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I. INTRODUCTION 

Polarized reconfigurable antennas have been extensively re-

searched and adopted in multiple-input multiple-output (MI-

MO) systems because of their inherent polarization diversity 

advantages of mitigating multipath fading and increasing chan-

nel capacity [1]. The polarization characteristics of these anten-

nas can be switched among linear polarization (LP), left circular 

polarization (LHCP), and right circular polarization (RHCP) 

depending on the propagation environment. However, most stu-

dies have been limited to polarization diversity between RHCP 

and LHCP [2–5]. In addition, the study on polarization diversi-

ty between orthogonal LPs is relatively inadequate [6–9]. 

A polarization diversity reconfigurable antenna with a switch-

able feed structure is proposed in [6]. By changing the operating 

state of four pairs of PIN diodes in the switchable feed network, 

the feed point of the circular patch antenna can be switched. 

Therefore, a reconfiguration between four linear polarization 

directions at a 45 interval (22.5, 67.5, 112.5, and 157.5) 
can be realized. Four shorting posts and four PIN diodes are 

placed at a 45 interval, and four PIN diodes control the con-

nection between the shorting via the ground plane [7]. As a 

result, the antenna can switch between the four LPs at 45° in-

tervals. The difference from [6] is that the RF switch is applied 

to the radiator rather than to the feed structure and uses a sin-

gle-layer substrate. In [8], a reconfigurable slot antenna switch-

ing between vertical and horizontal LPs is proposed. To control 

the direction of the electric field formed in the feed structure, 

two PIN diodes are applied to the CPW-to-slot line switch. 

Consequently, two LPs perpendicular to each other are realized. 

In [9], a PIN diode is applied at the end of the feed line. By 

adjusting the state of the PIN diode, the impedance of the feed 

end can be electrically switched to a short or open. Therefore, 

the polarization state can be controlled between the two LPs. 
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Abstract 
 

This study presents a dual-band polarization-reconfigurable antenna that comprises a large square patch with a pair of corner-cut edges 

and two small square patches with a shorting via. Two PIN diodes are located between the large square patch and two small square patch-

es. Depending on the bias state applied to the two PIN diodes, each small patch may be disconnected or connected to the large square 

patch. As a result, the proposed antenna can provide polarization reconfigurability between two orthogonal linear polarizations. Further, 

the proposed antenna operates at 2.51 GHz and 2.71 GHz. From the measured results, the proposed antenna shows a 10 dB bandwidth 

of 2.39% (2.49–2.55 GHz) and 2.58% (2.68–2.75 GHz). In this work, the frequency ratio can be easily controlled by changing the size of 

the small patch. 

Key Words: Dual-Band Reconfigurable Antenna, Polarization-Reconfigurable Antenna, Switchable Orthogonal Linear Polarizations. 

 

 

Manuscript received January 18, 2018 ; Accepted April 10, 2018 ; Accepted June 19, 2018. (ID No. 20180118-076J)  

Department of Electronic Engineering, Kyonggi University, Suwon, Korea. 
*Corresponding Author: Youngje Sung (e-mail: yjsung@kgu.ac.kr)  
 

 

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits 

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved. 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 18, NO. 4, OCT. 2018 

216 
   

  

As far as we know, only two studies have been published on 

polarization diversity between LPs in antennas operating in a 

dual band. In [10], the authors present a single-feed dual-band 

microstrip patch antenna with switchable orthogonal LPs. 

However, because the frequency ratio is greater than 2 and the 

difference in antenna performance at two resonant frequencies is 

too large, the proposed antenna can be used only in a limited 

area. In [11], a single-fed dual-band polarization-reconfigurable 

antenna is first proposed for wireless local area network (W-

LAN) applications. The two resonance modes of this antenna 

utilized the TM10 and TM30 modes, respectively, of the square-

patch antenna. However, as the TM30 mode has a higher order, 

a side lobe is largely generated on a radiation pattern at the sec-

ond resonant frequency. 

In this study, we present a simple microstrip patch antenna 

for switching two orthogonal LPs in a dual band. In the pro-

posed antenna, a square patch with a cutting corner works as a 

radiating element, and two small square patches with a shorting 

via are used to control the direction of the polarization. As the 

PIN diode is turned on/off, the square patch and the small 

patch are connected/disconnected, respectively. As a result, the 

electrical length of the antenna is changed along with the reso-

nant frequency. The details of the proposed antenna design and 

the simulated and measured results are described as follows. 

II. ANTENNA GEOMETRY 

Fig. 1 shows the geometry of the proposed antenna. The pro-

posed antenna uses FR-4 with relative permittivity of r = 4.4, at 

a thickness of h = 1.6 mm. In the proposed structure, a large 

square patch with a side length L1 acts as a radiator. Two small 

square patches with a side length L2 have a shorting via of di-

ameter R in the middle of the patch. Some of the large square 

patches are cut out to make room for the small patches. As a 

diode (HSMP-3860) is applied between the large square and  

 

 
Fig. 1. Geometry of proposed reconfigurable antenna for a dual-

band operation. The figure is not drawn to scale. 

the small square, the gap distance between them is set to g. The 

position of the via or the gap determines the polarization direc-

tion of the square patch [13]. Large and small patches are con-

nected or disconnected depending on the state of the diode. 

When connected, the polarization direction of the large patch 

changes because of the influence of the via. As the via is located 

on the left and right diagonal lines of the large patch, we can 

connect the two vias alternately to the large patch to create two 

polarizations perpendicular to each other. The bias voltage of 

the PIN diode is 0.75 V. The PIN diodes have a resistance of 

1.5 Ω in the forward-bias state and a capacitance of 0.2 pF in 

the reverse-bias state. For the simulation, the equivalent circuit 

of the PIN diode is represented by a resistor of 1.5 Ω in the for-

ward bias state. Conversely, in the reverse bias state, the equiva-

lent circuit of the PIN diode is represented by a capacitor of 0.2 

pF.  

The bias tee is used in this study to measure the proposed an-

tenna. State I is defined as the condition when PIN diode #1 is 

in the on-state and PIN diode #2 is in the off state; that is, a 

positive voltage is applied to the feed line through the bias tee, 

and a negative voltage is applied to the ground plane. Further, 

State II is defined as the condition when PIN diode #1 is in the 

off-state and PIN diode #2 is in the on state; that is, a positive 

voltage is applied to the ground plane, and a negative voltage is 

applied to the feed line through the bias tee. 

III. SIMULATED AND MEASURED RESULTS 

Fig. 2 shows the simulated reflection coefficients of the pro-

posed antenna relative to the change in L2. The other parame-

ters are as follows: L1 = 28 mm, R = 0.5 mm, g = 0.5 mm, Wt = 

0.72 mm, and Lt = 20.2 mm. In the proposed structure, the gap 

g between the large patch and the small patch is not suitable as a 

variable for the parameter study because the diode should be 

applied. The gap g is fixed to 0.5 mm considering the size of the 

PIN diode. Therefore, when the side length L2 of the small 

square patch increases, the size of the cut part at the two corners 

of the large patch increases. As L2 increases, the first resonant 

frequency increases, and the second resonant frequency decreas-

es. The frequency ratio (f2 / f1) changes to 1.15 when L2 = 2.1 

mm. If L2 is smaller than 2.1 mm, the frequency ratio becomes 

larger, but the matching property deteriorates (|S11| > −10 dB). If 

L2 is larger than 10.1 mm, the two resonant frequencies ap-

proach each other and operate as a single-band antenna with a 

wide bandwidth. As will be mentioned later, the polarization at 

two resonant frequencies is perpendicular to each other. There-

fore, if L2 is larger than 10.1 mm, a CP antenna is realized. L2 is 

selected to be 7.1 mm in consideration of optimized matching. 

If L2 is larger than 7.1 mm, the matching characteristics at two 

resonant frequencies are degraded. 

1/4 λ transformer

50 Ω  Line

PIN Diode #1
Via

Lt

L2 Wt
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Fig. 2. Simulated reflection coefficient relative to the change in L2. 

 

 
Fig. 3. Simulated reflection coefficient relative to the change in R. 

 

Fig. 3 shows the simulated reflection coefficient of the pro-

posed antenna with respect to radius R. The remaining parame-

ters are the same as those mentioned above. In this case, diode 

#1 is on and diode #2 is off. As R increases, the first resonant 

frequency f1 changes little and the second resonant frequency f2 

increases, and the impedance matching characteristic is insensi-

tive to the changes in the radius. In Fig. 1, R = 0 mm denotes 

the antenna without the via. The antenna with R = 0 mm exhib-

its a single resonance at 2.57 GHz. Based on this fact, the sec-

ond resonant frequency of the proposed antenna is generated by 

the via. In [12], the shorting pin is applied to the ring antenna, 

and the polarization at the dominant frequency is vertically 

changed by the shorting pin. In the current study, the polariza-

tion at the second resonant frequency generated by the shorting 

pin is perpendicular to the polarization at the first resonant fre-

quency. 

Fig. 4(a) shows the simulated field distribution when the pro-

posed antenna operates in State I (diode #1 on, diode #2 off ). 

The simulation is performed at the resonant frequencies of 2.56 

GHz and 2.82 GHz. In the figure, the electric field is weak in 

the dark area and strong in the bright area. At the first resonant 

frequency of 2.56 GHz, the null line of the electric field is  

 
Fig. 4. Simulated electric field distribution at 2.56 GHz (left) and 

2.82 GHz (right). (a) State I and (b) State II.  

 

formed along the diagonal line φ = 90° including the via. At the 

second resonant frequency of 2.82 GHz, the null line of the 

electric field is formed along the perpendicular diagonal line φ 

= 0°. This diagonal line has no via. Fig. 4(b) shows the electric 

field distribution in the proposed antenna in State II. At the first 

resonant frequency, the null line of the electric field is formed 

perpendicular to the case of State I. As shown in Fig. 4, the two 

perpendicular LPs have a good isolation between them. There-

fore, an antenna with two orthogonal polarizations at the same 

frequency is suitable for a polarization diversity application. 

Fig. 5 shows the photograph of the fabricated antenna, and 

Fig. 6 illustrates the simulated and measured reflection coeffi-

cient of the proposed antenna. Ansoft’s High-Frequency Struc-

ture Simulator (HFSS) is used for the simulation. For the simu- 

lation and measurement, the designed parameters of the pro- 

 

  
Fig. 5. Photograph of the fabricated antenna. 
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Fig. 6. Simulated and measured reflection coefficient of the pro-

posed antenna. 

 

posed antenna are L1 = 28 mm, L2 = 7.1 mm, R = 0.5 mm, g = 

0.5 mm, Wt = 0.72 mm, and Lt = 20.2 mm. The measured an-

tenna shows a 10 dB f1 bandwidth of 2.39% (2.49–2.55 GHz) 

and a 10 dB f2 bandwidth of 2.58% (2.68–2.75 GHz). As 

shown in the graph, a good agreement between the simulation 

and the measurement is achieved, with an error of less than 3.0  

% in the predicted minimum reflection coefficient frequency. 

This small deviation is partially due to the diffracted field at the 

edge of the substrate. Moreover, although Bias-T is used, the 

resonant frequencies of the proposed antenna can be predicted 

to be slightly reduced because of the DC bias structure. 

Fig. 7 shows the simulated and measured radiation patterns in 

the xz and yz planes at the two resonant frequencies of 2.51 

GHz and 2.71 GHz. At this time, diode #1 is on and diode #2 

is off. The measured results are in good agreement with the sim-

ulated results. The radiation pattern in the xz plane is tilted by 

20° because of the via. As the radiation pattern of the proposed 

antenna has a wide beam width, the fact that the radiation pat-

tern is tilted does not pose a problem because the gains at φ = 0° 

and φ = 20° are almost the same. Fig. 8 shows the simulated and 

measured radiation patterns at both resonant frequencies when 

diode #1 is off and diode #2 is on. As shown in Figs. 5 and 6, 

two polarizations are orthogonal to each other at the two reso-

nant frequencies. Fig. 9 shows the simulated and measured total 

gains with regard to the frequency. The measured peak gain is 

3.20 dBi at the operating frequency of 2.51 GHz. The measured  
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(c)                                 (d) 

Fig. 7. Simulated and measured radiation patterns of State I (diode #1 is on and diode #2 is off): (a) E-plane (yz plane) at 2.51 GHz, 

(b) H-plane (xz plane) at 2.51 GHz, (c) E-plane (yz plane) at 2.71 GHz, and (d) H-plane (xz plane) at 2.71 GHz. 
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Fig. 9. Simulated and measured gain. 

 

peak gain is 2.37 dBi at the operating frequency of 2.71 GHz. 

IV. CONCLUSION 

To produce dual-band polarization reconfigurability, the con-

cept of loading a conventional square patch antenna with a via is  

 

experimentally investigated. First, the proposed structure works 

as a dual-band, dual-linear polarized antenna. The resonant fre-

quencies of the proposed design are in the orthogonal polariza-

tion plane and have similar radiation characteristics. By properly 

selecting the size of the small patch with a shorting via, the sec-

ond resonant frequency of the antenna can be adjusted. Owing 

to the simplicity of its structure, the proposed antenna is suitable 

for applications in wireless communications and mobile satellite 

communications. 
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I. INTRODUCTION 

A magnetically coupled wireless power transfer (WPT) sys-

tem consisting of one transmitter and one receiver was success-

fully demonstrated using coupled-mode theory (CMT) in [1]. 

