient bandwidth without affecting 

the first resonant frequency in the lower band.  

The antenna model was designed by using the full-wave CST 

MWS program, and the simulated results were validated by 

using the HFSS simulator; good agreement between these re-

sults was achieved. The simulated and measured results of the 

fabricated prototype structure are also in good agreement, con-

firming that the designed antenna is useful for compact, multi-

standard WiMAX and WLAN applications. 
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I. INTRODUCTION 

One of the major roles of a phased-array radar is to detect 

targets by scanning a specified search volume. The radar at-

tempts to detect the targets by stepping beams in the search 

volume with a pre-defined beam lattice. The beam lattice can be 

formed either in a rectangular or a triangular array [1]. The total 

number of the beams to scan the given search volume is deter-

mined by the spacing between the adjacent beams. As the beam 

spacing increases, the total number of the beams decreases. This 

results in the reduction of a scan time, but the cost is increase of 

a beamshape loss [2–4]. The beamshape loss is introduced be-

cause the target is not always at the center of the beam. When 

the line-of-sight (LOS) angle to the target is off from the beam 

center, the strength of the target echo is reduced depending on 

the antenna beam pattern. Therefore, the beam spacing should 

be determined based on the trade-off between the scan time and 

the beamshape loss.  

As a radar scans with a fixed beam lattice for the specified 

beam spacing, the detection performance of the radar can vary 

drastically depending on the LOS angle to a target, and is sig-

nificantly reduced when the target is unfortunately in the mid-

dle of two adjacent beam positions. In this paper, interlaced 

scan with multiple steps is proposed to reduce such deviation of 

the detection performance. As a figure of merit for the detection 

performance, cumulative probability of detection is analyzed for 

the different steps of the interlaced scan. Then, the optimal val-

ues of the interlaced scan step to minimize the deviation are 

derived for different values of beam spacing. 

This paper is organized as follows. In Section II, the concept 

of the multiple step interlaced scan is presented. In Section III, 

analysis methods to compare the detection performances with 

different steps of interlaced scan are explained. The analysis 

results are provided in Section IV, and Section V is the con- 
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clusion.  

II. MULTIPLE STEP INTERLACED SCAN  

In Fig. 1, a configuration of the multiple step interlaced scan 

is shown with Ns steps. The basic beam lattice considered in this 

work is designed with a beam spacing ρΔu, where ρ is the beam 

overlap ratio (ρ > 0) and Δu is the 1-way 3-dB beamwidth of the 

antenna in sine space (It is preferable to design a beam lattice in 

sine space, since the beamwidth does not change with scan an-

gle in sine space [5]). The circles of each scan in Fig. 1 represent 

the 3-dB beamwidth contours of the beams.  

With conventional search beam scanning, the beam positions 

are fixed for each scan. With multiple step interlaced scan pro-

posed in this work, however, the beam positions in the next scan 

are shifted from the positions of the previous scan. For Ns step 

interlaced scan, the amount of the shift is ρΔu/Ns. In Fig. 1, the 

beam positions of the 2nd scan are shifted by ρΔu/Ns from those 

of the 1st scan. In case of Ns > 2, the beam positions of the 3rd 

scan are also shifted by ρΔu/Ns from those of the 2nd scan. Con-

sequently, the beam positions of the Ns
th scan would be shifted  

by  
s

s

N

Nu 1  from those of the 1st scan. After the Ns
th scan is  

finished, the scan restarts with the beam positions of the 1st scan, 

and the same sequence is repeated.  

In [6], the interlaced scan with Ns = 2 was introduced to mit-

igate the effect of beamshape loss. However, the interlaced scan 

with Ns = 2 does not always guarantee the minimum deviation 

of the detection performance, depending on the target LOS 

angle. Therefore, in this work, the concept of the interlaced scan 

is extended to Ns ≥ 2 to minimize such deviation. Specifically, 

in Section IV, it is shown that Ns must be increased to minimize 

the deviation as ρ increases and the optimum Ns for various  
 

Fig. 1. Beam lattices for the multiple step interlaced scan with Ns 

steps.  

ranges of ρ is provided.  

Although the multiple step interlaced scan can also be applied 

in elevation, in this work, it is applied only in azimuth for sim-

plicity. 

III. ANALYSIS METHOD OF DETECTION PERFORMANCE  

In this section, the analysis methods of the radar detection 

performance are presented. First, the antenna beam pattern mo-

del for the beam lattice design and the calculation of the beam-

shape loss are described. Second, the calculation for the cumula-

tive probability of detection as a figure of merit of the radar de-

tection performance is explained. Third, a scenario for the anal-

ysis of the detection performance is described. 

 

1. Antenna Beam Pattern Model  

To analyze the effect of the multiple step interlaced scan on 

the detection performance, a loss of signal-to-noise ratio (SNR) 

when the target is off from the beam center needs to be calcu-

lated. This beamshape loss is the reduction of the 2-way anten-

na gain used in radar equation, and can be calculated from the 

antenna beam pattern. In this work, the antenna beam pattern 

F(θ) is modelled with a cosine-illuminated pattern as follows 

[1]:  
 

 
 2)sin(21

)sin(cos
)(




D

D
F


            (1) 

 

where D is the largest dimension of the antenna aperture, θ is 

the angle from the antenna boresight, and λ is the wavelength of 

the radar signal. In this work, it is assumed that D = 34λ which 

is a reasonable value for radar application that requires high di-

rectivity. In this case, the 1-way 3 dB beamwidth θ3dB is 2°, and 

therefore, Δu = sin(θ3dB) ≈ 0.035. Note that the exact value of 

the beamwidth is not important in the analysis of the proposed 

multi-step interlaced scan proposed in this work, as the optimal 

Ns depends on the beam overlap ratio ρ, not on the beamwidth 

itself. 

When the target is off from the antenna beam center by θt at 

a single beam, the beamshape loss is 1/F 
2(θt) as shown in Fig. 2. 

 

Fig. 2. The beamshape loss of the radar against the target LOS 

angle from the beam center (θt). 
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2. Probability of Detection Calculation 

Detection performance of a radar is usually given as its detec-

tion range at a specified cumulative probability of detection. 

The cumulative probability of detection at a range R is the 

probability that the radar will detect an approaching target at 

least once by the time the target reaches R [7]. A simple expres-

sion of the cumulative probability of detection at the nth scan 

Pc(n) is given by  
 

 



n

m
dsc mPnP

1

)(11)(        (2) 

 

where Pds(m) is a single probability of detection at mth scan.  

The single probability of detection is a probability that the 

target will be detected in a single search scan. The target can be 

detected by more than one beam in the search scan. If there are 

k beams in a single scan, Pds(m) is given by 
 

 



k

i
dds miPmP

1

),(11)(         (3) 

 

where Pd(i, m) is a single probability of detection at the ith beam 

of the mth scan. Note that, in this work, the detections of the 

beams are assumed to be uncorrelated for the calculation of Pds. 

The target fluctuation model for the calculation of the proba-

bility of detection is assumed as Swerling case 1. Therefore, for 

a single beam, Pd is given as 
 

4

50
501
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where Pfa is the probability of false alarm. SNR50 and R50 are 

target echo SNR and range where Pd = 50%, respectively.  

 

3. Scenario 

To analyze the effect of the multiple step interlaced scan on 

the radar detection performance, the following scenario is con-

sidered. The radar scans the search volume of ±60° in azimuth 

with one elevation bar. The target approaches to the radar from 

the maximum range of Rmax = 300 km with a constant velocity 

of Vt = 500 m/s. In the calculation of the probability of detec-

tion, it is assumed that R50 = 100 km, SNR50 = 12.8 dB, and Pfa 

= 10−6.  

The target LOS angle is fixed as the target approaches to the 

radar. To show how the multiple step interlaced scan reduce the 

deviation of the detection performance due to the target LOS 
 

 

Fig. 3. The three LOS angles of the target. 

angle change, three LOS angles of the target are considered as 

shown in Fig. 3. The three LOS angles ud (d = 1, 2, 3) are uni-

formly spaced from 0 to the half of the beam spacing. Therefore,  
 

 
4

1 ud
ud





.                     (5)  

IV. ANALYSIS RESULTS  

In this section, the cumulative probability of detection is cal-

culated for the different values of ρ with the previously de-

scribed scenario. For each ρ, the deviation of the cumulative 

probability of detection is compared for the different values of 

Ns, and the optimal Ns to minimize the deviation is derived.  

 

1. Case for ρ = 1.0 

Fig. 4 shows Pds and Pc for the different steps of the interlaced 

scan when ρ = 1.0. Fig. 4(a) is with Ns = 1, i.e., no interlaced 

scan. It is shown that, for the same range, Pc is reduced as ud 

increases (or in other words, as the target LOS angular distance 

from beam center increases). This is because the SNR is re-

duced due to the increase of the beamshape loss. There is no 

beamshape loss for the target echo signal at u1, but the 

beamshape loss at u3 is 6 dB. The range for Pc = 90% is de-

creased from 130 km to 96 km as ud changes from u1 to u3. This 

is not desirable, since the detection performance of the radar 

varies drastically depending on the target LOS angles, and is 

significantly degraded when the target is unfortunately close to 

the middle of two adjacent beam positions.  

By introducing the interlaced scan, the deviation of Pc at the 

same R is reduced and unexpected degradation of the detection 

performance can be avoided. Fig. 4(b) shows Pds and Pc with Ns 

= 2. As the beam positions are interlaced between the consecu-

tive search scans, the beamshape loss is averaged among differ-

ent target LOS angles. Note that Pds curves show fluctuation 

where the period of the fluctuation is Ns times the single search 

scan time. The fluctuation is due to the change of the beam-

shape loss as the beam positions in each search scan is shifted by 

interlacing. In case of Ns = 1, no fluctuation of Pds is observed 

since the beam positions are always fixed. As the Pds curves fluc-

tuate due to the effect of averaged beamshape loss by introduc-

ing multi-step interlaced scan, the Pds curves for different LOS 

angles of the target eventually overlap. Since the Pc directly de-

pends on Pds, the Pc curves also overlaps. In other words, the 

deviation of Pc is reduced. 

With Ns = 3, the deviation can be further reduced, as shown 

in Fig. 4(c). However, higher Ns does not always guarantee low-

er level of deviation. Fig. 4(d) shows Pc with Ns = 10 and it is 

observed that the level of deviation is increased. This is because 

too dense steps of interlacing (too large Ns) makes the target to 

be visited by beams with similar positions (thus, similar level of  
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(a) 

(b) 

(c) 

(d) 

Fig. 4. The probability of detection with ρ = 1.0: (a) no interlaced 

scan (Ns = 1), (b) Ns = 2, (c) Ns = 3, and (d) Ns = 10. 

    
beamshape loss) for undesirably long time. In other words, for a 

given ρ, there is optimal Ns that can minimize the deviation of 

the cumulative probability of detection.  

 

Fig. 5. Deviation of cumulative probability of detection with ρ = 

1.0.  