The WPT technology has since been studied to enable various 

applications, such as charging mobile phones, tablets, notebooks, 

home appliances, motor vehicles, and biomedical devices. The 

ongoing goal of researchers in this field is to achieve a higher 

efficiency over a longer distance. The use of an optimum load to 

realize the upper limit of transfer efficiencies was highlighted 

from the beginning [1] and has been one important design 

guideline in practice. To enhance the WPT efficiency beyond 

the upper limit, some WPT systems using relay coils and meta-

material slabs have been studied [2–4]. 

Recently, the research interest in WPT technology has been 

extended to accommodate multiple-input multiple-output (MI-

MO) systems. In particular, the MIMO WPT [5] system has 

been attracting attention as a way to enable the energy autono-

my of Internet of Things (IoT) sensors. For general MIMO 

WPT systems, the efficiencies are usually evaluated numerically 

using a Z-matrix circuit formulation [6]. The loads to achieve a 

specifically required power distribution to multiple receivers can 

be found numerically using a genetic algorithm. However, the 

exact analytic (or closed-form) solutions for them have not yet 

been found for a general MIMO system. 

A single-input multiple-output (SIMO) system can be con-

sidered a subset of MIMO systems. The overall efficiency of a 

SIMO WPT system was initially examined using CMT [7]. A 

circuit-centric matrix analytical model that predicts the behavior 

of SIMO systems was also presented [8]. 

In addition to achieving high efficiency, power distribution 

among receivers has been of great interest in designing a SIMO 

WPT system. For example, [9] proposed a time-shared charg-

ing technique to distribute power to receivers. In an effort to 

reduce the coupling effects between receivers, [10] diversified 

the resonant frequencies among the receivers. In this method, 

the power division among receivers was still controlled by ad- 
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justing the charging time. The methods proposed in [11, 12] 

were presented in a relatively complex and abstract form to be 

used in design practice. 

Another method to control the power distribution among re-

ceivers is to adjust the loads at the receivers. In [13], a power 

division was achieved by utilizing impedance inverters at the 

receiver sides on a two-receiver example. In [14], an impedance 

matching method for the power distribution among receivers 

was proposed based on coupled-mode and circuit theories. The 

actual power distribution among receivers, however, differs 

greatly from the desired distribution, especially in a condition of 

highly asymmetric distribution. [15] developed a new power 

control scheme by combining maximum efficiency point track-

ing (MEPT) with time-division multiplexing (TDM). In [16], 

multiple-receiver WPT-based battery voltage equalization was 

investigated using analytical derivations and experiments. 

In this paper, we derive and present a simple analytic solution 

to control the power distributions among multiple receivers. 

The necessary receiver load values for a desired power distribu-

tion can be easily computed using the presented solution with 

little loss of accuracy. The proposed method of realizing arbi-

trarily desired power distributions is verified using numerical 

examples in circuit and electromagnetic (EM) simulations. 

II. MODELING OF A SIMO WPT SYSTEM 

1. Formulation of a SIMO WPT System 

Fig. 1(a) and (b) show a typical SIMO WPT system and its 

equivalent circuit. The system is assumed to have a single 

transmitter and multiple receivers. All the loops (or coils) have 

some inductances (Li) and resistances (Ri). Each coil is loaded 

with a capacitor (Ci) for resonance at a specific design frequency. 

The transmitter is excited by a voltage source (V0), and the N 

receivers have load resistances (RLi) to receive transferred powers. 

Once the sizes and positions of the transmitter and receivers are 

specified, the coupling coefficients between any two loops can 

be determined using the ratio of magnetic flux lines from one 

loop to the other [17]. The WPT system can then be analyzed 

in terms of the efficiencies for each receiver and for the total 

system. For (N + 1) loops of the SIMO WPT system in Fig. 1, 

we can write (N + 1) equations using KVL. They can be re-

arranged using a Z-matrix formulation. The Z-matrix as a 

function frequency is given by: 

 

      (1) 

 
(a) 

 
(b) 

Fig. 1. A general configuration of a SIMO WPT system with one 

transmitter and N receivers. (a) Geometry and (b) equiva-

lent circuit.

 

In (1), V0 in the column matrix [V] is the supplied voltage of 

the transmitter. The principal diagonal elements of [Z] at the 

resonant design frequency are given by: 
 

                        (2) 
 

and 
 

          (3) 
 

where Ris are the loop resistances and RLi’s are the load re-

sistances for the receivers. The other elements of [Z] are given 

by: 
 

  (4) 
 

where kijs are the coupling coefficients between two loops. 

When all the elements of the Z-matrix are given, the current on 

each loop is determined by [I] = [Z]-1[V], in which all couplings 

between any two loops including the mutual are all considered. 

The input power and the received power at each receiver can 

then be evaluated using: 
 

 
(5)
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          (6) 
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2. Derivation of the Optimum Load and Efficiency in SIMO 

The efficiency for the ith receiver at the resonant frequency is 

defined and expressed as: 

 

 

(7) 
 

The efficiency can be evaluated using (7) or by |Si0|2/(1-|S00|2) 

using EM simulations. The efficiencies using the two methods 

always agree well. If the coupling coefficients between any two 

receivers shown in Fig. 1 are negligible (kij → 0, i ≠ j for i, j = 1, 

2,∙∙∙, N), the ratio of the currents on the ith receiver and the 

transmitter is expressed in an analytic form, as in [18]: 
 

                  (8) 
 

and (7) can be simplified to: 
 

             (9) 
 

where Fi and βi are defined as the figure of merit and the normal-

ized load resistance defined by: 
 

           (10) 

and 

                     (11) 

where ki is the coupling coefficient between the transmitter and 

ith receiver [17], and Qi is the quality factor of the ith receiver. 

The figure of merit (10) is entirely determined by the specifi-

cation of the Tx and Rx loops and the arrangement between 

them and is not dependent on the load RLi. The system efficiency 

(or total efficiency) is defined and given by: 

     (12) 
 

as a function of N normalized loads. 

To derive βis (i = 1, 2, ∙∙∙, N), which maximize ηt in (12), we 

require: 
 

          (13) 
 

 The N partial differential equations must be solved simulta-

neously. The normalized load resistance βi for i = 1, 2,∙∙∙, N sa-

tisfying (13) turned out to be identical as a constant βopt for all 

receivers [11], although the figures of merit (Fis) given by (10) 

are different. They are: 
 

      (14) 
 

It is convenient if we define the overall figure of merit of a 

SIMO system (F) as: 
 

                   (15) 
 

The normalized optimum load βopt in (14) can then be simply 

expressed as: 

                   (16) 
 

With (16), the maximum of ηt in (12) can be expressed as: 
 

          (17) 
 

after some algebraic arrangements. Notice that (16) and (17) 

have exactly the same forms as those for SISO systems [16]. 

Note that as F (15) becomes very large, the efficiency in (17) 

goes to 1. As F becomes very small, the efficiency goes to zero. 

 

3. Numerical Examples with One Transmitter and Two Receivers (N = 2) 

As an example, assume that we have one Tx and two Rx 

loops, where the figures of merit between the Tx and Rx loops 

are F1 = 16.2 and F2 = 10.7. The efficiency of individual Rx ƞi 

and the total system efficiency ƞt can be controlled by the (nor-

malized) load βi. From Fig. 2, we can analyze how selectively 

power can be distributed to each Rx in the following scenarios. 

In the first scenario, let us suppose we want to deliver the 

most power to Rx1 instead of Rx2. Intuitively, one can achieve 

this by opening the load of Rx2 (β2 → ∞) to suppress any power 

flow into Rx2 and re-direct that power to Rx1. Simultaneously, 
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the load value of Rx1 should be optimized to receive the maxi-

mum power. This conjecture is consistent with the result in Fig. 

2. Explicitly, when β1 is about 16.2 and β2 → ∞, ƞ1 is maximized 

to 88.4% and ƞ2 decreases to zero in Fig. 2(a) and (b). 

The opposite is true in the second scenario in which we want 

to deliver the most power to Rx2 instead of Rx1. Fig. 2 shows 

that when β1 → ∞ (Rx1 is open) and β2 is about 10.7, ƞ1 and ƞ2 

reach zero and 82.9%, respectively. Obviously, the maximum ƞ1 

(88.4%) is greater than the maximum ƞ2 (82.9%) because Rx1 is 

inherently more strongly coupled to Tx than Rx2; F1 (= 16.2) is 

greater than F2 (= 10.7).  

Next, one may choose to maximize the total system efficiency 

ƞt. The maximum total efficiency in Fig. 2(c) is about 90.2% 

when β1 = β2 = βopt =  =  = 19.4.  
 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Efficiencies as a function of the normalized load resistances 

β1 and β2 in the SIMO system (N = 2, F1 = 16.2, and F2 = 

10.7). (a) Efficiency for the 1st receiver (ƞ1), (b) efficiency 

for the 2nd receiver (ƞ2), and (c) total efficiency of the SI-

MO system (ƞt). 

When the total efficiency is maximized, the power is distributed 

to Rx1 and Rx2, with efficiency of ƞ1 = 63.1% and ƞ2 = 27.1%. 

Another important observation from Fig. 2(c) is that over a 

wide region of β1 and β2, the total efficiency ƞt is nearly invariant 

from the maximum of 90.2%. This implies the power can be 

distributed among multiple receivers in almost any ratio users 

desire, with minimum loss in total efficiency. 

III. CONTROL OF POWER DISTRIBUTION RATIO 

The choice of power delivery distribution is not limited to the 

three scenarios mentioned above in Section II-C. The continu-

ous distribution of efficiencies in Fig. 2 suggests that users are 

allowed an infinite number of choices of power distribution to 

each Rx, with total efficiency nearly unchanged. In this section, 

we propose a simple method to determine the load resistances 

of receivers to control the power distribution ratio. We also 

demonstrate the method using numerical examples. 

 

1. Load Resistance for Desired Power Distribution 

To demonstrate the method, we first define the power distri-

bution ratio (α1, α2, ∙∙∙, αN) for the receivers as follows: 
 

        (18) 
 

Clearly, . When Fis (for i = 1, 2,∙∙∙, N) are all 

known, αi is determined by the choices of βis (for i = 1, 2,∙∙∙, N). 

In particular, when βi = βopt (for i = 1, 2,∙∙∙, N) (14), αi in (18) 

becomes: 
 

     (19) 
 

where αi,opt’s (for i = 1, 2,∙∙∙, N) are the optimum power distribu-

tion ratio to maximize the total efficiency (12). If the desired 

power distribution ratio (αi’s for i = 1, 2,∙∙∙, N) is different from 

the optimum power distribution ratio (αi,opt’s for i = 1, 2,∙∙∙, N), 

the total efficiency may become somewhat lower than the max-

imum depending on the degree of the difference of the opti-

mum (12). 

In case a desired power distribution ratio (αi’s) is specified 

first in (18), the load values, βis, of the receivers can be obtained 

numerically. However, the exact analytic solution in a simple 

form has not been found yet. 
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Fig. 3. Normalized load  (= βi/βopt) as a function 

of desired αi and Fi
2/F 

2 (= αi,opt) (0.05 ≤ αi and Fi
2/F 

2 (= αi,opt) 

≤ 0.95). 

 

Instead, we propose a simple, approximate solution to control 

the power distribution ratio. We first note that the total effi-

ciency is insensitive to the choice of load resistances from Fig. 

2(c) unless they deviate significantly from their optimum (16). 

Based on this observation, the ratio of (18) and (19) can be ap-

proximated as: 
 

          (20) 
 

We further assume 1 + β ≈ β (or β >> 1), which is indeed the 

case for most practical WPT problems. This leads to the con-

clusion that to achieve the desired αi, βi is: 
 

      (21) 

 

for i from 1 to N. The receiver load solution (21) can be used as 

a formula determined by only F (15), Fi (10), and the desired αi. 

In Sections III-B and III-C, we will show that the accuracy of 

(21) is high enough for most practical problems unless the de-

sired power distribution ratio (α1, α2,∙∙∙, αN) deviates too much 

from its optimum (F1
2/F 

2, F2
2/F 

2,∙∙∙, FN
2/F 

2) (19). 

In Fig. 3, based on (21), we plot  (or 

βi/βopt) as a function of the desired αi and Fi
2/F 

2 (= αi,opt). With 

this universal curve, we can determine the normalized load re-

sistance βi (or RLi/Ri) to realize the desired αi (for i = 1, 2,∙∙∙, N) 

once the figures of merit (Fis) for any specific SIMO WPT sys-

tem are known. 

For example, when F1 = 16.2 and F2 = F3 = 11.4, F = 22.9 us-

ing (15), α1,opt = F1
2/F 

2
 = 0.5, α2,opt = α3,opt = 0.25 from (19), βopt = 

22.9 from (14) or (16), and ƞt(βopt) = 91.6% from (17). If the 

desired α1, α2, and α3 are 0.7, 0.2, and 0.1, we can obtain β1 = 

16.4, β2 = 28.6, and β3 = 57.3 using (21) and ƞt = 91% using (12). 

 

2. Numerical Validation by Circuit Simulations (N = 2) 

The proposed power distribution method was validated using 

circuit simulations. We physically have one Tx loop and two Rx 

loops, and the resonant frequencies of all of them are set to 6.78 

MHz. The circuit element values (R, L, and C) are 0.034 Ω, 

0.533 μH, and 1.034 nF for the Tx loop and 0.017 Ω, 0.223 μH, 

and 2.472 nF for the Rx loop. The quality factors of the Tx and 

Rx loops are 668 and 559, respectively. 