 

The level of deviation can be analyzed by comparing the 

highest Pc and the lowest Pc among the three target LOS angles 

in the same range. In Fig. 5, ΔPc (the difference between the 

highest Pc and the lowest Pc), are shown for the different Ns. For 

Ns = 2, Pc can vary up to 8.1%p at R = 141.3 km (where ΔPc = 

1.9%p for Ns = 3, ΔPc = 2.3%p for Ns = 5, and ΔPc = 1.9%p for 

Ns = 10), but for Ns = 3, the maximum ΔPc is only 3.8%p at R = 

136.3 km (where ΔPc = 7.8%p for Ns = 2, ΔPc = 4.6%p for Ns = 

5, and ΔPc = 8.6%p for Ns = 10). For Ns = 5, the maximum ΔPc 

is increased to 4.6%p at R = 136.3 km (where ΔPc = 7.8%p for 

Ns = 2, ΔPc = 3.8%p for Ns = 3, and ΔPc = 8.6%p for Ns = 10). 

For Ns = 10, the maximum ΔPc is increased to 9.1%p at R = 

135.0 km (where ΔPc = 7.5%p for Ns = 2, ΔPc = 2.6%p for Ns = 

3, and ΔPc = 2.4%p for Ns = 5). The optimum Ns is the one 

where the maximum ΔPc in the whole range of R is the smallest, 

which is in this case, Ns = 3. 
 

2. Case for ρ = 2.0 

The analysis results for ρ = 2.0 are shown in Figs. 6 and 7. 

Note that in Fig. 6(a) for Ns = 1, the deviation of Pc becomes 

more severe than that of Fig. 4(a) for ρ = 1.0. This is due to the 

increased beamshape loss originated from the increased beam 

spacing. The range for Pc = 90% is decreased from 141.5 km to 

22.0 km as the target LOS angle changes from u1 to u3. As in 

the case with ρ = 1.0, it is observed that the deviation of Pc can 

be reduced by applying the interlaced scan. For Ns = 3, Pc can 

vary up to 33.2%p at R = 135.0 km (where ΔPc = 9.0%p for Ns 

= 4, ΔPc = 3.3%p for Ns = 5, and ΔPc = 6.4%p for Ns = 10), but 

for Ns = 4, the maximum ΔPc is only 9.6%p at R = 140.0 km 

(where ΔPc = 3 0.1%p for Ns = 3, ΔPc = 4.4%p for Ns = 5, and 

ΔPc = 6.5%p for Ns = 10). For Ns = 5, the maximum ΔPc is de-

creased to 5.1%p at R = 130.6 km (where ΔPc = 29.4%p for Ns 

= 3, ΔPc = 7.0%p for Ns = 4, and ΔPc = 8.8%p for Ns = 10). For 

Ns = 10, the maximum ΔPc is increased to 9.0%p at R = 135.6 

km (where ΔPc = 29.0%p for Ns = 3, ΔPc = 8.3%p for Ns = 4, 

and ΔPc = 4.1%p for Ns = 5).  
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Therefore, in this case, the deviation is minimized when Ns = 

5 where the maximum ΔPc is 5.1%p at R = 130.6 km, as shown 

in Fig. 7. 

 

3. Optimal Ns 

In Fig. 8, the maximum values of ΔPc are calculated for Ns 

from 1 to 10 for the different values of ρ. It is observed that the 

optimal Ns to minimize the maximum ΔPc varies depending on 

ρ. In Table 1, the optimal values of Ns for the different ranges of 

ρ are summarized. It is shown that Ns = 1 (the conventional 

scan with fixed beam lattice) is not optimum for any value of ρ, 

and Ns = 2 is optimum only when ρ ≤ 0.8. When ρ > 0.8, Ns 

needs to be increased to minimize the deviation of Pc.  

 

Fig. 7. Deviation of cumulative probability of detection with ρ = 

2.0.  

 

Fig. 8. The maximum deviation of the cumulative probability of 

detection for the different beam overlap ratios. 

 

Table 1. The optimal Ns to minimize the deviation of the cumula-

tive probability of detection for various values of ρ 

Ns

ρ ≤ 0.8 2

0.8 < ρ ≤ 1.2 3

1.2 < ρ ≤ 1.7 4

1.7 < ρ ≤ 2.1 5

2.1 < ρ ≤ 2.6 6

2.6 < ρ ≤ 3.0 7

 

V. CONCLUSION  

In this work, it has been shown that the deviation of the radar 

detection performance for different target LOS angle can be 

0 50 100 150 200
0

5

10

15

20

25

30

35

R (km)

 
P

c (
%

p)

 

 

N
s
 = 3

N
s
 = 4

N
s
 = 5

N
s
 = 10

1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

N
s

M
ax

( 
 P

c) 
(%

p)

 

 
=0.5
=1.0
=1.5
=2.0
=2.5
=3.0

(a) (b) 

 

(c) (d) 

Fig. 6. The probability of detection with ρ = 2.0: (a) no interlaced scan (Ns = 1), (b) Ns = 3, (c) Ns = 5, and (d) Ns = 10. 
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reduced by applying multiple step interlaced scan. By comparing 

the cumulative probability of detection with different values of 

the interlaced scan step, the optimal interlaced scan steps to 

minimize the deviation of the detection performance have been 

derived for various beam overlap ratios. By applying the pro-

posed multiple step interlaced scan, it is expected that a radar 

engineer can design a radar with more stable detection perfor-

mance.  

Although the optimum Ns has been derived based on para-

metric studies of Ns and ρ, more theoretical analysis methods to 

derive the optimum Ns can be investigated as a future work. 
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I. INTRODUCTION 

A substrate integrated waveguide (SIW), which has a form 

similar to a rectangular waveguide, was proposed by Deslandes 

and Wu [1], who implemented it by placing via holes in parallel 

on a printed circuit board (PCB). The SIW suffers from a 

greater loss than a conventional rectangular waveguide because 

the substrate is filled with a dielectric material and has dielectric 

loss, but it has the advantage of easy integration with planar 

active and passive devices. To compensate for the dielectric loss 

of SIW, a hollow substrate integrated waveguide (HSIW), 

which removes the dielectric material and uses air as the trans-

mission medium, was proposed [2]. In several studies, low-loss 

HSIWs have been analyzed for application to directional cou-

plers, filters, and antennas [3–5]. 

A power divider typically has two kinds of configurations: a 

corporate structure and a traveling-wave structure [6]. The 

number of ports into which a corporate power divider can split 

the input power is 2n because the power divider uses binary 

power dividers, such as the Wilkinson power divider, branch line 

power divider, Lange power divider, and rat race power divider. 

By contrast, a traveling-wave power divider can split the power 

into an arbitrary number of ports, thereby facilitating its usage. 

In this paper, we propose a low-loss microstrip-to-HSIW 

transition using C-cut via holes and present a low-loss Ku-band 

1:3 traveling-wave power divider, which is based on an HSIW 

structure and uses the proposed transitions. The microwave per-

formance of the transition and the power divider is validated 
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In this paper, we present a Ku-band low-loss traveling-wave power divider that uses a hollow substrate integrated waveguide (HSIW). 

For easy connection with microstrip-based devices and circuits, a low-loss transition between the microstrip line and the HSIW structure 
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through electromagnetic simulations and measurements. 

II. MICROSTRIP-TO-HSIW TRANSITION  

Active and passive planar devices are generally microstrip-

type elements. A microstrip-to-HSIW transition is an essential 

component to reduce discontinuity at the interface of two dif-

ferent transmission structures. Fig. 1 shows the microstrip-to-

HSIW transition proposed in this work. The proposed transi-

tion uses C-cut via holes that are symmetrically placed at the 

interface of the microstrip line and HSIW, thus reducing radia-

tion and leakage effects through the shielding of via holes, and 

improving impedance matching. The C-cut via holes can be 

replaced with triangular, rectangular, or other geometric shapes, 

as the specific shape is not critical for microwave performance. 

In Fig. 1, 𝑤  is the width of a 50 Ω microstrip line, 𝑑 is 

the diameter of a via hole, and 𝑝 is the distance between adja-

cent via holes. If 𝑑 and 𝑝 satisfy the conditions of (1) and (2), 

and the metallic loss is neglected, the radiation loss of two paral-

lel via holes is less than 0.008 dB per wavelength. Therefore, the 

𝑑 and 𝑝 values and the parameters of the C-cut via holes 

should be determined using (1) and (2) [7]. 𝑤 , , 𝑙 , , 𝑤 , 

𝑙 , and 𝑤  are the design parameters, and their initial values 

are estimated from (3) to (7) [8]. 𝑙 ,  and 𝑙  determine the 

center frequency of the transition, and 𝑤 , , 𝑤 , and 𝑤  are 

related to the impedance matching and bandwidth. 𝜆  and 

𝜆 ,  are the wavelength in free space and the guided wave-

length of the microstrip line, respectively. The initial values of all 

the design parameters were calculated from the design equations 

and then optimized using electromagnetic simulations. Iterative 

optimization results in optimal design parameters for the band-

width and return loss. 
 

𝑑 0.2𝜆  (1)

𝑑 𝑝 0.5 (2)

𝑤 , 4 𝑤  (3)

𝑙 ,
𝜆 ,

4
 (4)

𝑤 1.2 𝑤 ,  (5)
 

 

 

Fig. 1. Microstrip-to-HSIW transition with C-cut via holes. 

𝑙
𝜆
4

 (6)

𝑤
𝑤   𝑤

2
 (7)

 

The microstrip-to-HSIW transition was designed using a 12 

mil-thick RO4003C substrate provided by Rogers Corporation, 

Chandler, AZ, USA. The design goals are listed in Table 1, and 

the optimized geometrical design parameters are shown in Table 

2. The bandwidth of the transition was intentionally set to 2 

GHz, which is wider than that of the power divider for satellite 

communication systems, and an insertion loss of 0.6 dB was 

required for the power combining efficiency of 85%. 

Fig. 2 is a photograph of the fabricated back-to-back mi-

crostrip-to-HSIW transition that occupies 55.5 mm × 30 mm 

(based on the reference planes). The top and bottom metal 

planes of the transition were implemented using top and bottom 

jig plates for convenience, although they could be fabricated 

using a conventional multi-layer PCB process. 

Fig. 3 compares the simulated and measured S-parameter re-

sults of the back-to-back microstrip-to-HSIW transition. The 

back-to-back transition had a return loss of 18 dB or more and 

an insertion loss of 0.5 ± 0.07 dB from 12.5 GHz to 15.5 GHz. 

The measured results were in good agreement with the simulat-

ed results, although the resonance notches of S11 slightly shifted 

to the lower frequency region by about 0.5 GHz. 

 

Table 1. Design goals of the microstrip-to-HSIW transition 

Value

Frequency (GHz) 12.5–15.5

Return loss (dB) ≥20

Insertion loss (dB) ≤0.6 (back-to-back)

 

Table 2. Optimized geometrical design parameters of the micro-

strip-to-HSIW transition 

Parameter Value (mm)

𝑤 0.65

𝑤 , 1.2

𝑙 , 3.4

𝑤 1.8

𝑙 5.3

𝑑 1.0

𝑝 1.5

𝑤 15.2

𝑤 7.6

𝑤 0.4
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Fig. 2. Fabricated back-to-back microstrip-to-HSIW transition 

(upper: PCB part of the HSIW, lower: HSIW covered 

with aluminum jig plates). 