The coupling coefficients between the Tx and each Rx (k1 

and k2) are assumed to be identical at 0.0265; therefore, F1 = F2 

= 16.2 using (10). Fig. 4(a) shows the realized (or achieved) 

power distribution ratios and the total efficiencies as a function 

of the desired α1. Note that α2 = 1 – α1. 

The optimum power distribution ratio is α1,opt = α2,opt = 0.5 ( = 

16.22/(16.22
 + 16.22)) from (19). When β1 = β2 = βopt = 22.9 (16), 

the total efficiency is maximized to ƞt(βopt) of 91.64%. One can 

find that the power is distributed to Rx1 with an accurate ratio 

as we target. Fig. 4(a) also demonstrates that the closed-form 

formula (21) is more accurate than the formula presented in  

 

 
(a) 

 
(b) 

Fig. 4. Realized α1 and ƞt as a function of desired α1 (f0 = 6.78 MHz 

and N = 2). (a) α1,opt = F1
2/F 

2
 = 0.5 = α2,opt (F1 = F2 = 16.2) and 

(b) α1,opt = F1
2/F 

2
 = 0.7 and α2,opt = 0.3 (F1 = 16.2 and F2 = 

10.7). 
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[14]. Furthermore, we can see that even when the mutual cou-

pling between two receivers is considered with F21/F1 = 0.5, the 

results do not show much difference. 

As an asymmetric example, the coupling coefficients between 

the Tx and each Rx (k1 and k2) are assumed to be 0.0265 and 

0.0175. Therefore, F1 and F2 are 16.2 and 10.7. The realized 

power distribution ratios and the total efficiencies are shown in 

Fig. 4(b) as a function of the desired α1. The optimum power 

distribution ratio at Rx1 (α1,opt) is 0.7 using (19). When β1 = β2 = 

βopt = 19.4, the total efficiency is maximized to 90.21%. Unlike 

the first example, the realized power distribution ratio slightly 

deviates from the target ratio, especially when the target power 

distribution ratio is low. For example, when the target ratios α1 

and α2 are 0.3 and 0.7, the realized ratios are about 0.34 and 

0.66. 

In Fig. 5, the realized power distribution ratios and total effi-

ciencies are shown as a function of desired α1 for various maxi-

mum total efficiencies of 0.99, 0.9, 0.8, and 0.7 (17) obtained 

when the overall figures (F) of merit are 199, 19, 8.9, and 5.6, 

respectively. It is assumed that N = 2 and F1
2/F 

2
 = α1,op = 0.7 for  

 

 
Fig. 5. Realized α1 and ƞt as a function of desired α1 for different 

maximum total efficiencies ƞt(βopt)s (17) (N = 2 and α1,opt = 

F1
2/F 

2
 = 0.7 assumed). 

 

 
Fig. 6. Realized α1 and ƞt as a function of F for different desired 

α1s (N = 2 and α1,opt = F1
2/F 

2
 = 0.7 assumed). 

all cases. Although the accuracy of the realized power distribu-

tion ratio slightly decreases as the desired α1 deviates from its 

optimum, the proposed simple solution (21) is good enough for 

all practical applications. If a higher accuracy is required, the 

numerical method can be used to obtain the exact solution. 

Fig. 6 shows the realized power distribution ratios and total 

efficiencies as a function of F (15) for different desired α1s of 0.3 

and 0.5. The optimum power distribution ratio α1,opt is fixed at 

0.7. The accuracy of power distribution ratio increases as F in-

creases. This figure also demonstrates that the proposed method 

is good enough unless F in (15) is extremely small. Notice also 

that the realized total efficiency ηt (12) is only slightly lower 

than its maximum of ηt(βopt) (17) obtained when the desired α1 

is identical to α1,opt of 0.7 (21). 
 

3. Validation by Full Wave Electromagnetic Simulation with 

Three Receivers (N = 3) 

Fig. 7 shows a configuration of the SIMO WPT system with 

one transmitter and three receivers for the validation of the pro-

posed solution (21) using full wave EM simulation. The reso-

nant frequencies (f0’s) of Tx and Rx loops are 6.78 MHz. The  

 

 
 

Fig. 7. A configuration of SIMO WPT system with one transmitter and three receivers for validation by full wave EM simulation (unit: 

cm). 
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Table 1. Element values of Tx and Rx loops (f0 = 6.78 MHz) 

 
Tx loop Rx loop

Theory Simul. Theory Simul.

r (cm) 10 5 

rring (cm) 0.2 0.2 

R (Ω) 0.034 0.035 0.017 0.017

L (μH) 0.533 0.502 0.223 0.207

C (nF) 1.034 1.097 2.472 2.657

Q-factor 668 614 559 506

 
radii of Tx and Rx loops are 10 cm and 5 cm, respectively. The 

radii of the loop ring are 0.2 cm. Theoretical and EM-simulated 

circuit element values of Tx and Rx loops are summarized in 

Table 1. The quality factors of the Tx and Rx loops based on 

EM simulations are 614 and 506 at 6.78 MHz, respectively. 

The center positions of one Tx and three Rx loops in Fig. 7 

are (0 cm, 0 cm, 0 cm), (9 cm, 0 cm, 10 cm), (-5.5 cm, -9.4 cm, 

10 cm), and (-5.5 cm, 9.4 cm, 10 cm), respectively. The centers 

of the Rx loops are 9 cm, 10.9 cm, and 10.9 cm away from the 

z-axis. The coupling coefficients between two loops can be the-

oretically evaluated using [17] and can also be extracted using 

the S-parameter obtained from EM simulations [19]. Figures of 

merit can be obtained using (10). Coupling coefficients and 

figures of merit between two loops are summarized in Table 2. 

The EM-simulated ks agree well with the theoretical ones. F1, 

F2, and F3 are 14.8, 10.4, and 10.4, respectively, using (10). For 

this example, α1,opt = F1
2/F 

2
 = 0.5 and α2,opt = α3,opt  = 0.25 from 

(19). 

Fig. 8(a) and (b) show the necessary load resistances (RLis) 

using (21) based on Tables 1 and 2 to realize a desired power 

distribution ratio (αis) based on the assumptions of α2 = α3 and 

α2 = 2α3, respectively. Note that for each case, α1 + α2 + α3 = 1. 

As we can see in (21), RLi decreases as the desired αi increases.  

When the desired α1, α2, and α3 are 0.5, 0.25, and 0.25 in Fig. 

8(a), the load resistances (RL1, RL2, and RL3) are the optimum 

values (RL,opts) (16), which are about 0.39 Ω. 

 
Table 2. Coupling coefficients and figure of merits between two 

loops 

 

ki or kij Fi or Fij using (10)

Theory 

[17] 
Simul. Theory Simul. 

Tx-Rx1 (k1, F1) 0.0265 16.2 14.8

Tx-Rx2 (k2, F2) 0.0186 11.4 10.4

Tx-Rx3 (k3, F3) 0.0186 11.4 10.4

Rx1-Rx2 (k12, F12) -0.0071 -3.95 -3.96

Rx1-Rx3 (k13, F13) -0.0071 -3.95 -3.96

Rx2-Rx3 (k23, F23) -0.0053 -2.95 -2.95

 
(a) 

 
(b) 

Fig. 8. Necessary load resistances (RLi = Riβi for i = 1, 2, 3) using 

(21) based on Tables 1 and 2 as a function of desired α1 (f0 

= 6.78 MHz, N = 3, r0 = 10 cm, r1 = r2 = r3 = 5 cm, rring = 0.2 

cm, α1,opt = 0.5, and α2,opt = α3,opt = 0.25). (a) α2 = α3 assumed, 

(b) α2 = 2α3 assumed.
 

Fig. 9 shows the realized power distribution ratios and the to-

tal system efficiencies of the same SIMO system used in Fig. 8 

using theory based on (12) and (18), EM-simulation with RLi, 

and EM simulation with and additional feeding loop (50 Ω) 

[20]. 

In Fig. 9(a), they have been plotted as a function of the de-

sired α1, with α2 = α3. For this case, the maximum efficiency is 

91.6%, and realized power distribution ratios are shown to be 

almost the same as the desired ones. Again, we can see that the 

realized αis agree well with the desired ones for all cases. 

Similarly, the realized αis and total efficiency are plotted as a 

function of the desired α1, with α2 = 2α3 in Fig. 9(b). We can 

also see that the αis are well realized, as we desire. For example, 

when the desired α1, α2, and α3 are 0.7, 0.2, and 0.1, respectively, 

they are realized as 0.69, 0.2, and 0.11. The results of EM 

simulations without and with a feeding loop [20] are also shown 

to be in good agreement with the results of circuit simulations. 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 18, NO. 4, OCT. 2018 

228 
   

  

 
(a) 

 
(b) 

Fig. 9. Realized α1 and ƞt as a function of desired α1 (f0 = 6.78 

MHz, N = 3, r0 = 10 cm, r1 = r2 = r3 = 5 cm, rring = 0.2 cm, 

α1,opt = 0.5, and α2,opt = α3,opt = 0.25). (a) α2 = α3 assumed, (b) 

α2 = 2α3 assumed. 

 

Finally in Fig. 10, we show the EM-simulated |Hz| distri-

butions for the cases of desired α1 = 0.5 and α2 = α3 = 0.25 and 

desired α1 = 0.7, α2 = 0.2, and α3 = 0.1. For these field distri-

butions, a power source of 1 W was used in HFSS EM simu-

lations. The |Hz| field distributions in Fig. 10(a) and (b) well 

reflect the desired power distributions or efficiencies. The 

total efficiencies and power distribution ratios based on theory 

and EM simulations are in good agreement. 

In summary, the realized αis using the simple closed-form 

solution (21) show good agreement with the desired ones for a 

wide range of applications. 

Ⅳ. CONCLUSION 

In this paper, we analyzed the efficiencies and power distri-

bution ratio among receivers of the SIMO system consisting 

of multiple receivers. The optimum load for maximum total 

efficiency was derived using the equivalent circuit. In addition, 

we obtained the simple formula of the load condition for the 

desired power distribution ratio. We employed various nu-

 
(a) 

 
(b) 

 

Fig. 10. EM-simulated |Hz| distribution (f0 = 6.78 MHz, N = 3, 

r0 = 10 cm, r1 = r2 = r3 = 5 cm, rring = 0.2 cm, α1,opt = 0.5, α2,opt 

= α3,opt = 0.25, βopt = 22.9, and ƞt(βopt) = 0.916). (a) Desired 

α1 = 0.5, α2 = α3 = 0.25, and ƞt = 0.916, (b) desired α1 = 0.7, 

α2 = 0.2, α3 = 0.1, and ƞt = 0.91. 

 

merical examples and validated the derived formula by compar-

ing the target distribution ratio with the realized one from cir-

cuit and EM simulations. The proposed simple formula can also 

be applied to arbitrary N receivers. There have also been some 

analytical or closed-form solutions, but their accuracy is far low-

er than the proposed solution. The proposed formula is ex-

pected to be implemented in future SIMO industrial applica-

tions due to its simple but relatively accurate property. 
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I. INTRODUCTION 

Ballistic missile defense systems (BMDSs) were developed to 

protect territories from enemy ballistic missiles (BMs) in the 

1950s. Deployment of a BMDS allows a state to intercept any 

attacking missiles before they reach their intended targets [1]. It 

is possible to guide multiple interceptors by dedicated radars, 

stationary or otherwise, located on the ground, and to intercept 

BMs at different altitudes. The radar can begin tracking after 

the target has been launched and then communicate with con-

trollers and launchers to release the interceptors and guide them, 

based on specific guidance settings [2, 3]. It is naturally desirable 

for BMDSs to be able to intercept enemy BMs as rapidly as 

possible. This requires estimation accuracy during the tracking 

process, which is directly affected by the operating frequency at 

the radar station [4]. 

Frequency selection is difficult for a variety of reasons. Low 

frequency may be capable of covering long-range targets because 

the signal travels a longer distance, but the radar ranging resolu-

tion is large, owing to limited transmission bandwidth. Also, 

the dimension of phased-array radar increases significantly be-

cause of the large distance from antennae elements. High fre-

quency provides more scalable bandwidth resources and optimal 

performance at short range, thanks to its small beamwidth [5]. 

Its drawbacks appear in the case of long-range targets, on ac-

count of free-space or atmospheric losses. The cost of radio fre-

quency components also influences the frequency selection: the 

higher the frequency, the more expensive are the components. 

Therefore, no frequency can satisfy all conditions, and the radar 

only operates at the frequency that is subject to the least number 

of constraints. An appropriate frequency must be selected to 

provide optimal interception performance. 

The purpose of the present study is to compare the intercep-

tion performance at various frequencies for a non-maneuvering 
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re-entry enemy BM. An allowable estimation error throughout 

the tracking process is determined, based on the acceleration 

capability of an interceptor to ensure successful destruction at 

the intended altitude. The non-linear motion and measurement 

models are discussed mathematically; these reflect the challenge 

of tracking precisely within the terminal phase of the BM. The 

extended Kalman filter (EKF) is chosen for estimation extrac-

tion, based on two typical trajectories in 3D Cartesian coordi-

nate systems. The effectiveness of the EKF is measured by 

means of root-sum-squared position error, denoting the devia-

tion between actual and estimated BM locations. The effect of 

frequency on the position error is discussed in terms of radar 

measurement noise, which results in a reduction in performance. 

The accuracy of estimations leads to precision in predicting the 

intercepting point where BM termination will happen. The lat-

eral divert, known as the least amount of acceleration that an 

interceptor must attain for a successful intercept, is investigated 

from the viewpoint of a zero-lag terminal guidance system. 

The arrangement of our material is as follows. Section II pro-

vides an overview of the basic functional principles of a funda-

mental BMDS. In Section III, problems and techniques used 

for the tracking process are thoroughly investigated in subsec-

tions on various coordinate systems, motion and measurement 

models, and EKF. Section IV discusses the basic terminal guid-

ance system and related issues. The simulation results are shown 

in Section V. Conclusions are presented in Section VI.     

II. BALLISTIC MISSILE DEFENSE SYSTEM  

The BMDS is commonly a composite system of various 

components with different functions. The intercepting proce-

dure of a BMDS is illustrated simply in Fig. 1. 

In general, a BMDS is equipped with a ground radar station 

whose antenna can be a dipole, parabolic or phased-array, a 

command and control system, and a missile launcher, which can 

be integrated or located separately. 

 For an attacking-defense process, the radar starts tracking 

the BM, beginning from point A, to obtain useful estimations of 

its position and velocity, then predicts an intercepting point C, 

where the BM will be terminated. The predicted intercepting 

point can be calculated approximately based on the motion 

model of the target [3]; this information is sent to the command 

and control section. During the BM’s flight, knowledge about 

the potential intercepting point continues to be updated and 

improved, and the interceptor is guided based on the midway 

guidance law until tracking at radar ends (assumed to be at B). 

When the interceptor is close enough or acquires the target (as-

sumed to be at D), the seeker with which the missile is equipped 

operates as an active radar and takes over tracking through a 

terminal guidance system, before destroying the target in an  

    
Fig. 1. Fundamental ballistic missile defense system. 

 

allowable intercept zone, either by explosion (near-fuze) or colli-

sion (hit-to-kill). In Fig. 1, it is assumed that, when the seeker 

acquisition happens, the radar stops tracking. The entire defense 

procedure can be summarized in three main actions as: 
 

• The radar tracks the target and predicts the location of the 

intercepting point. 

• The prediction point is updated and the interceptor is guid-

ed under the midway guidance law. 

• Terminal guidance happens when the interceptor is close 

enough to the target and radar tracking stops. 
 

The phased-array radar is located on the ground and records 

the BM on its trajectory. The radar provides indirect measure-

ments of the target, such as range and angle, i.e., azimuth and 

elevation, which are corrupted by radar noise, and useful estima-

tion extraction is performed by a noise filter. The accuracy of the 

estimation depends greatly on the way that the radar operates, 

and can lead to a prediction error, for which the interceptor 

must compensate for a successful intercept. The precision of the 

predicted intercepting point directly influences interception per-

formance. For example, if the missile cannot see the target ow-

ing to a large prediction error, this will lead to interception fail-

ure. Also, a failed hit will occur if the interceptor, though able to 

approach the target, does not have enough energy or accelera-

tion available to correct the prediction error.  

The operating frequency is one of the crucial factors impact-

ing on prediction accuracy and effective operation of the radar 

station. Some specific radar frequency bands used for typical 

BMDSs can be found in [6]. 

There is no specific standard for choosing the frequency for 

the optimal design of the BMDS. However, it is possible to se-

lect an operating frequency from the point of view of perfor-

mance. 

III. PHASED-ARRAY RADAR FOR TRACKING 

In this section, we consider how the radar works to obtain es-
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timations for the BMs, including the following issues: Cartesian 

coordinate systems, re-entry motion model, frequency-depen-

dent radar measurement model, and EKF. 
 

1. Coordinate Systems 

For tracking purposes, the radar estimates the position and 

velocity of the target on Cartesian coordinate systems (CSs). 

Various CSs are commonly used, including earth-centered iner-

tial (ECI) CS, earth-centered fixed (ECF, ECEF, or ECR) CS, 

east-north-up (ENU) CS, and radar face (RF) CS. More details 

on the first two CSs can be found in [7]. In the present work, we 

have selected ENU and RF CSs to express information on the 

target, as illustrated in Fig. 2.  

The origin of the ENU CS 𝑂𝑥𝑦𝑧  is located at the radar 

station above the reference Earth surface ℎ  and its vertical axis 

𝑂𝑧 is directed along the local vertical line; 𝑂𝑥 and 𝑂𝑦 axes lie 

on the local horizontal plane, with 𝑂𝑥 pointing east and 𝑂𝑦 

pointing north. The RF CS 𝑂𝑥 𝑦 𝑧  is normally used in 

phased-array radar systems, rather than the ENU CS. Its origin 

is located at the radar face and the 𝑂𝑧  axis is normal to the 

radar face; 𝑂𝑥  and 𝑂𝑦  axes lie on the radar face, with 𝑂𝑥  

lying along the intersection of the radar face and the local hori-

zontal plane.  

The radar face is fixed, and therefore the ENU and RF CSs 

can be transformed into each other through a transformation 

matrix 𝐓 based on known deviation angles, as follows:    
 

 

 
𝑥
𝑦
𝑧

𝐓
𝑥
𝑦
𝑧

                 
(1)

 

 

where  
 

    𝐓
𝑐𝑜𝑠𝜆 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜆 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜆
𝑠𝑖𝑛𝜆 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜆
0 𝑠𝑖𝑛𝜙 𝑐𝑜𝑠𝜙

         
(2)

 

 

Note that 𝐓 𝐓  because the transformation matrix 𝐓 
 

 
Fig. 2. East-north-up and radar-face coordinate systems. 

 

is orthogonal and the two Cartesian CSs coincide as 𝜙 𝜆
0. This can reduce computational complexity, because both 

measurements and estimations of the target are expressed on the 

same CS. 

 

2. Re-entry Motion Model of BM 

In an entire trajectory of a BM, several different forces act on 

the missile, and not all trajectory regimes are influenced by the 

same number of forces. Therefore, it is difficult to portray the 

BM’s full motion by employing a single model only. In many 

contexts, the BM’s flight is commonly partitioned into three 

phases, as shown in Fig. 3.  

 

• Boost: The BM is exposed to forces of thrust, drag, and 

gravity, and this phase lasts from the launch to the burnout, 

i.e., turn-off thrusters, around 4 minutes. The BM is pow-

ered and accelerated within endo-atmospheric flight. 

• Midcourse: During an exo-atmospheric, free-flight motion, 

which lasts approximately 20 minutes, only gravity impacts 

on the BM.  

• Re-entry: The BM re-enters the atmosphere, and the at-

mospheric drag becomes considerable, enduring until 

reaching the intended impact point. The drag-induced ac-

celeration depends on the velocity and altitude of the BM 

[7]. 

 

It is possible and easier to conceive a more precise motion 

model of the BM within a particular phase. Because the earth 

model can be considered as flat, spherical, or ellipsoidal, the 

BM's motion is described in different forms, with a trade-off 

between complexity and accuracy. The relevant model is chosen 

for an optimal design, according to the point of view of the de-

signer.  

In the present work, we look at the re-entry phase only, draw-

ing on the spherical earth model. As mentioned above, there are 

two main impacts on the BM during the re-entry phase, i.e., 

gravity and drag; however, in a maneuvering BM, lift force may 

be exerted on it, leading to more complicated estimating process.  

 

 
Fig. 3. Different trajectory phases of a BM. 
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A non-maneuvering BM is our focus of interest. Also, depend-

ing on the CS used, a re-entry non-maneuvering BM traveling 

in the endo-atmosphere is not only subject to atmospheric drag 

and the Earth’s gravity but also to the Coriolis and centrifugal 

forces [7]. 

A motion model of a BM is formed and expressed in the 

ENU Cartesian CS and with the assumption that the relevant 

information on the target includes the position and velocity. For 

the sake of convenience, we assume that 𝐩 𝑥, 𝑦, 𝑧  and 

𝐯 𝑣 , 𝑣 , 𝑣  are two vectors denoting the position and the 

velocity of the target, respectively. The dynamic model at the re-

entry regime is usually described in a differential form as:  
  

𝐩 𝐯 
          𝐯 𝐚 𝐚 𝐚 𝐚   (3) 

 

where 𝐚 is total acceleration; 𝐚 , 𝐚  ,𝐚 , 𝐚  

are acceleration vectors induced by the Earth’s gravity, the drag, 

the Coriolis, and the centrifugal force, respectively. Rewriting (3), 

we have:  
        

 𝐱 𝐩
𝐯

𝐯
𝐚                 (4) 

 

where 𝐱 𝑥, 𝑦, 𝑧, 𝑣 , 𝑣 , 𝑣  represents the state vector of 

the target.  

The total acceleration for the re-entry BM in the ENU CS is 

given specifically in [8], and is as follows: 
 

𝑥
𝑦
𝑧

2𝜔 𝑧𝑐𝑜𝑠𝜑 𝑦𝑠𝑖𝑛𝜑
𝜔 𝑠𝑖𝑛𝜑 𝑟 𝑧 𝑐𝑜𝑠𝜑 𝑦𝑠𝑖𝑛𝜑

𝜔 𝑐𝑜𝑠𝜑 𝑟 𝑧 𝑐𝑜𝑠𝜑 𝑦𝑠𝑖𝑛𝜑
 

          

⎣
⎢
⎢
⎢
⎡ 𝜔 𝑥

2𝜔 𝑥𝑠𝑖𝑛𝜑

2𝜔 𝑥𝑐𝑜𝑠𝜑 ⎦
⎥
⎥
⎥
⎤

 

(5)

 

 

where 
 

𝑉 𝑥 𝑦 𝑧  = missile velocity (ft/s) 

𝛽 = ballistic coefficient 

g g 𝑟 /𝑟  
g  = gravitational acceleration at sea level (ft/s ) 

𝜑 = latitude of the radar station 

𝑟  = Earth’s radius ( ) 

𝑟 𝑥 𝑦 𝑧 𝑟  

 distance from the center of the Earth to the missile (ft) 

𝜔  = rotation rate of the Earth (rad/s) 

𝜌 𝜌 𝑒  = air density 

𝜌 , 𝐾 = known parameters 

ℎ 𝑟 𝑟  = altitude of the missile. 
 

For the spherical model, the air density is an exponential 

function of altitude. The ballistic coefficient is known as the 

inverse drag parameter, given by 𝛼 𝑆𝑐 /𝑚 , where 𝑚 de-

notes target mass, 𝑆 denotes reference area, and 𝑐  is drag 

coefficient. The drag parameter is unknown and not constant; 

therefore, in the present work, an unknown drag-related para-

meter 𝜌/𝛽 is added to the state vector and estimated online to 

enhance performance.  

Ultimately, the complete state vector of the BM is 𝐱
𝑥, 𝑦, 𝑧, 𝑥, 𝑦, 𝑧, 𝜌/𝛽 . Let 𝑥 𝑥, 𝑥 𝑦, 𝑥 𝑧, 𝑥 𝑥, 

𝑥 𝑦, 𝑥 𝑧, 𝑥 𝜌/𝛽. The dynamic motion model is 

given by [9], and is as follows: 
  

𝐱

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑥
𝑦
𝑧
𝑥
𝑦
𝑧
𝜌
𝛽⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

𝑥
𝑥
𝑥

2𝜔 𝑥 𝑐𝑜𝑠𝜑 𝑥 𝑠𝑖𝑛𝜑
𝜔 𝑠𝑖𝑛𝜑 𝑟 𝑥 𝑐𝑜𝑠𝜑 𝑥 𝑠𝑖𝑛𝜑

𝜔 𝑐𝑜𝑠𝜑 𝑟 𝑥 𝑐𝑜𝑠𝜑 𝑥 𝑠𝑖𝑛𝜑

𝐾𝑥 𝑥 𝑥 𝑥 𝑥
𝑥 𝑟 𝑥

𝑟 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

     

     

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

0
0
0

𝜔 𝑥

2𝜔 𝑥 𝑠𝑖𝑛𝜑

2𝜔 𝑥 𝑐𝑜𝑠𝜑

0 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

       

(6)

 

 

(6) is the non-linear function of state vector 𝐱. 
 

    𝐱 𝐟 𝐱                   (7) 
 

where 𝐟 𝐱  is the seven-dimensional vector function of 𝐱. The 

state vector of the target can be discretized by expanding 𝐱
𝐱 𝑡 Δ𝑡  by Taylor expansion up to the first order: 

 

         𝐱 𝑡 Δ𝑡 𝐱 𝑡 𝐱 𝑡 Δ𝑡 HOT        (8) 
 

where Δ𝑡 denotes the small-time step and HOT denotes high-

er order terms. Defining 𝐱 𝐱 𝑡  and 𝐱 𝐱 𝑡 Δ𝑡 , 

(8) can be rewritten as follows: 
 

            𝐱 𝐱 𝐟 𝐱 Δt 𝐪             (9) 
 

where 𝐪  represents the discretization error (including HOT) 

and modeling uncertainties in motion, and (9) is the recursive 

motion equation of the re-entry BM. It is assumed that the er-

ror 𝐪  is Gaussian, zero-mean, and white: 
 

      𝐸 𝐪 0, 𝐸 𝐪 𝐪 𝐐 𝜹       (10) 

ft
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where 𝛿 1 for 𝑘 𝑗 and 𝛿 0 for others. Note that 

𝐐  is a covariance matrix and is one of the known parameters 

for the filtering technique discussed in later sections.  