 

Fig. 3. Simulated and measured S-parameter results of the back-to-

back microstrip-to-HSIW transition. 

III. LOW-LOSS TRAVELING-WAVE POWER DIVIDER USING 

HSIW AND MICROSTRIP-TO-HSIW TRANSITION  

Fig. 4 shows a T-junction power splitter, which is conven-

tionally used in a traveling-wave power-dividing configuration. 

For the traveling-wave power divider, a 1:N power divider re-

quires (N–1) stages of the T-junction power splitters. In the 

schematic T-junction power splitter in Fig. 4, N is the total 

number of power-splitting ports, and S is the stage position 

number of the cascaded T-junction power splitters [9]. The 

power-splitting ratio in each port is also indicated. 

The design parameters of the T-junction power splitter are 

shown in Fig. 5, where w is the width of the window, 𝑝  and 

𝑝  are the post position parameters, and 𝑟  is the radius of the 

post inserted near the T-junction. By tuning three main design 

parameters, namely 𝑤, 𝑝 , and 𝑝 , to determine an impedance  

Fig. 4. T-junction power splitter in a traveling-wave power divider. 

 

 

Fig. 5. Design parameters of a T-junction power splitter. 

 

matching condition and the desired power-splitting ratio, the 

optimal parameter values for the design goals can be obtained 

from electromagnetic simulations. 

The design and optimization procedures for each power split-

ter are described as follows:  

(1) As the window width 𝑤 is the most important parame-

ter in Fig. 5, it should be designed and optimized to determine 

the center frequency and the power-dividing ratio. 

(2) After the window width 𝑤 is determined, the post posi-

tion of 𝑝  is estimated and determined. 

(3) If the parameters 𝑤 and 𝑝  are optimized and the ap-

proximate performance is obtained, the post position of 𝑝  is 

fine-tuned for optimal performance. 

Fig. 6 shows two representative design parameters for the  

 

 

Fig. 6. Design parameters for the power-dividing ratio of the 

HSIW-based T-junction power splitter. 
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power-dividing ratio of the HSIW-based T-junction power 

splitter. The geometrical parameter 𝑤  depends on the design 

center frequency, and the width ratio of 𝑤  and 𝑤  (𝑤 /𝑤 ) 

mainly determines the power-dividing ratio of port 2 and port 3. 

The width ratio can be expressed as (8), which is shown as a 

dotted line, and it is compared with the symbols with y error 

bars in Fig. 7. The error bar symbols were calculated from 3D 

electromagnetic simulations and were in good agreement with (8). 
 

𝑤
𝑤 0.36 𝑙𝑛 2.235 0.52 0.635     (8) 

 

Fig. 8 shows 𝑤  dependence on the frequency with varying  

power-dividing ratios of ports 2 and 3. 𝑤  decreases with the  

dividing ratio, 
𝑠

𝑠 , and the center design frequency. The  

HSIW-based T-junction power splitter was designed by ex-

tracting the initial values from (8) and optimizing them using 

electromagnetic simulations. 

Fig. 9 shows the schematic diagram of our designed 1:3 trav-

eling-wave power divider, which is based on an HSIW structure. 

To prevent the operating frequency shift and the deviation of 

the power-dividing ratio due to the transition, the transition in 

each port was included in the stage design process, and three 

designed stages were cascaded to complete the 1:3 power divider. 

First, we set the required power-dividing ratio for each stage and 

found the design parameter values for it from (3) to (8) and the 

electromagnetic simulations. The first stage (stage 1) had a ratio 

of 1:2, and the second stage (stage 2) had a ratio of 1:1. The last 

stage (stage 3) used a 90° curved bend, so that ports 2, 3, and 4 

were on the same reference plane. 

The Ku-band HSIW-based 1:3 traveling-wave power divider 

was designed using the RO4003C substrate, on which the mi-

crostrip-to-HSIW transition had been implemented. The de- 

sign goals are listed in Table 3, and the optimized design para- 
 

Fig. 7. Ratio of 𝑤  and 𝑤  
𝑤

𝑤  with the power-dividing 

ratio of ports 2 and 3 
𝑆

𝑆 . The dotted line indicates  

the values from Eq. (8), and the symbols with y error bars 

indicate the value ranges extracted from the electromagnet-

ic simulations. 

 

Fig. 8. Frequency dependence of the design parameter 𝑤  with 

the varying power-dividing ratios of ports 2 and 3. 

 

Fig. 9. A PCB layout of the HSIW-based 1:3 traveling-wave power 

divider. 

 

meters obtained from the simulations are shown in Table 4. As 

the back-to-back transition showed the measured insertion loss 

of 0.5 ± 0.07 dB, and as an additional path loss could be ex-

pected in the power divider, the insertion loss of 0.7 dB was set 

as the target value (Table 3), which corresponds to the power 

combining efficiency of 85%.  

  Fig. 10(a), (b), and (c) show the simulated S-parameter results 
 

Table 3. Design goals of the HSIW-based 1:3 traveling-wave pow-

er divider 

Value

Frequency (GHz) 13.5–14.5

Return loss (dB) ≥ 20

Insertion loss (dB) ≤ 0.7

Combining efficiency (%) ≥ 85

 

Table 4. Optimized geometrical design parameters of the HSIW-

based 1:3 traveling-wave power divider 

Stage 𝑤 (mm) 𝑝  (mm) 𝑝  (mm) 𝑟 (mm)

1 9.6 1.9 11.1 0.2

2 10.6 2.4 10 0.2

3 15.2 Radius of curve = 11.4 mm
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(a) 

(b) 

(c) 

(d) 

Fig. 10. Simulated S-parameter results of each stage and the com-

plete HSIW-based 1:3 traveling-wave power divider. (a) 

Stage 1, (b) stage 2, (c) stage 3, and (d) complete 1:3 trav-

eling-wave power divider. 

for stages 1, 2, and 3, respectively. Fig. 10(d) shows the simulated 

results of the complete 1:3 power divider. Each designed stage 

had a return loss of 25 dB or more in the frequency range of 

13.5–14.5 GHz and achieved the desired power-dividing ratios. 

The complete HSIW-based 1:3 power divider had a return loss 

of 24 dB or more and a transmission performance 𝑆 , 𝑆 ,
𝑆  of –5.4 ± 0.15 dB from 13.5 GHz to 14.5 GHz. The 

frequency response of the power divider was somewhat narrower 

than that of each stage because the frequency bandwidth of the 

cascaded stages was typically narrower than that of a single stage. 

In the frequency range of 13.5–14.5 GHz, it had an insertion 

loss of about 0.57 dB and a power combining efficiency of 87.2% 

or more, which met our design goals. 

IV. FABRICATION AND MEASUREMENT 

Fig. 11 shows the fabricated 1:3 traveling-wave power divider, 

the signals of which are divided in the HSIW structure. Esti-

mated from the reference plane, the size of the power divider is 

101.3 × 37.7 mm2, with the top and bottom metal planes 

formed using the jig itself after the PCB fabrication in the same 

manner as the microstrip-to-HSIW transition. 

Fig. 12 compares the simulated and measured S-parameters 

of the HSIW-based 1:3 traveling-wave power divider. The 

measured results showed that the power divider had a return 

loss of 21 dB or more and a power-dividing ratio of –5.3 ± 0.3 

dB in the frequency range of 13.5–14.5 GHz. The range of the 

power-dividing ratio widened slightly because of the PCB pro-

cess tolerance. Our simulation showed that the proposed power 

divider in this work was somewhat sensitive to the width of the 

window and the post positions in Fig. 5. 

Fig. 13 compares the simulated and measured insertion loss  

 

Fig. 11. Fabricated HSIW-based 1:3 traveling-wave power divider 

(upper: PCB part of the HSIW, lower: HSIW covered 

with aluminum jig plates). 
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Fig. 12. Simulated and measured S-parameter results of the HS-

IW-based 1:3 traveling-wave power divider. 

 

 

Fig. 13. Simulated and measured insertion loss and power combin-

ing efficiency of the HSIW-based 1:3 traveling-wave pow-

er divider. 
 

and power combining efficiency of the HSIW-based 1:3 travel-

ing-wave power divider. The power divider had a measured in-

sertion loss of 0.57 ± 0.03 dB and a measured power combin-

ing efficiency of 87.1%–88.3% from 13.5 GHz to 14.5 GHz, 

consistent with the simulated results. 

We compared our measured results with those of previously 

published power dividers in Table 5 [10, 11]. Compared with 

the results in literature [10] that used waveguide-type compo-

nents, the insertion loss of our 1:3 power divider increased by 

0.2 dB, and the power combining efficiency decreased by 3%. As 

it used only one transition, [10] seemed to have a similar per-

formance to our work if one transition loss was added, but it had 

a wider frequency performance. The comparison of our work 

with the corporate power divider in [11] also showed that our 

work improved the insertion loss by 1.4 dB and the power com-

bining efficiency by 24%. 

Our HSIW-based power divider has the advantages of low 

cost and mass production due to the simple PCB process. 

Therefore, it is promising for applications requiring both high 

performance and competitive cost. 

V. CONCLUSIONS 

A microstrip-to-HSIW transition using C-cut via holes and 

Table 5. Comparison of our study results with those of previously 

published power dividers 

Current 

work 
[10]  [11] 

Configuration Traveling-

wave type 

Traveling-

wave type

Corporate

Transmission HSIW Waveguide SIW

Dividing ratio 1:3 1:4 1:4

Frequency (GHz) 13.5–14.5 12.5–17.8 9–10.5

Return loss (dB) ≥ 21 ≥ 10 ≥ 17.5

Insertion loss (dB) ≤ 0.6 ≤ 0.42 ≤ 2

Combining 

efficiency (%)

87.1–88.3 ≥ 90.7 ≥ 63.1

Transmission at 

input/output port 

MS / MS 

(with two 

transitions) 

WG / MS 

(with one 

transition)

MS / MS 

(with two 

transitions)

Substrate RO4003C DiClad 880 Taconic 

RF-35

𝜀 3.55 2.2 3.5

tan δ 0.0027 0.0009 0.0018

Thickness (mm) 0.305 0.254 0.254

MS=microstrip, WG=waveguide. 

 

an HSIW-based 1:3 traveling-wave power divider employing 

the proposed transitions were demonstrated for Ku-band appli-

cations. The fabricated back-to-back transition showed a return 

loss of 18 dB or more and an insertion loss of 0.5 dB from 12.5 

GHz to 15.5 GHz. The power divider using the transitions had 

a return loss of more than 21 dB, an insertion loss of 0.57 dB, 

and a power combining efficiency of 87.1% or more from 13.5 

GHz to 14.5 GHz. The developed traveling-wave power divider 

using the HSIW structure can be effectively used in Ku-band 

applications that require low loss and small size in addition to 

high performance. 
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National University. 
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I. INTRODUCTION 

In recent years, there has been considerable interest in wire-

less power transfer (WPT) and energy harvesting to charge de-

vices without wires [1–6]. WPT methods can be broadly divid-

ed into two groups: a group operating over short distances rely-

ing primarily on reactive coupling [4–6] and a group operating 

over long distances relying on radiation mostly using RF/mi-

crowave energy [2, 3]. The most common methods employed in 

reactive coupling are based on magnetic field induction between 

two coils placed in close proximity to each other. In addition to 

charging wireless devices, WPT relying on inductive coupling to 

charge electric vehicles (EV) while moving was demonstrated in 

[5]. A technique using microwaves to transfer information and 

power was reported in [2]. Very low power transfer efficiencies 

encountered in radiation methods over long distances are of 

primary concern; improvements in these efficiencies have signif-

icant impact on practical implementations of such methods. 

Promising techniques to improve the power transfer efficiency 

are based on retrodirective arrays [7–10]. A retrodirective array 

is a smart antenna array that scans its main beam to point to the 

direction of a transmitter without prior knowledge of the trans-

mitter’s location. Successful implementation of retrodirective 

arrays in WPT systems ensures that all devices within a certain 
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Abstract 
 

A complete system of wireless power transfer using a circularly polarized retrodirective array is presented. A dual frequency, active 

retrodirective array is proposed for a transmitter system. The antenna array uses circularly polarized microstrip patch antenna subarrays 

with sequential rotation and surface wave suppression. The designed antenna element eliminates undesired coupling between array ele-

ments due to surface waves present in conventional microstrip antenna arrays in order to improve array performance. A sequential rotation 

technique was implemented to improve impedance matching and circular polarization bandwidths. The proposed retrodirective array was 

designed to operate at about 2.4 GHz for the interrogating signal and about 5.8 GHz for the retransmitted signal. The beam scanning 

inherent in retrodirective arrays ensures a uniform power level available to the receiving devices, regardless of their location within the 

angular sector over which retrodirectivity is achieved. A rectenna was designed as a receiver in order to have a complete system the wire-

less power transfer. A zero bias Schottky diode with high detection sensitivity was used as the rectifying device. The shorting pins used in 

the antennas to suppress surface waves also act as return paths for the DC current, eliminating the need for an RF chock in the rectifier 

circuit. The design procedure, simulation results, and experimental measurements are presented. 
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sector will receive uniform power density, unlike antennas with 

fixed beams. Due to this significant benefit, in this paper we 

focus on designing a WPT system based on an active retro-

directive array as a transmitter. To further increase efficiency 

and reduce mutual coupling between array elements, the anten-

na array in our system uses microstrip elements with shorting 

pins [11, 12]. Conventional microstrip antennas printed on die-

lectric substrates suffer from excitation of undesired surface 

waves. In addition to lowering the antenna efficiency and dis-

torting radiation patterns, surface waves increase mutual cou-

pling between the elements of the antenna array, which can lead 

to scan blindness. This can be a serious problem in retrodi-

rective arrays since the antenna beam is scanned to point toward 

the interrogating signal. For demonstration purposes, a circular-

ly polarized four-element antenna subarray using microstrip 

patches with shorting pins was designed and implemented in 

the transmitter of retrodirective array WPT system. To increase 

the axial ratio and impedance bandwidth of circularly polarized 

arrays, sequential rotation techniques can be used [13–16]. In 

our design, sequential rotation was used where the four ele-

ments in the subarray were rotated by 90° in orientation and 

their input ports were excited with uniform magnitude and 0°, 

90°, 180°, and 270° in phase difference. In addition to the retro-

directive array transmitter, a rectenna using microstrip patches 

with shorting pins and zero-bias Schottky diode was designed 

and implemented as the receiver for charging devices in the 

WPT system. The shorting pins serve a dual role in the recten-

na, they help suppress surface waves as in the transmitter array 

and they provide a DC patch for the diode’s DC bias avoiding 

the need for an RF chock present in traditional rectenna designs.  

II. SYSTEM DESCRIPTION 

The retrodirective WPT system is illustrated in Fig. 1. The 

antenna array in the retrodirective 5.8 GHz transmitter is com-

prised of two 2 × 2 sequentially rotated microstrip subarrays 

incorporating surface wave suppression using shorting pins. The 

subarrays are aperture-coupled to a feed network on another 

substrate in a two-layer configuration. The interrogating signal 

is received using a 2.4 GHz two-element microstrip array. The 

5.8 GHz receiving rectenna that would be placed in the device 

being charged consists of a two-element microstrip array of mi-

crostrip patches with shorting pins. The interrogating signal 

(2.4 GHz) received at the retrodirective array is mixed with a 

local oscillator (LO) signal in an up-converting mixer to pro-

duce a 5.8-GHz transmitted signal. The design proposed in this 

paper differs from conventional phase conjugating retrodirective 

arrays, even though both use mixers. In conventional designs, 

the mixers are used as down-converters requiring a high LO 

frequency (equal to the sum of the RF and IF frequencies), and  

Fig. 1. Block diagram for the retrodirective array system. 

 

therefore, the down-conversion results in phase conjugation of 

the signal needed for retrodirectivity. In our design, the mixers 

are used as up-converters, and therefore do not produce phase 

conjugation. The advantage is that a lower LO frequency is 

needed, equal to the difference between the RF and IF frequen-

cies. 

Retrodirectivity in our design is achieved by properly con-

necting the receiving and transmitting arrays to scan the trans-

mitter beam in the direction of the interrogating signal, as in a 

Van-Atta array. In a basic Van-Atta linear array, receiving and 

transmitting antenna pairs are connected in such a way to re-

transmit the received signal towards the incoming signal. This is 

achieved by connecting the first receiving element to the last 

transmitting element, the second receiving element to the one 

before the last transmitting element, and so on. The transmis-

sion lines connecting receive/transmit pairs must be of equal 

lengths or plus or minus an integer multiple of a wavelength to 

ensure proper retrodirectivity. A plane wave incident on such an 

array with an angle of incidence 𝜃  induces voltages in the re-

ceiving elements with a progressive phase shift of 𝑘𝑑sin𝜃 , 

where k is the propagation constant and d is the element spacing. 

Due to the way receive/transmit pairs are arranged and connect-

ed, the signal will be retransmitted in the direction of 𝜃 . In our 

design, since transmit and receive frequencies are different, the 

transmission line lengths in the feed network and transmit and 

receive array element spacing must be chosen properly to avoid 

beam pointing errors. 

The transmission lines between the receiving array elements 

and the mixers must be equal, and the transmission lines con-

necting the mixers to the transmitting array elements must also 

be equal. This ensures that the phase shifts due to the connect-

ing lines are equal for each transmit-receive antenna pair. 

The circularly polarized microstrip patch antenna used in the 

transmitting subarrays was designed to suppress surface waves 

by incorporating four shorting pins. The positions of the short-
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ing pins are determined by numerically solving the following 

equation, presented in [12, 16] and repeated here for conven-

ience: 
 

𝑌 𝑘𝑏 𝑌 𝑘𝑑 𝑌 𝑘𝑑 𝑌 𝑘𝑑

8 𝑥 𝑐𝑜𝑠 𝛼𝐽
𝑘 𝑟 𝑏 𝐽 𝑘𝑟 𝑌 𝑘𝑎

𝐽 𝑘𝑎

0 
(1)

 

where 𝑟  is the pins’ radial position, b is the radius of the pins, 

𝐽  and 𝑌  are the Bessel functions of the first and the second 

kinds, respectively, 𝛼 is the angle between the x-axis and the 

pins (the feeding probe is located on the x-axis), 𝑥
1 𝑛 1  for even mode and 𝑥 1/2 for odd mode, 𝑑 , 

𝑑  and 𝑑  are the distances to the pin at 𝜙 𝛼 from the 

other three pins, given by 𝑑  2𝑟 sin𝛼, 𝑑 2𝑟 , and 𝑑
2𝑟 cos𝛼. The angle 𝛼 is chosen equal to 45° to maintain 

symmetry. Given a desired shorting pin radius b and position 𝑟 , 

Eq. (1) can be solved numerically for the required value of ka to 

suppress the surface waves for the first order mode TM1. A 

graph for ka versus pin position 𝑟 /𝑎 can then plotted, the 

curve is used to determine the pins’ location. Circular polariza-

tion for each patch was obtained using a diagonal slot. Aperture 

coupling using rectangular slots in the ground plane was used to 

feed the antenna subarray with a feed network placed on anoth-

er substrate, as shown in Fig. 2. Sequential rotation for the 2 × 

2 subarrays was also implemented to improve the axial ratio 

bandwidth, the fabricated subarray is shown in Fig. 3. The feed-

ing network uses T-junction power dividers with the appropri-

ate characteristic impedances and line lengths to obtain the nec-

essary phase shifts. The substrate used for the feed network is 

RT/Duroid 6010 with a dielectric constant 𝜀  10.2 and 

thickness of 1.27 mm, and the substrate used for the antenna is 

RT/Duroid 5870 with a dielectric constant 𝜀  2.33 and 

thickness of 1.575 mm. The complete array was simulated and  

 

Fig. 2. A 2 × 2 sequentially rotated transmitting subarray (dimen-

sions: top slot length = 10 mm, top slot width = 1 mm, 

patch radius a = 13.6 mm, pin location r0 = 10.5 mm, pin 

radius b = 0.8 mm, bottom slot length = 9 mm, and its 

width W = 1.5 mm, element spacing = 40 mm). 

Fig. 3. The fabricated 2 × 2 transmitting subarray (top: front and 

back of the antenna substrate, bottom: front and back of 

the feed network substrate).  

 

optimized in ANSYS HFSS, simulation and measurement re-

sults for the antenna array were presented in [16]. 

A rectenna was designed to demonstrate the wireless power 

transfer capability of the proposed system. A two-element an-

tenna array, shown in Fig. 4, was used in the rectenna design. 

Each element is a probe-fed circularly polarized microstrip 

patch with shorting pins to reduce surface waves. However, se-

quential rotation was not implemented here since only two radi-

ating elements were used for demonstration purposes. The two 

patches are combined using a 50-Ω Wilkinson power divider, as 

shown in Fig. 5. It is worth noting that the shorting pins in the 

rectenna design serve to suppress surface waves and to provide a 

DC path in the rectifier circuit, avoiding the need for an RF 

choke used in typical rectenna circuits. 

A microstrip bandstop filter was designed to pass 5.8 GHz 

from the antenna to the diode and block the second harmonic at 

11.6 GHz to improve efficiency [17]. The diode used in the 

rectenna design is a zero bias Schottky detector diode (HSMS- 

 

Fig. 4. The rectenna’s two element array (dimensions: slot length = 

10 mm, slot width = 1 mm, patch radius a = 15.2 mm, pin 

location r0 = 10.9 mm, pin radius = 0.8 mm, element spac-

ing = 40 mm). 
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Fig. 5. The rectifier circuit. 

 

2852) with sensitivity up to 25 mV/μW at 5.8 GHz. The recti-

fier circuit was optimized using Advanced Design System 

(ADS) software. The diode model parameters used in the simu-

lation are as follows: series resistance Rs = 25 Ω, zero-bias junc-

tion capacitance Cj0 = 0.18 pF, breakdown voltage VB = 3.8 V, 

and maximum forward voltage VF = 150 mV. The diode input 

impedance at 5.8 GHz obtained through simulations is 𝑍
13 𝑗33 Ω, a matching circuit using single open-circuited 

shunt stub was used to match 𝑍  to 50 Ω. 