   

3. Radar Measurement Model 

In this section, we present a measurement model for phased-

array radar. As is known, phased-array radar measures the range 

and angular information of the BM on a spherical CS, which is 

referenced directly to the RF Cartesian CS 𝑂𝑥 𝑦 𝑧 .  

Specifically, the phased-array radar used for tracking provides 

range 𝑟, which denotes distance between the radar and the tar-

get, and two angular measurements, i.e., azimuth 𝑏 and eleva-

tion 𝑒, as illustrated in Fig. 4.  

In the spherical CS, these measurements are generally mod-

eled in the following form of additive noise: 
 

 𝑟 r 𝑤  
         𝑏 b 𝑤                                      

 𝑒 e 𝑤                      (11) 
 

where r, b, and e, which are in non-italic form, denote true 

measurements of the target in the sensor spherical CS, and 

𝑤 , 𝑤 , and 𝑤  represent the uncorrelated Gaussian noises 

with zero-mean, as: 
 

  𝐸 𝐰 0, 𝐑 𝐸 𝐰𝐰𝑻 diag σ , σ , σ      (12) 
 

where 𝐰 𝑤 , 𝑤 , 𝑤  is the measurement noise vector and 

𝐑 denotes the covariance matrix, which is the known parameter. 

Some other measurement models can be found in [10]. 

Let 𝑥 , 𝑦 , 𝑧  be the true position of the BM on the RF 

Cartesian CS. The noise-corrupted measurements can be con-

verted into Cartesian coordinates as:  
 

    
𝑟
𝑏
𝑒

𝑥 𝑦 𝑧
tan 𝑦 /𝑥

tan 𝑧 / 𝑥 𝑦

𝐠 𝐱         

(13)

 

 

 

 
Fig. 4. Radar measurement model. 

Clearly, the measurements relate to the state vector 𝐱 in a 

non-linear function 𝐠, and, after adding a time index (11), be-

come:  
 

        𝐲 𝐠 𝐱 𝐰          (14) 
 

The measurement equation is given by (14), where 𝐲
𝑟, 𝑏, 𝑒  and 𝐰 𝑤 , 𝑤 , 𝑤  denote the noise- corrupt-

ed measurement vector and the radar noise vector, respectively, 

at time 𝑘, and 𝐠 is the vector function of 𝐱 . The measure-

ment noise comes from several different sources, and it is impos-

sible to devise a perfect system without noise. The dependence 

of noise on frequency is one of the factors needing to be clarified.  

In general, accuracy of each measurement is represented by 

standard deviation 𝜎. According to [5], there are three main 

noise sources causing range measurement error that is modelled 

by range standard deviation 𝜎  as: 
 

      𝜎 𝜎 𝜎 𝜎         (15) 
 

where 
 

 𝜎  = SNR-dependent random range error, 

   𝜎  = range fixed random error, 

   𝜎  = range bias error. 
 

The SNR-dependent random range measurement error 

dominates the radar range error and is determined as follows: 
 

         𝜎 Δ𝑅
2 SNR

            (16) 

 

where Δ𝑅 𝑐𝜏/2 is the range resolution, 𝜏 the pulse-width, 

𝑐 the light speed; and signal-to-noise ratio (SNR) is known as 

the radar sensitivity.  

Similarly, accuracy of two angular measurements (azimuth 

and elevation angles) is also determined by the root-sum-

squared standard deviation of three main errors, as: 
 

 𝜎 𝜎 𝜎 𝜎             (17) 
 

where 
 

 𝜎  = SNR-dependent random range error, 

   𝜎  = range fixed random error, 

   𝜎  = range bias error. 
 

The SNR-dependent random angular measurement error 

dominates the radar angular error and is given by: 
 

        𝜎 𝜃
𝑘 2 SNR

           (18) 

 

where 𝑘  is the mono-pulse pattern difference slope and typi-

cally equal to 1.6, and 𝜃 is the half-power broadside beam-

width in the angular coordinate of the measurement. The accu-

racy of the azimuth and elevation angles is identified corre-

sponding to the beamwidth values on the respective plane. For 

z

y

x
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r
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phased-array radar, the broadside beamwidth on each angular 

coordinate can be broadened by a scan angle off-broadside 𝛾, 

leading to the angular error increment 𝜎 , as:  
 

 𝜎 𝜃
𝑘 𝑐𝑜𝑠𝛾 2 SNR

      (19) 

 

The broadside beamwidth relates to wavelength or operating 

frequency and antenna size, as follows:  
       

    𝜃 𝑘 𝑐
𝑓𝐷            (20) 

 

where 𝑘  is the antenna beamwidth coefficient and nearly uni-

ty, 𝑓 is the operating frequency, and 𝐷 is the dimension of 

the antenna on the plane at which antenna patterns are meas-

ured. For example, a rectangular phased-array antenna of size 

𝐿 𝑊 is capable of steering the beam in two dimensions; the 

broadside beamwidths on azimuth and elevation coordinates 

can be calculated as:  
       

 𝜃 𝑘 𝑐
𝑓𝐿                 (21)       

 𝜃 𝑘 𝑐
𝑓𝑊         (22) 

 

4. Extended Kalman Filter 

The Kalman filter (KF) is a highly adaptable iterative algo-

rithm, which can estimate non-measured quantities [11]. In 

radar applications, the BM velocity is not provided directly by 

radar measurements; therefore, KF is a useful tool for extracting 

the entire state of the target. The motion and measurement 

equations are known as the recognized knowledge of the KF, 

and are constructed in linear forms. The EKF is broadened to 

apply to non-linear systems [12]. We restate the motion and 

measurement equation of BM mentioned above as:  
 

 𝐱 𝐱 𝐟 𝐱 𝐪𝒌            (23) 

           𝐲 𝐠 𝐱 𝐰               (24) 
 

For the sake of convenience, let 𝐱 /  denote the estimate of 

𝐱  based on measurements up to time 𝑗, and 𝐏 /  denote the 

error covariance matrix associated with 𝐱 / . The whole proce-

dure of EKF can be concisely summarized in the following 

equations: 

• State prediction equation 
  

     𝐱 / 𝐱 / 𝐟 𝐱 / Δ𝑡     (25) 
 

• State correction equation 
 

 𝐱 / 𝐱 / 𝐊 𝐲 𝐠 𝐱 /    (26) 
 

where 𝐊  denotes the filter gain. 
 

   𝐊 𝐏 / 𝐆 𝐆 𝐏 / 𝐆      (27) 
 

• Covariance prediction equation 
 

    𝐏 / 𝐅 𝐏 / 𝐅 𝐐         (28) 

𝐅 𝐈 𝐀 𝐱 / Δ𝑡              (29) 
 

where 𝐀 is a Jacobian matrix of function 𝐟 and is defined as: 
   

       𝐀 𝐱 /
𝜕𝐟

∂𝐱 |𝐱 /
        (30) 

 

each element being calculated as in [9].  

• Covariance correction equation  
      

           𝐏 / 𝐈 𝐊 𝐆 𝐏 /      (31) 
 

where 𝐆 is a Jacobian matrix of function 𝐠, as: 
     

       𝐆 𝜕𝐠
∂𝐱 |𝐱 /

        (32) 

 

each element being given in the Appendix. 

The detailed flow diagram of EKF for the filtering problem 

can be found in [9].  

IV. TERMINAL GUIDANCE SYSTEM  

Before launching an interceptor, the radar tracks the BM and 

predicts an intercepting point in advance. The interceptor is 

then guided by the midway guidance law to move to that inter-

cepting point. During the flight of the intercepting missile, the 

location of the intercepting point continues to be updated until 

seeker acquisition happens, when the interceptor is close enough 

and can see the target. If the target’s future location is known 

perfectly, a missile guidance system inside the interceptor is not 

necessary, because there are no errors to allow for. However, it is 

impossible to know the intercepting point precisely; therefore, 

the launching interceptor may be flown in the wrong direction, 

such an error being the main factor causing fail intercept. 

Once the seeker sees the target, the terminal guidance acti-

vates, and the seeker plays a role as active radar, taking over the 

tracking throughout the remaining time until intercept. The 

intercepting missile supplies an acceleration amount whose di-

rection is perpendicular to its velocity direction, by fuel burn or 

removing its control surface [3]. The commanded amount of 

acceleration depends on the heading error, and takes the form of 

the proportional navigation law, which is given as:     
 

         𝑛 𝑁 𝑉 𝛿                   (33) 
 

where 𝑛  is the acceleration command (in ft/s ), 𝑁  is a 

unitless, designer-chosen gain, known as the effective navigation 

ratio, and is usually within a range as set out in [3, 5]; 𝑉  is the 

missile-target closing velocity (in ft/s), and the line of sight an-

gle 𝛿 (in rad) is the angle between an imaginary line connect-

ing the interceptor and the ballistic target and a fixed reference, 

as illustrated in Fig. 5. The over-dot denotes the time derivative  
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Fig. 5. Line of sight angle. 

 

of the line of sight angle. More detailed information on the 

proportional navigation law can be found in [13]. 

A diagram of a typical terminal guidance system takes the 

form of a control loop, as shown in Fig. 6 [13]. In this diagram, 

the interceptor acceleration 𝑛  is subtracted from the target 

acceleration to generate a relative acceleration, and then a rela-

tive distance is formed after two integrations; at the end of the 

flight, the relative distance, called miss distance, is considered as 

a performance parameter. Most missile designers desire zero-

miss distance. The line of sight angle 𝛿 is extracted by head-

ing-error addition. For a zero-lag guidance system (not dynamic) 

and a non-maneuvering target, the miss distance will always be 

zero if the interceptor has sufficient acceleration to offset head-

ing error throughout the seeker acquisition time.        

If a zero-miss distance determines a successful intercept, the 

required acceleration to compensate for heading error at an in-

stant time within flight time 𝑡  or the amount of time from 

seeker acquisition until intercept is given by:  
  

    𝑛 𝑉 𝐻𝐸𝑁 1 𝑡 𝑡⁄ 𝑡        (34) 
 

where 𝑉  is the velocity of the interceptor, 𝐻𝐸 is the angular 

heading error, and 𝑡 is instantaneous time.  

The prediction error (PE) (in ft) and the heading error have 

a relationship according to: 
 

        PE 𝑉 𝐻𝐸𝑡             (35) 
 

Substituting (35) into (34), we have  
       

      𝑛 PE𝑁 1 𝑡/𝑡 𝑡   (36) 

 

        
Fig. 6. Terminal guidance system. 

The lateral divert or total acceleration Δ𝑉 required during 

the flight time 𝑡  relates to 𝑛  according to:  
  

Δ𝑉 |𝑛 |𝑑𝑡 

    PE𝑁
𝑁 1 𝑡          (37) 

 

(37) indicates the minimum amount of lateral divert that 

must be available in an interceptor to ensure successful destruc-

tion. It can be seen that the longer the flight time, the smaller 

the lateral divert; therefore, techniques increasing the seeker 

acquisition range increase the acceleration capability of the in-

terceptor.  

  V. SIMULATION RESULTS 

In simulation, we consider two typical trajectories of the BM 

in its re-entry phase [8]. The BM at each trajectory is assumed 

to have the same ballistic coefficient and begin its re-entry phase 

at different altitudes with (nearly) the same beginning velocity. 

The actual initial state 𝐱  includes the following elements: 

𝑥 338,110 ft, 𝑥 338,110 ft, 𝑥 199,910 ft, 𝑥  

-15,297 ft/s, 𝑥 -15,297 ft/s, 𝑥 -8,653 ft/s, 𝑥 4.395

10  lb/ft  for case 1, and 𝑥 920,640 ft, 𝑥 451,515 

ft,  𝑥 327,897 ft,  𝑥 -18,187 ft/s,  𝑥 -11,232 ft/s, 

𝑥 -7,014 ft/s,𝑥 7.6742 10  lb/ft  for case 2. 

The effectiveness of EKF is compared across five frequency 

bands: L-band (1.3 GHz), S-band (2.5 GHz), C-band (5.5 

GHz), X-band (9 GHz), and Ku-band (13.5 GHz), by position 

error given by: 
 

𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟
           𝑥 𝑥 𝑥 𝑥 𝑥 𝑥   (38) 

 

The position error is averaged over Monte-Carlo simulation 

runs. At the radar, the sampling interval is set at Δ𝑡=0.1 s, the 

radar sensitivity SNR = 12 dB, and the pulse-width 𝜏 1 μs. 

The phased-array rectangular antenna has a size of 3 m × 5 m, 

the scan angle off-broadside 𝛾 30°, the measurement covari-

ance matrix 𝐑 is given by (12), whose range variance is given by 

(15), and angular variances are calculated by (19).  

Fig. 7 shows the actual altitude of the BM during re-entry 

flight time at (nearly) the same beginning velocity (around 23 

kft/s). The BM at higher altitude takes a longer interval than 

lower-altitude BM to reach the same altitude. For example, the 

BM in case 2 flies to an altitude of 100 kft in 40 seconds, and in 

just 12 seconds in case 1. Also, the BM in case 1 is decelerated 

faster, owing to a higher drag effect at lower altitude, and vice 

versa, as shown in Fig. 8.  

Figs. 9 and 10 show the position error during the tracking  
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Fig. 7. Target's actual altitude during re-entry flight time.  

 

 
 Fig. 8. Target's actual velocity versus re-entry flight time. 