III. RESULTS 

A monostatic setup was used to test the performance of the 

retrodirective array, as shown in Fig. 6. Two fixed co-located 

antennas were used, one transmits the 2.4 GHz interrogating 

signal and the other receives the retransmitted 5.8 GHz signal. 

The retrodirective array was mounted on a rotational stage. A 

signal generator is connected to the 2.4 GHz antenna to transm- 

 

Fig. 6. Monostatic measurement setup. 

 

Fig. 7. Measured monostatic radiation patterns for retrodirective 

array (solid curve) and normal non-retrodirective array 

(dotted curve) at 5.8 GHz. 

it the interrogating signal, and a spectrum analyzer is connected 

to the 5.8 GHz antenna to measure the power received from the 

retrodirective array. The measurement is performed at different 

angles by moving the rotation stage to record the power received 

at each angel. For comparison, the measurement is repeated 

using a normal non-retrodirective array in place of the retro-

directive array. The normal non-retrodirective antenna array is 

comprised of the same sequentially rotated transmitting antenna 

portion of the retrodirective system. The radiation patterns (rec-

orded by receiving antenna) was measured to test the system’s 

capability in steering its beam toward the transmitter. The 

measured radiation patterns for both cases are shown in Fig. 7, 

the solid curve for the retrodirective array and the dotted curve 

for the normal array. Fig. 7 clearly shows the substantial im-

provement in the uniformity of the received power for the 

retrodirective array between –25° to 25° (50° sector) versus the 

non-retrodirective array. In the normal non-retrodirective array, 

the radiation pattern shows that the received power starts to 

drop beyond ±3°, and it has very deep nulls around –10° and 

+15° where the power is more than 12 dB and 17 dB, respec-

tively, below that of the retrodirective array.  

It is also worth noting that the microstrip array element using 

shorting pins is larger than the conventional patch. This makes 

it difficult to keep the distance between the array elements half 

free-space wavelength. A separation more than 0.5λ (but less 

than λ) results in higher side lobe levels in the radiation pattern 

and a narrower the beam. 

The simulated reflection coefficient in decibels of the rectifier 

circuit, as seen at each antenna terminal (one of the output ports 

of the Wilkinson’s power divider), is shown in Fig. 8. As shown 

in Fig. 8, excellent matching was achieved at 5.8 GHz, with a 

return loss better than 20 dB. The RF-DC conversion efficien-

cy versus input power obtained through simulations is shown in 

Fig. 9. 

As shown in Fig. 9, the highest efficiency obtained is about 

70% for an input power of 9 dBm. This efficiency compares 

favorably with those reported in [17–19] where efficiencies of 
 

Fig. 8. Simulated reflection coefficient (in dB) of the rectifier cir-

cuit. 
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Fig. 9. Rectifier’s conversion efficiency versus input power (in dBm). 

 

68.5%, 60%, and 65% were reported, respectively. A rectenna 

was also built and tested using a transmitting antenna placed 60 

cm away from the rectenna. A DC output voltage about 200 

mV was measured for received power of about –10 dBm. 

IV. CONCLUSION 

A complete wireless power transfer system using a circularly 

polarized retrodirective array was presented. The 5.8 GHz 

transmitting array consisted of two sequentially rotated 2 × 2 

subarrays comprised of circular microstrip patches with shorting 

pins to suppress surface wave and reduce mutual coupling be-

tween array elements. Up-converting mixers and amplifiers were 

used in the design. The retrodirective array was tested using a 

monostatic setup with a 2.4 GHz interrogating signal. The 

measured results demonstrated that the implemented design 

substantially improves the uniformity of the power density avail-

able to the charging devices, regardless of their location within a 

50° angular sector. This beam scanning capability ensures a far 

more efficient power delivery than antennas with fixed beams to 

devices without prior knowledge of their location. A rectenna 

using a two-element microstrip antenna array was designed as a 

receiving device for the WPT system. The rectifier circuit was 

optimized to achieve high RF-DC conversion efficiency at 5.8 

GHz. The highest simulated conversion efficiency obtained for 

the proposed design was 70% for an input power of 9 dBm. 
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I. INTRODUCTION 

Site attenuation (SA) is a measure of the performance of an 

open-area test site (OATS) that is used to calibrate the electro-

magnetic compatibility (EMC) antennas for field strength mea-

surements and radiated emission measurements [1–14]. An 

example of an OATS is the open-field EMC antenna calibra-

tion facility at the Korea Research Institute of Standards and 

Science. This facility has gained wide acceptance as a national 

standard for an open-field site.  

The SA of an OATS is a measure of the transmission path 

loss of the space with a ground plane (open-field site or half-

space) between the transmit (TX) and receive (RX) antennas. 

Many researchers have reported various approaches for theoreti-

cal calculations of SA [2–14]. Most of the research into SA cal-

culation has employed the concept of insertion loss (known as a 

substitution loss [15]) with and without considering the test site. 

However, the effects of including antenna baluns and cables 

cannot be considered individually from the loss of the half-space 

and all other parts because all these effects are incorporated in 

the concept of SA. Calculable dipole antennas have also been 

developed and used as standard antennas [13, 14, 16–18]. For 

example, Salter and Alexander [13, 14] analyzed insertion loss 

for calculating the SA using a two-port model and the scatter-
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ing parameters of a calculable standard dipole antenna. 

The authors [19] directly derived a new equation for the SA 

measurement system without using substitution loss. Their SA 

measurement system included TX and RX antennas (i.e., calcu-

lable dipole antenna with a 3-dB 180° hybrid balun in the fre-

quency range of 30 MHz to 1 GHz). The equation was derived 

using the concept of power mismatch and dissipative loss, which 

was used to perform an error analysis of the SA [4] and an an-

tenna factor calculation [16, 20]. The authors calculated only the 

value of the SA using the concept of power loss to calculate the 

SA of a calculable dipole antenna [19]. 

This paper extends and clarifies two types of SA formula us-

ing the concept of power loss for the treatment of the OATS. 

The first is an SA formula related to knowing only the value of 

the SA. The other is an SA formula that analyzes the effects of 

each part of the SA. Additionally, the constituent losses of the 

SA measurement system are discussed in detail using the de-

rived SA formula. The analysis of the results showed that the 

SA of the OATS can be successfully characterized individually 

from the SA measurement system and that the SA is expressed 

as two kinds of losses: the balanced port-mismatch losses of the 

TX and RX baluns and the half-space dissipative loss. This pa-

per deals only with the classical SA. The resultant classical SA 

was in good agreement with the results derived from the S-

parameters using the substitution loss, and with the measured 

results [13].  

II. ANALYSIS OF THE SITE ATTENUATION  

MEASUREMENT SYSTEM 

1. Total Power Losses 

Fig. 1 shows the configuration of the SA measurement sys-

tem using calculable dipole antennas with a 3-dB hybrid coupler 

and two phase-matched coaxial lines on the OATS. Two dipole 

antennas were located along the x-axis (horizontal polarization, 

HP) or the z-axis (vertical polarization, VP) above a ground 

plane. The height of the TX antenna was ℎ , and the height of 

the RX antenna was ℎ . Additionally, d was the distance be-

tween the TX and RX antennas. 

Fig. 2 details the power mismatch and dissipative loss factors 

of the SA measurement system, as well as the basic structure of 

the calculable dipole antenna with a 3-dB hybrid coupler and 

two phase-matched coaxial lines that were used in the SA 

measurement. The dipole antenna had a length of 𝐿 and a ra-

dius of 𝑎. The balun was designed such that its complex S-

parameters could be easily measured. Two semi-rigid cables with 

a length of 𝐿  from the 3-dB hybrid coupler were connected to 

the antenna terminal, as shown in Figs. 1 and 2. A 50-Ω load 

was connected to the sum port (Σ) of the hybrid, and a matched  

 
Fig. 1. Site attenuation measurement system. Antennas are placed 

horizontally or vertically. 

 

 
Fig. 2. Site attenuation measurement system. 

 

measuring instrument was connected to the other port (Δ) using 

a coaxial cable with a length of 𝐿 . The inner conductors of the 

two semi-rigid cables were connected to the balanced dipole 

elements, while the outer conductors were in contact with each 

other electrically (i.e., short-circuited at the feeding point of the 

dipole elements). Since this structure was perfectly symmetrical, 

the two matched output voltages of the balun had the same am-

plitude and a phase difference of  radians. The details of calcu-

lable dipole antenna analysis using the concept of power mis-

match and dissipative loss are given in [4, 15, 18]. 

The TX antenna was excited by a signal generator (SG) 

through a coaxial cable, and the 3-dB hybrid coupler and RX 

antenna received the signal radiated by the TX antenna through 

the OATS, as shown in Fig. 2. The SA accounted for all power 

losses occurring between the RX and TX antennas over the 

ground plane. Two kinds of losses generally occur: conjugate 

mismatch losses and dissipative losses. Mismatch losses occur at 

the inputs and outputs of the hybrid baluns, the output of the 

SG, and the input of the receiver—details shown in Eqs. (4a), 

(4c), (4e), (4g), and (10). Dissipative losses occur in the cables, 

the hybrid baluns (Eqs. (4b), (4f ), and (11)), and the half-space 

(Eqs. (4d)). The power losses experienced by the SA measure- 
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ment system can be represented individually by these mismatch 

and dissipative losses. Each parameter referenced in Fig. 2 is 

listed in Table 1. 

Assuming only passive devices existed between the SG and 

the measuring receiver, the total power losses can be represented 

as follows: 
 

𝑇
Power available from SG, 𝑃

Power delivered to receiver, 𝑃
 

𝑀 𝐾   

∙ 𝑀 𝐾 𝑀 𝐾 𝑀 𝐾 𝑀  

            ∙ 𝐾 𝑀  

  𝑀 ∙ 𝑀 ∙ 𝑀  , 

 

 

(1)
 

where 𝑀  and 𝑀  are the power mismatch and dissipative 

losses in the TX part (SG−coaxial cable) and the RX part (coax-

ial cable−receiver), respectively, and 𝑀  denotes the power 

mismatch and dissipative losses of the site with a ground plane 

between the two antennas that included the baluns. In compari-

son to 𝑀  and 𝑀 , the site power loss 𝑀  was significant-

ly large. 
 

2. Site Attenuation 

SA is defined as the minimum site power loss between the 

two antennas including the baluns obtained as the RX antenna 

scans over a given range of height values. The commonly used 

ranges of ℎ , ℎ , and 𝑑 in the SA calculation are listed in 

Table 2 [1]. For the given values of 𝑑, ℎ , and ℎ , the theoretic- 

Table 2. Values used for calculating site attenuation (unit: m) 

Polarization 𝑑 ℎ  ℎ ℎ

HP 3 2 1 4

10 2 1 4

30 2 1 6

VP 3 2.75 1 4

10 2.75 1 4

30 2.75 1 6

 
cal SA of the OATS was defined from 𝑀  as follows: 

  

𝑆 10 log 𝑀 𝑑, ℎ , ℎ   dB , (2)
 

where 𝑀  is the minimum value of the power loss. 
 

𝑆 10 log 𝑀 𝑑, ℎ , ℎ   

10 log 𝐾 𝑑, ℎ , ℎ  

           10 log 𝑀 𝑑, ℎ , ℎ  

10 log 𝐾 𝑑, ℎ , ℎ  

           10 log 𝑀 𝑑, ℎ , ℎ  

10 log 𝐾 𝑑, ℎ , ℎ  

10 log 𝑀 𝑑, ℎ , ℎ  dB ,

 

 

 

 

 
 

 

(3)
 

where 
 

𝑀
𝑃

𝑃

𝑍 𝑍

4𝑅 𝑅
, 

 
(4a)

 

Table 1. List of each parameter 

Parameter Description 

𝑃  Available power from SG

𝑃  Delivered power to receiver

𝑃 , 𝑃  Available powers from each section of the TX part 

𝑃 , 𝑃 , 𝑃  Delivered powers to each section of the TX part 

𝑃 , 𝑃 , 𝑃  Available powers from each section of the RX part 

𝑃 , 𝑃  Delivered powers to each section of the RX part 

𝑀 , 𝑀 , 𝑀  Power mismatch losses at each section of the TX part 

𝐾 , 𝐾  Power dissipative losses in each section of the TX part 

𝑀 , 𝑀 , 𝑀  Power mismatch losses at each section of the RX part 

𝐾 , 𝐾  Power dissipative losses in each section of the RX part 

𝐾  Power loss between the TX and RX antennas including the ground plane

𝑍 , 𝑍 , 𝑍 , 𝑍   Impedances of each section of the TX part

𝑍 , 𝑍 , 𝑍 , 𝑍  Impedances of each section of the RX part

𝑍  Input impedance from the TX antenna terminal to the RX antenna

𝑍  Input impedance from the RX antenna terminal to the TX antenna

𝛤 , 𝛤  Reflection coefficients of SG and RX, respectively 

𝛤 , 𝛤  Reflection coefficients of the TX and the RX baluns, respectively 
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 𝐾
𝑃

 𝑃
 

4𝑅 𝑅

𝑍 𝑍

𝑍 𝑍
𝑍

, 
 
 

(4b)
 

 

  𝑀
𝑃

𝑃

𝑍 𝑍

4𝑅 𝑅
,              

 
 

(4c)
 

𝐾
𝑃

𝑃

4𝑅 𝑅

𝑍 𝑍

𝑍 𝑍
𝑍

, 

 

 

(4d)
 

𝑀
𝑃

𝑃

𝑍 𝑍

4𝑅 𝑅
, 

 

 

(4e) 
 

𝐾
𝑃

𝑃

4𝑅 𝑅

𝑍 𝑍

𝑍 𝑍
𝑍

,  

 

 

(4f ) 
 

𝑀
𝑃

𝑃
 

𝑍 𝑍

4𝑅 𝑅
,   

 

 

(4g)
 

and 𝑃  is the power available from the coaxial cable, 𝑃  is 

the power delivered to the TX hybrid balun, 𝑃  is the power 

available from the TX hybrid balun, 𝑃  is the power delivered 

to the TX antenna, 𝑃  is the power available from the RX 

antenna, 𝑃  is the power delivered to the RX hybrid balun, 

𝑃  is the power available from the RX hybrid balun, and 𝑃  

is the power delivered to the coaxial cable. Additionally, 𝑍

𝑅 𝑗𝑋  is the input impedance from the TX antenna 

terminal to the RX antenna, 𝑍 𝑅 𝑗𝑋  is the input 

impedance from the RX antenna terminal to the TX antenna as 

shown in Fig. 2, 𝑍  is the input impedance from the input 

terminal of the TX hybrid balun to the SG, 𝑍  is the input 

impedance from the input terminal of the RX hybrid balun to 

the receiver, and 𝑍  is the impedance parameters of the TX 

and RX antennas as a two-port network. The input impedances 

can also be expressed using the impedance parameters as follows: 
 

 𝑍 𝑍
𝑍 𝑍

𝑍 𝑍
 , 

 

(5a) 

 𝑍 𝑍
𝑍 𝑍

𝑍 𝑍
 . 

 

(5b)
 

To evaluate Eqs. (5a) and (5b), the method of moments 

(MoM) has been widely used [12, 16, 17, 21]. In this study, the 

piecewise sinusoidal basis function with a Galerkin procedure 

was employed. 

Since the hybrid balun had a 100 Ω balanced port and 50 Ω 

unbalanced port [13], the 𝐾 1/𝑀  from 𝑍 𝑍 / 2 

and 𝑍 2𝑍  for the TX part. The 𝐾 1/𝑀  from 

𝑍 𝑍 /2 and 𝑍 2𝑍  were also obtained for the 

RX part. Then, the SA of Eq. (3) was expressed as follows. 
 

𝑆 10 log 𝑀 𝑑, ℎ , ℎ  

10 log 𝐾 𝑑, ℎ , ℎ  

10 log 𝑀 𝑑, ℎ , ℎ  dB . 

 

 

(6) 
 

 

Substituting Eqs. (4c)–(4e) into Eq. (6), the SA in decibels 

can be expressed in a simplified form as follows: 
 

𝑆 10 log
𝑍 𝑍

4𝑅 𝑅

𝑍 𝑍
𝑍

  

(7)
 

SA can be determined even if only Eq. (7) is used. However, 

employing the Eqs. (3) and (6) is useful for analyzing the effects 

of each part of the SA. Eq. (14) (see below) can also be used to 

consider the constituent losses of the SA measurement system 

and thus considering the two types of SA expression.  
 

3. Power Losses on the Coaxial Cables 

To consider all the constituent losses of the SA measurement 

system, 𝑀  and 𝑀  must be evaluated. The power losses on 

the coaxial cables connected to the SG and receiver are ex-

pressed as follows: 
 

𝑆 10 log 𝑀  

10log 𝑀 𝐾  dB , (8) 
 

𝑆 10 log 𝑀  

10log 𝐾 𝑀  dB  (9)
 

where the respective mismatch losses are given as follows: 
 

𝑀
𝑃

𝑃

𝑍 𝑍

4𝑅 𝑅
, 

(10a)

𝑀
𝑃
𝑃

𝑍 𝑅

4𝑅 𝑅
,  

(10b)
 

and the dissipative losses are as follows: 
 

𝐾
𝑃

𝑃
 

4𝑅𝑡
1

𝑅𝑑
1

𝑍𝑡
1

𝑍𝐺

2

𝑍0 𝑍𝐺

𝑍0

1 𝛤𝐺𝑒 2𝛾𝐿1

2𝑒 𝛾𝐿1

2

, 
(11a)

 

𝐾
𝑃

𝑃
 

4𝑅 𝑅

𝑍 𝑍

𝑍 𝑍
𝑍

1 𝛤 𝑒
2𝑒

.

 

 

 

(11b) 
 

 

In Eqs. (10) and (11), 𝑃  is the power delivered to the co-

axial cable, and 𝑃  is the power available from the coaxial 

cable. The propagation constant of a lossy transmission line is 
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given by γ = α + jβ where α and β are the attenuation and phase 

constants of the dielectric between the inner and outer conduc-

tors of a coaxial cable. Additionally, β is given by ω√(εμ), where 

ω = 2πf (f is the frequency) is the angular frequency, and ε and 

μ are the permittivity and permeability of the dielectric inside 

the coaxial cable, respectively. The analysis results of each part of 

the SA measurement system are shown later.  

The individual impedances of each section are as follows: 
 

 𝑍 𝑍
1 𝛤 𝑒
1 𝛤 𝑒  , 

  

(12a)
 

𝑍 𝑍
1 𝛤 𝑒
1 𝛤 𝑒  , 

 

(12b)
 

𝑍 𝑍
𝑍 𝑍

𝑍 𝑍
, 

 

(12c)
 

𝑍 𝑍
𝑍 𝑍

𝑍 𝑍
, 

 

(12d)

and  

𝑍 𝑍
1 𝛤 𝑒
1 𝛤 𝑒  , 

 

(13a)
 

𝑍 𝑍
1 𝛤 𝑒
1 𝛤 𝑒

,   
 

(13b)
 

𝑍 𝑍
𝑍 𝑍

𝑍 𝑍
,  

 

 

(13c)
 

𝑍 𝑍
𝑍 𝑍

𝑍 𝑍
, 

(13d)
 

where 𝑍  and 𝑍  are the impedance parameters of the TX 

balun and RX balun, respectively, as a two-port network. 

III. CALCULATED SITE ATTENUATIONS 

The calculated results showed that the SA of Eq. (3), which 

was derived from the concept of power mismatch and dissipa-

tive loss, produced the same result as that of the SA derived 

from the S-parameters by the National Physical Laboratory 

(NPL) [13].  

To calculate the SA, a thin-wire kernel approximation with a 

segment length of 0.0125 was used for the piecewise sinusoidal 

Galerkin’s MoM analysis. The dipole radius (a = 3.175 mm; 30 

MHz ≤ f  < 300 MHz and a = 0.794 mm; 300 MHz ≤ f  < 1 

GHz) was chosen to be less than 0.007 (thin-wire approxima-

tion), and a nominal value of 50  was used for the characteris-

tic impedance 𝑍 . A coaxial cable (RG-214/U; the velocity of 

propagation was 66% of the velocity in free space; dielectric con-

stant, 𝜀  2.3) with a length of 10 m was selected for the nu-

merical calculation. This cable had an attenuation of 0.049 

dB/m at 50 MHz, 0.069 dB/m at 100 MHz, 0.165 dB/m at 

500 MHz, and 0.269 dB/m at 1,000 MHz [22].  

To validate the theoretical analysis, the SA results were com-

pared with the results of the experiments [13], as shown in Ta-

ble 3. Table 3 also shows the SA calculated by the NPL using 

the S-parameters [13]. In [13], MININEC was used for the 

dipole length and the antenna calculations, while the present 

study employed the piecewise sinusoidal basis functions with a 

Galerkin procedure. The difference between the calculated and 

MININEC SA was less than 0.09 dB, excepting 866 MHz. 

Additionally, the difference in the dipole length was less than 

0.007 for the seven frequencies. These differences were due to 

the differences in the basis functions. 

The results showed that the calculated SAs obtained using 

the power mismatch and dissipative loss concept were in good 

agreement with the results derived from the S-parameters as 

well as with the experiments. 

Fig. 3 shows the frequency characteristics of the theoretical 

SA for the horizontal and vertical polarizations at given distanc-

es of 3 m, 10 m, and 30 m. The detailed values of the SAs calcu-

lated in this paper are shown in Tables 4, 5, and 6. In these Ta-

bles, the resonant dipole lengths for a calculable dipole antenna 

with a 3-dB hybrid balun at the frequency range of 30 MHz to 

1 GHz are shown for the 24 individual frequencies. The heights 

of the RX antenna and the minimum attenuation at the given 

distances and frequencies are also shown. 