 

 
Fig. 9. The position error versus re-entry flight time for case 1: 𝛥t 

= 0.1, SNR = 12 dB. 

 

time. It can be seen that the position error reduces as the time 

increases. The higher frequency yields a smaller position error. 

For example, the S-band radar derives a position error of about 

3,000 ft, compared with just 800 ft for the C-band at the same 

tracking time of 15 seconds in case 1. The performance gap is 

 
Fig. 10. The position error versus re-entry flight time for case 2: 𝛥t 

= 0.1, SNR = 12 dB. 
 

negligible after 26 seconds and 40 seconds for case 1 and case 2, 

respectively.   

Figs. 11 and 12 show the lateral divert for an interceptor to 

correct the prediction error at an intercepting point of altitude 

100 kft. According to Fig. 7, the time to reach the altitude of 

100 kft is 12 seconds for case 1 and 40 seconds for case 2. The 

flight time is assumed to be 𝑡 3 seconds for both trajectory 

cases. Note that the flight time is the time from the point at 

which tracking stops at radar until the intercepting time, mean-

ing that the radar stops tracking at t = 9 seconds and t = 37 sec-

onds for case 1 and case 2, respectively. It can be seen that the 

lateral divert reduces when the radar operates at a higher fre-

quency, owing to smaller position error. For example, if a fixed 

capability of an interceptor is 600 ft/s for case 1, the radar must 

operate at a frequency greater than 2.5 GHz for a successful 

intercept. Also, the performance gap is negligible at a frequency 

larger than 5.5 GHz. When increasing the effective navigation 

ratio N′, the missile needs less lateral divert; however, the guid- 
 

 
Fig. 11. Lateral divert versus frequency for zero-lag guidance sys-

tem for case 1, with intercepting altitude of 100 kft (about 

30 km), and flight time of 𝑡 3 seconds. 
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Fig. 12. Lateral divert versus frequency for zero-lag guidance sys-

tem in case 2, with intercepting altitude of 100 kft (about 

30 km), and flight time of 𝑡 3 seconds. 
 

 
Fig. 13. Lateral divert versus frequency for zero-lag guidance sys-

tem in case 2, with intercepting altitude of 230 kft (about 

70 km), and flight time of 𝑡 3 seconds.    

 

ance noise will increase significantly [14]. Furthermore, the lat-

eral divert required in case 2 is much less than that in case 1, 

since the altitude of the BM in case 2 is higher than in case 1. 

This causes the BM to travel for a longer time in order to reach 

the intercepting point, and the estimation is therefore improved.  

This is also obvious when considering the higher altitude of 

the intercepting point shown in Fig. 13. The lateral divert in 

order to intercept at altitude 70 (km) is much larger than that at 

30 (km). For example, at S-band, the interceptor must respond 

by an amount of more than 1,500 (ft/s) at an intercepting alti-

tude of 70 km, compared to around 120 (ft/s) at an intercepting 

altitude of 30 (km). The lateral divert gap between frequencies is 

also broadened.  
  

This work was supported by the National Rsearch Foundation 

of Korea(NRF) grant fund by the Korean government(MSIP) 

(NRF-2017R1A5A 1015596). 

VI. CONCLUSION 

In conclusion, the accuracy of the radar angular measure-

ments is inverse to the frequency. The tracking performance is 

therefore improved at high frequency. This increases the inter-

cepting capability of the BMDS, especially at high intercepting 

altitude.  
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APPENDIX 

 Calculate Jacobian matrix 𝐆, which is in the following form:  
 

     

(39)

 

       

𝐺 𝑥 𝑐𝑜𝑠𝜆 𝑥 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜆 𝑥 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜆   

𝐺 𝑥 𝑠𝑖𝑛𝜆 𝑥 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆 𝑥 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜆    

𝐺 𝑥 𝑠𝑖𝑛𝜙 𝑥 𝑐𝑜𝑠𝜙      

𝐺 𝑥 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜆 𝑥 𝑐𝑜𝑠𝜆       

𝐺 𝑥 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆 𝑥 𝑠𝑖𝑛𝜆   

𝐺 𝑥 𝑠𝑖𝑛𝜙   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     𝐺
1
𝑟

𝑥 𝑥 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜆 𝑥 𝑥 𝑐𝑜𝑠𝜆

 𝑥 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜆 / 𝑥 𝑥     

𝐺 𝑥 𝑥 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜆 𝑥 𝑥 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆

           𝑥 𝑠𝑖𝑛𝜆 / 𝑥 𝑥   

𝐺 𝑥 𝑥 𝑐𝑜𝑠𝜙 𝑥 𝑥 𝑠𝑖𝑛𝜙 /

           𝑥 𝑥   
 

where  
      

             
𝑥
𝑥
𝑥

𝐓
𝑥
𝑥
𝑥

               
(40)

 

 

    𝑟 𝑥 𝑥 𝑥             (41) 

     

 

 

 
   
  

11 12 13

21 22 23

31 32 33

0 0 0 0

0 0 0 0

0 0 0 0

G G G

G G G

G G G

G



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 18, NO. 4, 242~247, OCT. 2018 

https://doi.org/10.26866/jees.2018.18.4.242  

ISSN 2234-8395 (Online) ∙ ISSN 2234-8409 (Print) 

242 

     

 

I. INTRODUCTION 

With the development and progress of information and 

communication technology, the issue of next fifth generation 

(5G) communication is under active discussion. One of the 

prominent features of this 5G technology is using the millime-

ter wave (mmW) frequency [1, 2] to allow the larger bandwidth 

for higher-rate data transmissions. Since the electromagnetic 

(EM) wave suffers from higher path loss attenuation as it prop-

agates on this mmW frequency range [3], we should generally 

employ high-gain array antennas [4, 5] for a base station (BS) to 

compensate for this decrease rate of the received power level. 

The well-known beamforming technique is also employed to 

achieve wave focusing [6, 7]. Moreover, more severe diffraction 

loss at the mmW forces us to deploy denser BSs than the cur-

rent cellular bands to retain the communication link at the 

shadow region. Hence the EM field (EMF) compliance as-

sessment cost of a BS can grow in a geometrical progression, 

since this assessment should be conducted for all BSs installed 

according to the measurement procedure in the present ordi-

nance [8].  

The aim of this paper is studying the convenient EMF com-

pliance assessment of an mmW BS and proposing scenarios for 

low-cost EMF computational tests. Based on the ray-tracing 

analysis results, we produce several important parameters for the 

mmW BS compliance based on the maximum power densities 

(PDs). Finally, we provide the several scenarios allowing us to 

promote the time cost savings for the compliance assessment.   

II. EMF COMPLIANCE OF MMW BASE STATIONS 

Ray-tracing analysis has been widely used to examine the 
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wave propagation characteristics of the urban environment at 

mmW frequency [9–11]. We employ this ray-tracing method 

for investigating the exposure level distributions from an mmW 

BS. Simulations are carried out with our full three-dimensional 

(3D) ray-tracing simulator based on the uniform theory of dif-

fraction [12]. Installations in urban regions are considered since 

the 5G deployment is expected to begin in urban hot-spot net-

works where the most mobile traffic is concentrated. The 3D 

urban model based on the environmental profile near Isu Sta-

tion in Seoul is utilized for simulations. The installed BS charac-

teristics for simulations are as described in Table 1. The center 

frequency is assumed to be 28 GHz. Although we only consider 

the single-beam transmission in this paper, the fundamental 

methods and results are readily extendable to a multi-beam BS 

antenna [13] thanks to the superposition principle.  

Since the exposure metric for compliance changes from the 

specific-absorption rate (SAR) to PD at this mmW frequency 

range [14], we use this PD as the reference level metric for BS 

compliance (note that SAR is widely employed for the compli-

ance of the current wireless communication [15, 16]). Fig. 1 

shows the PD profiles for various mmW BS installation cases. 

The BS is located at the coordinate origin (marked as the black 

circle) and the vertical polarization is considered unless other-

wise indicated. We consider up to two reflections and one dif-

fraction because the maximum (worst-case) exposure level is the 

most important for a compliance assessment. The computations 

are terminated when the rays drop below –180 dB and the PDs 

are calculated with 1.3 m resolution. The exposure levels are 

displayed at z = 1.7 m from the ground, which is one of the 

measurement heights indicated in the present ordinance [8]. 

The ground EM property at mmW is assumed as earth with εr 

= 15 and σ = 1.336 S/m [9]. In Fig. 1, the x-axis (y-axis) denotes 

the horizontal (vertical) distance in meters from the BS and the 

color bar indicates the PD levels in the decibel scale (dBW/m2). 

The main beam peak direction is depicted in Fig. 1 as an arrow. 

For cases Fig. 1(a) and (b), the BS is placed at 1.7 m height 

above the building rooftop of 14 m, i.e., 15.7 m above the 

ground. The total down-tilt angle of the BS antenna is 10°. In 

 
Table 1. Default BS characteristics for numerical studies 

Characteristic Value

Maximum gain (dBi) 18.6 

Input power (dBm) 36 

Equivalent EIRP (dBm) 54.6 

Horizontal beamwidth (°) 10 

Vertical beamwidth (°) 15 

Horizontal scan range (°) -40 to 40

Vertical scan range (°) -10 to 0

these cases, it can be seen that the maximum (worst-case) PD 

level appears at the NLOS region of the BS main beam; more 

precisely, it is found in the geometrically reflected path of the BS  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. Power density profiles from various mmW BS installations. 

(a) PEC building model, BS height = 15.7 m. (b) Dielectric 

building model, BS height = 15.7 m. (c) Dielectric building 

model, BS height = 5 m. 
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main beam along the horizontal measurement plane. This is 

mainly due to the reflection from the opposite building wall that 

is directly illuminated by the main beam. Considering the cur-

rent BS compliance assessment procedure [8] where the meas-

urement test should be conducted along the path of the maxi-

mum beam direction (i.e., under the worst-case assumption), 

these NLOS-maximum results have great implications for us 

and should be considered when the 5G mmW BS assessment 

guideline is established. The different locations of the maximum 

PD between Fig. 1(a) and (b) are due to the reflections from the 

different building models (i.e., PEC and dielectric), giving rise 

to the differences in the (equivalent) image BSs. In addition, the 

maximum PD levels for the PEC and concrete building model 

(εr = 6.5 and σ = 0.668 S/m [9]) are –16.284 and –25.992 dBW/ 

m2, respectively, representing a 10-dB difference between the 

two cases, while our multiple simulation studies show that the 

EM property of the ground does not cause significant differ-

ences in the worst-case PD levels. 

Recalling that the EMF compliance assessment is mostly 

conducted under the “conservative”, “worst-case” conditions and 

operation mode [8, 17], it is known from these contexts that the 

EM property of the building should become an important pa-

rameter to set up simplified scenarios for the convenient com-

pliance assessment. Furthermore, we also investigate the installa-

tion case of z = 5 m above the ground in Fig. 1(c) where the BS 

is attached to the building wall. In this case, the maximum PD 

level is placed in the BS LOS region. This may also stem from 

the main beam peak direction, which directly faces the ground 

plane. From these numerical studies, we can find an additional 

important parameter, which is the BS main beam peak direction 

determining the maximum exposure location (i.e., NLOS or 

LOS region of the main beam). Since this main beam peak di-

rection strongly depends on the BS installation height, this 

should become significant for the scenario set-up. We also know 

from several numerical studies that the vertical beamwidth 

should be important. In contrast, the horizontal beamwidth 

does not have a great influence on the maximum PD level. This 

is because the main beam peak direction would only strongly 

depend on the relative vertical environments of the BS installa-

tion. 

Fig. 2 displays the PD curves along the reflected path in Fig. 

1(b), where the maximum level occurs. The three different 

heights in Fig. 2, corresponding with the human body area, are 

identical to the measurement heights for the BS compliance 

assessment [8]. Here, the PDs are computed with a 0.1 m inter-

val. It can be clearly seen that the PD profiles among the obser-

vation heights show little difference, even with the millimeter-

scale shorter wavelength. In addition, the maximum (worst-case) 

levels are extremely similar among the three observation heights, 

where the differences are below 0.5 dB in all cases. These 

 
(a) 

 
(b) 

Fig. 2. Power density profile along the maximum PD level path for 

different heights. (a) Vertical polarization and (b) horizon-

tal polarization.

 

somewhat unexpected results are highly significant, as they indi-

cate that we could employ the fixed-point measurement (or 

calculation) for an EMF compliance assessment and the meas-

urement sensitivity variations along the observation heights or 

the corresponding spatial average scheme [17] would not be-

come a highly important issue for mmW BS compliance. In 

contrast, the PD levels along the horizontal observation path 

show extreme fluctuations. These results reveal that the appro-

priate sampling scheme along the horizontal measurement (or 

calculation) path could be a more significant problem. Further-

more, it can be seen that there are some PD level differences 

between the two polarizations; hence the BS polarization needs 

to be considered as an important parameter when performing a 

compliance assessment. 

Based on the above investigations, we can establish several 

scenarios to be of great help for an mmW BS compliance test. 

These are depicted in Fig. 3, and they can be widely used for a 

convenient assessment instead of the present mandatory proce-

dure based on the real complex environment. All cases are clas-

sified according to the primary spot directly illuminated by the 
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(a) 

 
(b) 

 

 
(c) 

Fig. 3. Scenarios for a convenient compliance assessment of an 

mmW BS. (a) Ground illumination, (b) rooftop illumina-

tion, and (c) opposite building wall illumination. 

 
main beam peak, since the maximum (worst-case) levels would 

be placed around this region due to the high array gain and the 

higher attenuation at mmW. These are produced by using the 

important parameters derived from the above numerical investi-

gations and simplifying the surrounding complex environmental 

profiles. In Fig. 3, the ground and building are modeled as PEC 

to describe the worst-case condition and the parameters have 

the following definitions:  
 

H: installation height of the BS antenna from the ground or 

the rooftop where the main beam illuminates; 

L: measurement or calculation height (corresponds to the ar-

ea occupied by the human body); 

h: relative height defined by ‘H-L’; 

Table 2. Maximum PD results for scenario in Fig. 1(a) 

Ground 
Maximum PD (dBW/m2)

Vertical Horizontal

PEC -8.010 -7.859

Earth -8.134 -8.064

 

Table 3. Maximum PD results for scenario in Fig. 1(c) 

Ground Building 
Maximum PD (dBW/m2)

Vertical Horizontal

PEC PEC -3.210 -3.562

PEC Concrete -5.714 -6.093

Earth PEC -3.574 -3.750

Earth Concrete -5.942 -6.036

 
θt: total down-tilt angle of a BS antenna (includes mechanical 

and electrical down-tilt); 

θv: vertical beamwidth of the BS antenna; and 

T: height of the model of an opposite building wall. 
 

 

Tables 2 and 3 show the maximum PD results based on these 

scenarios with different models of the ground and building and 

two polarizations. The parameters for simulations were chosen 

as H = 5 m, L = 1.7 m, θt = 10°, and D = 14 m (as a four-lane 

road). It is evident that the maximum PDs do not show consid-

erable variations between different properties of the ground, 

while a slight deviation of about 2.5 dB can be observed be-

tween the different building models. In addition, the PEC 

models represent the worst-case exposure in all cases. These 

scenarios can enable us to conduct the low-cost computational 

test as an alternative to the current procedure [8] that is manda-

tory for all installed BSs in the actual environment. Considering 

the small cell deployment and consequent denser installation of 

future 5G networks, the more simplified test based on these 

scenarios can bring huge benefits. 

III. CONCLUSION 

This paper studied a convenient EMF compliance assess-

ment for an mmW BS. The ray-tracing method was employed, 

and the PD levels were investigated for various installation cases. 

Important parameters with a great influence on the maximum 

(worst-case) PD level were produced, and several scenarios for 

convenient compliance assessments were established from the 

numerical results. These scenarios can greatly facilitate more 

efficient compliance tests on the time and cost side.  
 

This work was supported by Institute for Information & 

communications Technology Promotion (IITP) grant funded 

by the Korea government (MSIT) (No. 2017-0-00961, Study 

on the EMF Exposure Control in Smart Society). 
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I. INTRODUCTION 

Electromagnetic scattering from waveguide transition struc-

tures is a canonical problem. During the last few decades, there 

have been extensive studies on the scattering of waveguide tran-

sitions for many applications such as transformers [1], filters [2], 

and power dividers [3]. Moreover, a tapered waveguide can be 

used in a measurement system to characterize the electromag-

netic properties of biaxial anisotropic materials [4]. 

The numerical method can be used to analyze electromagnet-

ic scatterings from discontinuities in rectangular waveguides, but 

the more powerful method is the mode-matching method be-

cause it provides rigorous mode solutions in given regions. The 

analysis of the waveguide with one or more discontinuities is 

usually conducted using the mode-matching method in con-

junction with the generalized scattering matrix technique [5–7]. 

In fact, the tapered structure can be analyzed using the mode-

matching method by dividing the transition region into a num-

ber of sub-regions where the electromagnetic field can be de-

fined in a series form of modes [2, 8, 9]. One study analyzed the 

rectangular waveguide transition using mode matching in X- to 

Ku-band applications to predict scattering parameters [2]. Stud-

ies on tapered waveguides have also been conducted using im-

pedances [10], equivalent circuits, and the numerical method 

[11]. However, there has been no study on tapered waveguides 

based on the mode-matching method for V to W band applica-

tions, and much of the research has focused only on reflection 

and transmission characteristics to design the transition struc-

ture. 

In this paper, we solve an electromagnetic boundary-value 

problem on a linearly tapered waveguide based on the mode-

matching method. The eigenfunction expansion is used to rep-

resent the electromagnetic field in each region. The boundary 

conditions are enforced to obtain a set of simultaneous equa-

tions. Scattering parameters are represented in a series form and 

computed. To validate our formulation, simulation results of 

ANSYS High Frequency Structure Simulator (HFSS), a full-

wave electromagnetic simulator, are compared with our results. 
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An electromagnetic boundary-value problem of a tapered rectangular waveguide is rigorously solved based on eigenfunction expansion 
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Conduction loss in each rectangular waveguide is also calculated 

and discussed. 

II. FIELD ANALYSIS 

The geometry of a tapered rectangular waveguide is shown in 

Fig. 1. An incident wave is assumed to be 𝑇𝐸  mode, which 

is a dominant mode of rectangular waveguides. Region II 

should be divided into a number of rectangular waveguides to 

solve a boundary-value problem of a rectangular waveguide 

transition based on the mode-matching method. Each step 

waveguide has different widths and heights. A time convention 

of 𝑒  is suppressed throughout the analysis. The permittivi-

ties and permeabilities in each region are 𝜖 , 𝜇 , 𝜖 , 𝜇 , 𝜖 , 

and 𝜇 . In Region I, the incident and reflected fields based on 

vector potentials are: 
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𝑒 , (4)
 

 

where 𝑘 𝑘  and 𝑘 𝜔√𝜇 𝜖 . In 

Region II, the transmitted and reflected fields can be represent-

ed by vector potentials, as follows: 
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where 𝑘 𝑘  and 𝑘 𝜔√𝜇 𝜖 . 

The vector potentials in Region III are: 

 

 
Fig. 1. Rectangular waveguide transition structure: a tapered rec-

tangular waveguide. 
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where 𝑘 𝑘  and 𝑘 𝜔 𝜇 𝜖 . In 

all regions, electromagnetic fields can be obtained by using the 

above vector potentials [12]. The boundary conditions are en-

forced to obtain a set of simultaneous equations for modal coef-

ficients 𝐴 , 𝐵 , 𝐶 , 𝐶 , 𝐷 , 𝐷 , 𝐸 , and 𝐹 . 

III. NUMERICAL RESULTS AND DISCUSSION 

In order to predict the transmission characteristics of the line-

arly tapered rectangular transition structure, we calculate scatter-

ing parameters that can be represented as: 

𝑆
𝑃
𝑃

 
(9)

𝑆
𝑃

𝑃
, 

(10)
 

With calculated modal coefficients, the incident and reflected 

powers in Region I (𝑃 , 𝑃 ) and the transmitted power in 

Region III (𝑃 ) can be obtained as follows: 
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 (13)

𝛾 2
1

   𝑘 0
otherwise

, (14)

 

To validate our formulation and analyze the transmission 

characteristic of the tapered rectangular waveguide shown in Fig. 

1, our computation results are compared with the simulation 

results from ANSYS HFSS. We take into account different 

combinations of rectangular waveguides designed for the V, E, 

and W bands in the analysis. The rectangular waveguides oper-

ating at each band have the following dimensions: 𝑎
3.7592  mm, 𝑏 1.8796  mm, 𝑎 3.0988  mm, 𝑏
1.5494  mm, 𝑎 2.54  mm, and 𝑏 1.27  mm. Sub-

script represents the frequency band name at which rectangular 

waveguides operate. The tapered rectangular waveguide is as-

sumed to have a linearly changing transition in Region II, and 

the length is 𝐿 1 mm. Before dividing the transition region 

(Region II) into sub-waveguides, we check the convergence of 

our formulation. Fig. 2 illustrates scattering parameters against 

frequency in the case of V to W transition. Regarding S21, the 

results show sufficient convergence. Likewise, S11 results also 

converge. Therefore, the transition region is divided by 10 rec-

tangular waveguides (M 10). The number of modes used in 

our computation is N 6 to achieve convergence to within 0.5 

dB. These numbers of modes are used throughout the analysis 

unless specified. Fig. 3 shows a simulation model of the linearly 

tapered rectangular waveguide in ANSYS HFSS and illustrates 

the comparison of computed scattering parameters based on our 

formulation with those of the HFSS simulation. The compari-

son between our results and the simulation results shows good 

agreement. From the results, it is verified that our formulation 

based on the mode-matching method is valid. Cut-off frequen-

cies of rectangular waveguides operating at the V, E, and W 

bands are 39.9, 48.4, and 59 GHz, respectively. Therefore, the 

reflection of V to W (Fig. 3(b)) or E to W (Fig. 3(c)) near 60 

GHz is larger than the reflection of the V to E (Fig. 3(d)) tran-

sition. 

In order to check that the dominant mode is sustained  

 
Fig. 2. Convergence test for the number of sub-waveguides. 

 

through the transition structure, the electric field distribution 

and surface current density in a receiving waveguide (Region III) 

are plotted in Fig. 4 in a case of V to W transition at 75 GHz. 

The electric field distribution is calculated at the center of the 

waveguide parallel to the wider plane and all truncated modes 

are considered. The electric field distribution is similar to that of 

𝑇𝐸 . Moreover, the surface current density on the inner walls 

is similar to that of 𝑇𝐸 . In addition, higher modes contribute 

to purely reactive powers and are evanescent modes produced by 

the junctions. The mode-matching method can provide the 

physical meaning, including the effects of each mode on the 

scattering characteristics, if the higher propagating modes exist 

in structures such as the W to V junction. As a result, the ta-

pered rectangular waveguide with a linearly changing slope can 

transmit most of the incident energy to the receiving port with-

out a significant change of mode. 

Because of the existence of surface current densities on the 

inner walls of the rectangular waveguide, conductor losses must 

exist. Conductor loss is defined as in [13]: 
 

 

𝑃
𝑅
2

𝐽⃗
 

𝑑𝑙 (15)

 

where 𝑅 𝜔𝜇/2𝜎, the surface resistance of a metal. In 

most cases, the perturbation method is used to estimate conduc-

tor loss in the rectangular waveguide [13]. However, in the 

transition region, it is hard to calculate conductor loss because 

the electromagnetic field cannot be defined easily in Region II. 

For the mode-matching method, the transition structure in Re-

gion II is divided into a number of small rectangular waveguides, 

and therefore conductor loss can be estimated approximately by 

using the electromagnetic field in the stepped waveguides. Fig. 

5 illustrates the calculated conductor loss of the 𝑇𝐸  mode 

with respect to the lengths of each waveguide in the linearly 

tapered rectangular waveguide. Note that our results are very 

similar to the theoretical results of 𝑇𝐸  because this mode  



LEE et al.: ANALYSIS OF A TAPERED RECTANGULAR WAVEGUIDE FOR V TO W MILLIMETER WAVEBANDS 

251 

  
 

dominates over the proposed structure and there is rarely loss by 

conductor. In Table 1, we calculate the total percentage of con- 

ductor loss in three cases (no transition, single step transition, 

and tapered transition) when the total length is assumed to be 3 

mm. Compared to the result of WR15, conductor loss increases 

due to the discontinuity of the transition structure. In addition, 

the conductor loss of the single step transition structure is larger 

than that of the linearly tapered waveguide because the reflec-

tion increases. 

Total length is 3 mm, and the length of the waveguide for V 

band is 1 mm in the transition structure. 

IV. CONCLUSION 

We have solved the electromagnetic boundary-value problem 

 

 

(a) (b) 

 
(c) 

 
(d) 

Fig. 3. (a) Simulation model of the tapered rectangular waveguide in ANSYS HFSS and a comparison of our computation results with 

the HFSS simulation results. (b) V to W, (c) E to W, and (d) V to E transitions. 

 

 
      (a)                                        (b)                                      (c) 

Fig. 4. (a) Electric field distribution at the center of the receiving waveguide and (b) side view and (c) top view of surface current density 

on the walls of the receiving waveguide. 
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Table 1. Conductor loss of the general rectangular waveguide 

(WR15) and the single step and tapered transition struc-

ture (V to W)  

 Conductor loss (%)

WR15 (no transition) 0.0917 

Single step transition 0.1868 

Tapered transition (Fig. 4) 0.1559 

 

 
Fig. 5. Conductor loss of 𝑇𝐸  in the linearly tapered rectangular 

waveguide. 

 

of the tapered rectangular waveguide based on eigenfunction 

expansion and the mode-matching method. Scattering parame-

ters are represented in a series form and computed under differ- 

ent combinations of rectangular waveguides operating at the V, 

E, and W bands. Our formulation can also be applied to various 

transition structures and can be used researching a measurement 

system using waveguide transition structures. 
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I. INTRODUCTION 

Recently, various wireless communication devices and ser-

vices that use an unlicensed frequency band, including smart-

phones, tablets, and Internet of Things (IoT) devices, among 

others, have been deployed exponentially. However, because the 

frequency resources of the unlicensed band are limited, wireless 

devices operating in it may experience various interferences with 

each other [1, 2].  

As frequency interference between wireless devices suppresses 

the smooth provision of these services, examining how to allo-

cate frequency channels to each service and to manage their 

coexistence efficiently is necessary. Specifically, quantitative 

studies on the influence of frequency interference between dif-

ferent wireless devices should be conducted [3]. 