The results of the calculated SA shown in Tables 4, 5, and 6  

 

Table 3. Measured and calculated site attenuation 𝑆 ; d = 10 m, ℎ  = 2 m 

f (MHz) 
Calculated in this work 

NPL [13] 

Calculated (MININEC) Measured

Dipole length, L (m) ℎ  (m) 𝑆 (dB) Dipole length (m) ℎ (m) 𝑆  (dB) ℎ  (m) 𝑆 (dB)

95.0 1.502 3.60 21.65 1.509 3.60 21.74 3.61 21.67

124.0 1.147 2.76 24.99 1.157 2.76 25.07 2.75 24.83

141.5 1.018 2.41 25.76 1.011 2.42 25.83 2.44 25.78

187.0 0.757 1.83 27.85 0.761 1.84 27.89 1.84 27.73

272.0 0.517 1.26 31.22 0.525 1.26 31.20 1.24 31.03

300.7 0.476 1.13 31.77 0.475 1.14 31.84 1.15 32.09

866.0 0.163 1.29 41.20 0.162 1.29 41.50 1.40 42.25



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 20, NO. 2, APR. 2020 

150 
   

  

(a) 
 

 

(b) 

Fig. 3. Calculated site attenuations for the horizontal polarization 

(a) and vertical polarization (b). 

 

were compared to the results of the S-parameters expression 

given in [13]. The calculated SAs were better matched to the S-

parameter SA as the distance between the TX and RX antennas 

increased. However, in the low frequency range of 30–90 MHz 

at the 3-m distance, the differences between the calculated SA 

and the S-parameter SA were greater but still less than ±0.73 

dB. This difference was thought to be due to how the conver-

sion errors of the impedance- and S-parameters affected the 

height pattern of the RX antenna under the strong mutual cou-

pling of the antennas and ground plane. However, more research 

is needed. 

IV. CONSTITUENT LOSSES FOR THE SITE  

ATTENUATION MEASUREMENT SYSTEM 

As shown in Eq. (1), the total power losses of the SA mea- 

surement system for the OATS with a pair of calculable dipole 

antennas with a 3-dB hybrid balun consisted of 𝑀 , 𝑀 , and 

𝑀 . In other words, the total power loss of the SA measure-

ment system consisted of a combination of the TX part (SG–

coaxial cable) and the RX part (coaxial cable–receiver) of the  

power mismatch and dissipative losses in the open-field site 

transmission path loss 𝑀  as follows: 
 

𝑇 𝑑, ℎ , ℎ 10log 𝑀 𝑑, ℎ , ℎ  

          10log 𝑀 𝑑, ℎ , ℎ  

     10log 𝑀 𝑑, ℎ , ℎ  

𝑆 𝑆 𝑆   dB , 

 

 
 

(14)

where 𝑆  and 𝑆  are the power losses (mismatch and dissipa-

tive losses) of thse TX and RX parts at a minimum site trans-

mission path loss, respectively. 

The total power losses of the SA measurement system are  

tabulated (in dB) in Table 7 for several different frequencies 

using the 3-m distance as an example. As indicated by the data 

in Table 7, the SA of an OATS can be characterized individually 

from the loss of the OATS and all other parts using the power 

mismatch and dissipative loss factors. Also, 𝑆  and 𝑆  were 

calculated to be in the order of 0.490 to 2.690 decibels; hence, 

𝑆 𝑆 𝑆 . Therefore, the site power loss 𝑀  was signif-

icantly large. 

As mentioned previously, since the hybrid balun had a 100 Ω 

balanced port and 50 Ω unbalanced port [13], the 𝑀 =𝑀  
 

Table 4. Calculated site attenuation 𝑆  for d = 3 m

d =  

3 m 

f 

(MHz)

Dipole 

length, 

L (m) 

HP (ℎ = 2 m) VP (ℎ = 2.75 m)

ℎ  
(m) 

𝑆  
(dB) 

ℎ  
(m) 

𝑆  
(dB) 

30 4.805 2.37 10.15 2.81 10.57

35 4.114 4.00 11.14 2.58 11.83

40 3.596 4.00 11.11 2.73 12.71

45 3.194 4.00 10.75 2.93 13.24

50 2.872 3.81 10.60 3.00 13.46

60 2.389 3.04 10.32 2.83 13.54

70 2.045 2.44 10.06 2.57 14.28

80 1.787 2.02 11.03 2.39 16.02

90 1.587 1.86 12.77 2.18 17.75

100 1.426 1.72 13.34 1.88 19.07

125 1.138 1.32 15.79 3.02 19.66

150 0.946 1.10 16.95 2.63 21.01

175 0.809 1.00 18.24 2.25 22.45

200 0.707 2.38 20.35 3.19 24.10

250 0.564 1.84 21.60 2.56 25.34

300 0.468 1.48 23.42 3.01 27.11

350 0.408 1.25 24.82 2.51 28.16

400 0.357 1.07 25.62 2.88 29.34

500 0.285 1.43 27.82 2.80 31.19

600 0.237 1.16 29.15 2.74 32.72

700 0.202 1.42 30.36 2.70 34.01

800 0.177 1.22 31.56 2.67 35.14

900 0.157 1.08 32.41 2.65 36.14

1,000 0.141 1.26 33.24 2.63 37.06
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and 𝐾 1/𝑀  from 𝑍 𝑍 /2  and 𝑍 2𝑍  

for the TX part. The 𝑀 =𝑀  and 𝐾 1/𝑀  from 

𝑍 𝑍 /2 and 𝑍 2𝑍  were also obtained for the 

RX part. In other words, the unbalanced port-mismatch loss 

(𝑀 , 𝑀 ) and the dissipative loss (𝐾 , 𝐾 ) in the baluns 

were abbreviated to each other. These results are also shown in 

Table 7. As a result of elimination, therefore, the SA consisted of 

two kinds of losses (see Eq. (6)), specifically the balanced port-

mismatch losses of the TX and RX baluns, 𝑀 𝑀 , and 

the half-space dissipative loss, 𝐾 . Table 7 lists both these 

losses in the SA as well as the values of the percentage compari-

son of the SA components. 

Fig. 4 shows the mismatch loss 𝑀 𝑀  in the SA for 

24 frequencies. 𝑀 𝑀  was less than about 0.5 dB at all 

the frequencies at the 3-m distance, except for a few low ones 

(30, 60, 70, and 80 MHz). For the HP at all three distances, the 

mismatch loss was within about 0.5 dB at frequencies over 90 

MHz. However, the mismatch loss was within about 0.5 dB at 

frequencies over 45 MHz for the VP at all three distances. 

As shown in Fig. 4, for the 30-MHz HP at the 3-m distance 

(the worst case of the three distances), the mismatch loss 
 

𝑀 𝑀  1.597 dB, about 18.7% of the half-space dissi- 

 

pative loss 𝐾 . This was due to the fact that the mutual cou-

pling effects between the two antennas and the ground plane 

became large at the low frequencies for the 3-m distance. How-

ever, the variation of the input impedance of the TX and RX 

antennas was very small because the mutual coupling effects 

between the two antennas and the ground plane was reduced at 

frequencies above about 90 MHz. Therefore, the mismatch loss 

𝑀 𝑀  gradually decreased. 

The average value of the mismatch loss (𝑀 𝑀 ) for the 

24 frequencies was within 3.84% of the half-space dissipative 

loss (𝐾 ) for the HP and 1.54% for the VP at the 3-m dis-

tance. As for the 10-m distance, it was within 1.13% and 0.81% 

of the half-space dissipative loss for the HP and the VP, respec-

tively. Additionally, for the 30-m distance, the average value of 

the mismatch loss was within 0.63% and 0.58% of the half-

space dissipative loss for the HP and the VP, respectively. 

As a result, the half-space dissipative loss 𝐾  was the do-

minant component in the SA, because the mismatch loss 

𝑀 𝑀  was less than 3.84% (the average value) of the 

half-space dissipative loss 𝐾  for all three distances. In addi-

tion, the mismatch loss of the HP was larger than that of the 

VP because the HP had a stronger mutual coupling with the 

ground plane than the VP did.  

Table 5. Calculated site attenuation 𝑆 for d = 10 m 

d = 

10 m 

f 

(MHz) 

Dipole 

length,  

L (m) 

HP (ℎ = 2 m) VP (ℎ  = 2.75 m)

ℎ  
(m) 

𝑆  
(dB) 

ℎ   

(m) 
𝑆  

(dB) 

 30 4.805 4.00 21.07 4.00 19.28

 35 4.114 4.00 20.94 4.00 19.77

 40 3.596 4.00 20.53 4.00 20.14

 45 3.194 4.00 20.73 4.00 20.68

 50 2.872 4.00 21.09 4.00 20.76

 60 2.389 3.40 22.08 3.99 21.48

 70 2.045 4.00 21.75 3.51 21.99

 80 1.787 4.00 20.89 3.23 22.73

 90 1.587 3.79 21.38 2.89 23.65

 100 1.426 3.40 22.28 2.62 24.37

 125 1.138 2.74 25.05 2.16 26.01

 150 0.946 2.28 26.06 1.81 27.50

 175 0.809 1.95 26.96 1.56 28.74

 200 0.707 1.71 28.73 1.37 29.81

 250 0.564 1.37 30.05 1.10 31.70

 300 0.468 1.14 31.86 1.00 33.29

 350 0.408 1.00 33.30 2.47 34.95

 400 0.357 3.05 34.61 2.15 35.96

 500 0.285 2.42 36.74 1.71 37.71

 600 0.237 2.01 38.15 1.42 39.18

 700 0.202 1.60 39.33 1.22 40.44

 800 0.177 1.40 40.60 1.06 41.55

 900 0.157 1.24 41.50 1.59 42.68

 1,000 0.141 1.11 42.31 1.43 43.55

Table 6. Calculated site attenuation 𝑆  for d = 30 m

d =  

30 m

f  

(MHz)

Dipole 

length, 

L (m)

HP (ℎ  = 2 m) VP (ℎ  = 2.75 m)

ℎ   
(m)

𝑆   
(dB)

ℎ
(m)

𝑆
(dB)

30 4.805 6.00 33.05 6.00 31.00

35 4.114 6.00 34.16 6.00 31.40

40 3.596 6.00 35.29 6.00 31.83

45 3.194 6.00 35.63 6.00 32.20

50 2.872 6.00 35.25 6.00 32.42

60 2.389 6.00 34.91 6.00 32.50

70 2.045 6.00 34.89 6.00 32.62

80 1.787 6.00 33.73 6.00 32.82

90 1.587 6.00 34.03 6.00 33.17

100 1.426 6.00 34.29 6.00 33.64

125 1.138 6.00 35.92 6.00 34.75

150 0.946 6.00 36.13 5.35 36.10

175 0.809 6.00 36.71 4.62 37.31

200 0.707 5.45 38.30 4.06 38.36

250 0.564 4.36 39.63 3.26 40.19

300 0.468 3.63 41.42 2.73 41.71

350 0.408 3.11 42.84 2.34 42.93

400 0.357 2.72 43.63 2.05 44.06

500 0.285 2.18 45.81 1.64 45.94

600 0.237 1.81 47.21 1.37 47.48

700 0.202 1.56 48.42 1.17 48.78

800 0.177 1.36 49.73 1.03 49.90

900 0.157 1.21 50.64 1.00 51.01

1,000 0.141 1.09 51.47 2.47 51.92
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V. CONCLUSION 

The two types of SA formulas for an OATS were presented 

using the power loss concept for the SA measurement system  

 

directly without the use of a substitution loss. Additionally, the 

constituent losses of the SA measurement system were consid-

ered using the derived SA formula. The analysis of the results 

showed that the SA of the OATS could be successfully charac-

Table 7. Calculated mismatch and dissipative losses of the SA measurement system for d = 3 m 

Horizontal polarization 

d = 3 m

 

f 

(MHz) 

𝑆  (dB) 𝑆  (dB) 𝑆 (dB)  

𝑀 𝑀  

(dB) 

𝑀 𝑀
𝐾

 

100 %

𝑀  

(dB) 

𝐾  

(dB) 

𝑀  

(dB) 

𝐾  

(dB) 

𝑀  

(dB) 

𝐾  

(dB) 

𝑀  

(dB)

𝐾  

(dB)

𝑀  

(dB)

𝐾  

(dB)

𝑀  

(dB) 

50 
0.490 0.0 10.60 0.0 0.490  

0.604 6.04 0.108 0.382 0.136 -0.136 0.136 10.00 0.468 -0.468 0.468 0.120 0.370 

100 
0.690 0.0 13.34 0.0 0.690  

0.428 3.320.094 0.596 0.130 -0.130 0.130 12.91 0.298 -0.298 0.298 0.475 0.215 

500 
1.650 0.0 27.82 0.0 1.650  

0.085 0.310.022 1.628 0.047 -0.047 0.047 27.74 0.038 -0.038 0.038 1.632 0.018 

1000 
2.690 0.0 33.24 0.0 2.690  

0.042 0.130.007 2.683 0.023 -0.023 0.023 33.20 0.019 -0.019 0.019 2.685 0.005 

Vertical polarization 

d = 3 m

 

f 

(MHz) 

𝑆  (dB) 𝑆  (dB) 𝑆 (dB)  

𝑀 𝑀  

(dB) 

𝑀 𝑀
𝐾

 

100 %

𝑀  

(dB) 

𝐾  

(dB) 

𝑀  

(dB) 

𝐾  

(dB) 

𝑀  

(dB) 

𝐾  

(dB) 

𝑀  

(dB)

𝐾  

(dB)

𝑀  

(dB)

𝐾  

(dB)

𝑀  

(dB) 

50 
0.490 0.0 13.46 0.0 0.490  

0.069 0.52 0.024 0.466 0.030 -0.030 0.030 13.39 0.039 -0.039 0.039 0.459 0.031 

100 
0.690 0.0 19.07 0.0 0.690  

0.217 1.150.074 0.616 0.102 -0.102 0.102 18.86 0.115 -0.115 0.115 0.607 0.083 

500 
1.650 0.0 31.19 0.0 1.650  

0.122 0.390.028 1.622 0.061 -0.061 0.061 31.07 0.061 -0.061 0.061 1.622 0.028 

1000 
2.690 0.0 37.06 0.0 2.691  

0.052 0.140.008 2.683 0.026 -0.026 0.026 37.01 0.026 -0.026 0.026 2.683 0.008 

 

  

      
           (a)                                                        (b) 

Fig. 4. Calculated mismatch loss 𝑀 𝑀  for the horizontal and vertical polarizations.
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terized individually from the SA measurement system and that 

the SA is expressed as two kinds of losses: the balanced port-

mismatch losses of the TX and RX baluns and the half-space 

dissipative loss. This approach enables the separation and analy-

sis of the SA’s constituent power losses. It may also be useful for 

further studies on uncertainty evaluation. This paper deals only 

with the classical SA; the normalized SA will be presented in a 

future study. 
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ported by the 2016 Yeungnam University Research Grant.
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I. INTRODUCTION 

The synthetic aperture radar (SAR) antenna, which affects 

the performance of the spaceborne SAR system, is an important 

part of the satellite payload’s size and weight. Several factors can 

affect the performance of the SAR antenna and should be con-

sidered when designing it; these factors include the SAR opera-

tion mode as well as SAR system performance indicators, such 

as ambiguity-to-signal ratio (ASR) and resolution. ScanSAR 

(scanning synthetic aperture radar), which is a representative 

wide-swath SAR operation mode, can reduce the revisit time of 

a satellite by observing a wide area. However, the resolution is 

degraded in proportion to the number of sub-swaths of Scan-

SAR system [1]. In the case of the quadrature-polarimetric  

(quad-pol) mode, horizontal/vertical (H/V) polarization are 

alternately transmitted and received to obtain various polariza-

tion information about the Earth’s surface. However, the ambi-

guity performance of the conventional quad-pol SAR system is 

worse than single-pol system [2]. For this reason, considering 

the performance only in single-pol mode when designing the 

SAR antenna will limit its ability to achieve the target perfor-

mance in quad-pol mode [3]. Therefore, the effects of SAR 

operation mode should be considered in the antenna design to 

achieve better SAR system performance. 

In this paper, we analyzed the requirements of the reflector 

antenna in the spaceborne ScanSAR system’s quad-pol applica-

tion, and we determined the optimal reflector size to satisfy the 

target performance by analyzing the SAR system performance  
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according to the antenna size while also considering both the 

single-pol and quad-pol modes. 

II. DESIGN OF THE REFLECTOR ANTENNA FOR THE 

QUAD-POL SCANSAR 

In general, the ambiguity-to-signal ratio consists of the range 

ambiguity-to-signal ratio (RASR) and azimuth ambiguity-to-

signal ratio (AASR). The resolution is characterized in the 

terms of the range direction and azimuth direction [4, 5]. The 

performance indicators of the SAR system, such as ambiguity 

ratio and resolution, determine the quality of the images ob-

tained from the SAR and are affected by the antenna radiation 

patterns. In terms of the ambiguity ratio, using a large antenna 

is advantageous because the signals received from outside the 

main beam affect the SAR image as ambiguity signals. In terms 

of the resolution, illuminating a wide angle using a small anten-

na is advantageous because the azimuth resolution is inversely 

proportional to Doppler processing bandwidth (PB), which is 

related to the antenna azimuth length. 

ScanSAR divides a large swath width into multiple sub-swaths 

and utilizes multi-beam for each sub-swath. Using a reflector 

antenna with feed arrays enables beam-forming simply by turn-

ing the feed antennas on and off. ScanSAR can avoid blind 

ranges determined by pulse repetition frequency (PRF) and 

transmitted pulse width and can improve noise performance. 

However, as the dwell time of each sub-width decreases, the 

azimuth resolution is degraded in proportion to the number of 

sub-swaths [1]. Therefore, increasing the antenna width in the 

elevation direction reduces the beamwidth of the antenna pat-

terns formed by each feed, which discontinuously worsens the 

resolution because of the increase of the number of the sub-

swaths and feeds for maintaining the total swath width. To 

avoid changing the focal length of the reflector antenna, the 

space between feeds, which is related to the beam deviation fac-

tor [6], is reduced. Therefore, the size of the feed antenna sh-

ould be considered in determining the reflector width, even th-

ough the resolution constraint does not limit the antenna design. 

The quad-pol SAR mode obtains various polarization signals, 

such as HH, HV, VH, and VV. However, the ambiguity per-

formance is degraded by the combination of the polarization 

signals, especially in the RASR performance for HV and VH 

[2]. The quad-pol mode can use only a half swath width com-

pared to the single-pol mode because of the ambiguity perfor-

mance degradation, especially in the high incidence angle region. 

For this reason, the quad-pol mode has a smaller number of 

sub-swaths, and it has the advantage of better resolution in 

ScanSAR mode. 

Because of the different characteristics of the two SAR op- 

Fig. 1. The relation between the system parameters of ScanSAR. 

S=single-pol, Q=quad-pol. 
 

eration modes (single-pol and quad-pol), the optimal antenna 

for each mode is different. However, the two cases cannot be 

considered independently because the same antenna must be 

used. This means that using a larger antenna improves the am-

biguity performance of the quad-pol mode, but its effect on the 

resolution of single-pol mode must be considered. 

Fig. 1 shows the relation between the system parameters of 

ScanSAR, which affect the antenna design, such as the swath 

width, the number of sub-widths, N, the range of the look angle, 

∆𝜃 , the antenna elevation/azimuth size, W/L, and the antenna 

beamwidth, 𝜃 , /𝜃 , . 

Based on the relation shown in Fig. 1, the reflector size was 

selected by analyzing the ambiguity performance of different 

antenna widths and lengths.  

III. PERFORMANCE ANALYSIS RESULTS OF THE  

QUAD-POL SCANSAR SYSTEM 

In this paper, we assumed the C-band ScanSAR system used 

an offset reflector antenna at a satellite altitude of 505 km [4]. 

The performance of the quad-pol ScanSAR system was ana-

lyzed according to the size of the reflector antenna by applying 

the antenna patterns obtained by FEKO simulation tool. Scan-

SAR has a swath width of 150 km in single-pol mode, and the 

PRF and PB were determined considering the SAR system 

performance [3].  

We verified the performance analysis procedure of the quad-

pol SAR system and obtained results similar to those of previ-

ous work [3]. The analysis results of the ambiguity performance 

presented in this chapter were obtained by this procedure. 

As an example of performance analysis, the analysis results of 

the ambiguity performance of a 4 m (L) × 1.35 m (W) reflector 

antenna are shown in Fig. 2. In this case, the single-pol mode 

had a better ambiguity performance than the quad-pol mode at 

the range of incidence angle with which we are concerned. Al-

though quad-pol mode had the less PB because of the azimuth 

ambiguity performance, the two modes had a similar resolution 

because quad-pol mode had a less swath width under the crite-

rion of –20 dB of the ambiguity ratio. 
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Fig. 2. The ambiguity performances of the ScanSAR system. 

 

Fig. 3. Relation between the ambiguity-to-signal ratio and the re-

solution, according to the reflector antenna size, in the C-

band quad-pol ScanSAR system. 

 

Fig. 3 shows the performance comparison result with various 

antenna sizes. As shown in Fig. 3, we can confirm the trade-off 

relation among the antenna size, ambiguity ratio, resolution, 

and swath width as mentioned in Section Ⅱ. In addition, if the 

target performances are RASR/AASR under –20 dB and reso-

lution under 10 m, a reflector size of 4 m × 1.35 m is the an-

tenna optimized to satisfy the requirement of the ScanSAR 

system.  

IV. CONCLUSION 

In this paper, the reflector antenna that is optimal for both  

 

 

 

 

 

 

 

 

the single-pol and quad-pol modes of C-band ScanSAR system 

was designed by analyzing the relation between antenna size 

and SAR system performance. Based on the simulation results, 

we conjectured that the range of performance, which the Scan-

SAR system can obtain under a SAR operation scenario, can be 

estimated based on the trend of the ambiguity ratio and the 

resolution produced by variations in the antenna size. 
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