The analysis method of frequency interference is categorized 

into two types, namely, software and hardware method, de-

pending on whether real hardware devices exist or not. Various 

hardware methods for analyzing frequency interference prob-

lems are reported in [4–6]. In [4], real wireless hardware is used 

to emulate the interference environment. However, when real 

hardware device is used, changing the physical (PHY) and me-

dia access control (MAC) layer parameters is difficult because 

they are generally embedded inside the modem chip. A signal 

generator also can be used to emulate interfering signals [5]. 

Although a signal generator is highly controllable, it is expensive 

and makes adjusting the various physical and MAC layer pa-

rameters difficult. Therefore, we propose a method to develop a 

versatile frequency interference emulator using a software-

defined radio (SDR) and the LabVIEW program in [6]. It can 
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In this study, we suggest an emulator for generating multiple heterogeneous interference signals in the Korean radio frequency identifica-

tion/ubiquitous sensor network (RFID/USN) frequency band. The proposed emulator uses only one universal software radio peripheral to 

generate multiple heterogeneous interference signals more economically. Moreover, the physical and media access control parameters can 
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effectively adjust various space, frequency, and time domain 

parameters. However, because [6] uses an identical physical and 

MAC scheme, this emulator can implement only a single ho-

mogeneous wireless network. Therefore, developing an emula-

tor to simulate heterogeneous interference environments re-

mains challenging. Fortunately, Liu et al. [3] proposed a new 

method to emulate heterogeneous interference signals using the 

orthogonal frequency division multiplexing (OFDM) scheme. 

However, the authors only showed the emulation results of 

Bluetooth interference signals using a complex field program-

mable gate array (FPGA)-based test-bed. Moreover, imple-

menting a MAC protocol is easy because Bluetooth uses a rela-

tively simple frequency-hopping multiple-access scheme with-

out carrier sensing. Various studies are still needed to make a 

versatile heterogeneous frequency emulator both in various fre-

quency bands and MAC protocols. Specifically, an emulator 

than can easily use a commercial universal software radio pe-

ripheral (USRP) as the SDR equipment is needed. 

In this study, we propose an emulator for generating multiple 

heterogeneous interference signals in the Korean radio frequen-

cy identification/ubiquitous sensor network (RFID/USN) fre-

quency band (917–923.5 MHz). In this frequency band, various 

wireless devices, such as wireless LAN (WLAN), wireless PAN 

(WPAN), Z-wave, RFID, and LoRa, coexist. Therefore, re-

ducing hardware complexity by the use of a single radio is nec-

essary. Our emulator can effectively combine the OFDM 

scheme in [3] and our method in [6]; therefore, multiple heter-

ogeneous networks can be emulated using only a single SDR 

board. As an example of performance verification of the pro-

posed emulator, we generated heterogeneous interference sig-

nals consisting of a frequency-hopping RFID signal and two 

LoRa networks with different spreading factors in different fre-

quency channels. To show the applicability and versatility of the 

proposed emulator, we used a commercial USRP as the SDR 

equipment provided by National Instrument and the Lab-

VIEW program as the USRP-driving software.  

II. HETEROGENEOUS INTERFERENCE SCENARIO  

1. Korean RFID/USN Frequency Band 

Today, various wireless devices can be found in the Korean 

RFID/USN frequency band. First, ultra-high frequency (UHF) 

passive RFID can be found. The RFID system consists of a 

reader and a tag. A reader sends the carrier to a tag. The reader 

then receives a backscattered signal from the tag, which is pow-

ered by a continuous wave from the reader. Unlike in other 

wireless communication systems, interference occurs when a 

reader transmits a command signal that interferes with the tag 

reception procedure of another reader. To prevent RFID inter-

ference to another wireless device, the six frequency channels of 

#2 (917.3 MHz), #5 (917.9 MHz), #8 (918.5 MHz), #12 

(919.1 MHz), #14 (919.7 MHz), and #16 (920.3 MHz) are 

allocated for the dense RFID mode with a 600 kHz interval [7].  

Second, LoRa network signals are available. LoRa is the pro-

prietary standard for IoT. It uses six spreading factors (SF7 to 

SF12) to adapt the data rate and coverage tradeoff. A higher 

spreading factor enables a longer coverage at the expense of a 

lower data rate, and vice versa. The LoRa data rate is between 

300 bps and 50 kbps depending on the spreading factor and the 

channel bandwidth. Korea has eight LoRa channels, from #25 

(921.9 MHz) to #32 (923.3 MHz), with a 200 kHz interval [8].  

Third, the Z-wave using the ITU-T Recommendation 

G.9959 Standard can be deployed for home network systems, 

such as heating, ventilation, air conditioning, lighting, and secu-

rity systems. The Korean RFID/USN frequency band has three 

Z-wave channels, namely, #20 (920.9 MHz), #24 (921.7 MHz), 

and #31 (923.1 MHz), with a 400 kHz frequency bandwidth.  

Finally, there are emerging WLAN (Wi-Fi) and WPAN 

(ZigBee) standards operating on the sub-GHz frequency band. 

For example, the IEEE 802.11ah WLAN signal uses up to a 4 

MHz bandwidth, and the IEEE 802.15.4 WPAN signal uses a 

1 MHz bandwidth. As these WLAN and WPAN signals have 

wideband characteristics, LoRa can be a victim. The detailed 

channel allocations in the Korean RFID/USN frequency band 

are shown in Fig. 1. 

 

2. Interference Scenario 

As multiple wireless devices with different standards exist in 

the Koran RFID/USN frequency band, various interference 

phenomena can occur. For example, a high-power RFID device 

may interfere with a sub-GHz Wi-Fi device. A LoRa device 

can also interfere with a Wi-Fi signal at the same time. As a 

worst case, a sub-GHz Wi-Fi device with a 4 MHz bandwidth 

may be affected by RFID, LoRa, and Z-wave simultaneously, 

as shown in Figs. 1 and 2. 

Generally, an interference environment consists of interferers, 

a victim, and a channel. In a victim receiver, multiple interfer-

ence signals on the channel are received with the victim’s trans-

mitted signal. In the frequency aspect, interference between 

wireless devices occurs when the transmitter uses an identical 

frequency channel of the interferer. Moreover, interference oc-

curs when the transmitter and interference signals transmit sig-

nal at the same time and exist in a nearby space where they can 

affect each other. Therefore, when modeling interference envi-

ronments, adjusting the parameters freely in the frequency, time, 

and space domains, respectively, is necessary. 

III. CONFIGURATION OF THE PROPOSED EMULATOR 

The Korean RFID/USN band has multiple heterogeneous 
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interferers. Generally, a high-frequency signal may be generated 

with a signal generator. Therefore, as shown in Fig. 3(a), n sig-

nal sources are needed, with one signal source per interferer, to 

generate n interferers. However, as the number of interferer 

increases, the system becomes more complex. Fortunately, de-

veloping a homogeneous multi-interference environment using 

an SDR device with a MAC signal generating capability is pos-

sible [6]. In [6], multiple nodes comprising a homogeneous 

network can share the time channel using an appropriate MAC 

protocol.  

However, using the method of [6] is difficult because multi-

ple heterogeneous interferers have separate MAC protocols. In 

the current paper, we adapt the method of Liu et al. [3] using 

the OFDM modulation scheme. Owing to the OFDM tech-

nology having multiple subcarriers, the proposed emulator can 

emulate various narrowband signals in the Korean RFID/USN  

 

bands. As shown in Fig. 3(b), it is an economical and realistic 

approach. 
 

1. Physical Layer Modeling 

As shown in Fig. 4, the physical layer of the proposed emula-

tor uses the OFDM modulator scheme. 

Interference signals are realized by a finite length of OFDM 

symbol and subcarrier. First, the total bandwidth of the Korean 

RFID/USN frequency band is divided into each sub-carriers 

similar to the OFDM scheme. 

If a 1024-point iFFT is used, it will offer 170.7 μs ∆t long 

and 5.8 kHz wide ∆f, which are considerably smaller than the 

packet length and resolution bandwidth, respectively, of the 

RFID and LoRa waveforms. Second, multiple subcarriers can 

be combined to construct the operating channel bandwidth of 

the specific node. For example, if the operating bandwidth of  

 
Fig. 1. Channel allocation in the Korean RFID/USN frequency band (917–923.5 MHz). 

 

 
Fig. 2. Interference scenario of the Korean RFID/USN band.
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(a) 

 

 
(b) 

Fig. 3. Emulation for the interference environment: (a) the interfer-

ence signal generator using multiple signal generators and (b) 

the interference signal emulator using only one signal genera-

tor with a heterogeneous signal generation function.
 

 
(a) 

 
(b) 

Fig. 4. Concept of the heterogeneous interference emulator: (a) the 

matrix form and (b) the signal generation for the matrix form.

node #1 is the same as the bandwidth of the three successive 

subcarriers, three subcarriers will be allocated to node #1. Simi-

larly, five subcarriers are allocated to node 2 with a narrow 

channel bandwidth. As shown in Fig. 4(a), if the channel 

bandwidth of a specific signal is an integer multiple of the sub-

carrier, that signal can be generated by adjusting the number of 

subcarriers. In addition, the signal duration time can be adjusted 

by the multiple numbers of OFDM symbols. Finally, the re-

ceived signal power can be specified by modifying the magni-

tude of the subcarriers given by a complex number expressed by 

n + jn. Therefore, the magnitude of a signal can be adjusted by 

controlling the n value as shown in Fig. 4(a). The actual values 

of n are calculated by considering the transmitting power of the 

interferer and path loss to a victim receiver. All of these parame-

ters in the PHY layer are controlled through the LabVIEW 

program and the USRP. Fig. 4(b) shows the signal waveform 

designed by Fig. 4(a) in the time, frequency, and amplitude do-

mains.  

 

2. MAC Layer Modeling 

 In a wireless network, nodes send and/or receive data in a 

manner specified by its MAC protocol. In addition, the MAC 

protocols define the retransmission methods to prevent data loss 

that may occur during transmission.  

Generally, the transmitter retransmits its previously transmit-

ted data if it does not receive an ACK signal from the receiver 

within a certain time.  

For example, let us consider the uplink timing diagram of the 

LoRa network in Fig. 5. A LoRa network consists of one gate-

way and n end devices (EDs). As the LoRa standard adopts 

ALOHA as a wireless access scheme, the start time of the up-

link transmission of the nth ED, 𝜏 , is a random value. LoRa 

also uses the RX1 or the RX2 time slot for downlink transmis-

sion [9, 10]. 

The RX1 opens RECEIVE_DELAY1 seconds after the end 

of the uplink modulation, and the RX2 opens RECEI-

VE_DELAY2 seconds. Whereas the RX1 uses the same fre- 

 

Fig. 5. Example of a LoRa uplink timing diagram for a confirmed 

data message in a class A feature. 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 18, NO. 4, OCT. 2018 

258 
   

  

Fig. 6. Configuration of the verification experiment for the pro-

posed emulator. 

 

Table 1. Parameters for Fig. 6 (frequency domain) 

Parameter Value 

Total BW (MHz) 6 

𝑁  (FFT size) 1024 

∆𝑓 (kHz) 5.8 

𝑁 .,  1 

𝑁 .,  22 

𝐵𝑊  (kHz) 127.6 

 

quency channel as the uplink and the data rate is a function of 

the data rate used for the uplink, the RX2 uses a fixed configu-

rable frequency and a data rate. 

Similar to LoRa networks, RFID readers and tags also use 

ACK messages for their reliable data transmission. 

The configuration of the proposed emulator is shown in Fig. 

6. The emulator consists of a personal computer (PC) for run-

ning LabVIEW and a USRP-2922 SDR device device for sig-

nal generation. Various interference signals were created by ad-

justing the parameter values set in the LabVIEW program (Ta-

ble 1). The signals were sent to the USRP over the Gbps 

Ethernet cable and emitted to that frequency band. The radiat-

ed interference signal was confirmed by a spectrum analyzer. 

IV. IMPLEMENTATION RESULTS 

To verify the capability of the proposed emulator, we con-

structed an actual heterogeneous interference environment. We 

again used the previous example in Fig. 2. As shown in Fig. 2, 

the RFID reader (interferer #1) was set to hop on the frequency 

channels 2 , 5, 8, 11, 14, and 17 every 0.4 seconds, and two Lo-

Ra devices (interferer #2 and interferer #3) were established 

with different data rates on channels 26 (922.5 MHz) and 28 

(922.1 MHz). Each of the three interference sources had differ-

ent operating channels, operating modes, and driving times, 

respectively.  

Table 2 presents the parameter settings for interference power 

according to distance for the scenario in Fig. 2. 𝑃 . ,  is the 

power of the interference signal generated by the nth interferer, 

and 𝑃 . , is the interference power received by the victim 

RX via path 𝑑 . After selecting the interferers and the interfer-

ence power, setting the parameters for the PHY and MAC lay-

ers of the interferers is necessary. The PHY and MAC layer 

parameters for each interferer were set through the LabVIEW 

program on a PC. The interference signal was up-converted to 

the RFID/USN band through the USRP-2922 [11, 12]. 

Fig. 7 shows the power spectral density (PSD) of a heteroge-

neous multi-interfering signal transmitted through the USRP-

2922. We measured the PSD using a N9010A spectrum ana-

lyzer from Agilent Technologies. 

Furthermore, the PSD was obtained using the max-hold 

function on the instrument. The results of the PSD measure-

ments confirmed that three interfering signals occurred on the 

specified channel. The RFID reader generated a narrow band 

signal on channel 17. The RFID reader hopped six channels 

and displaced only one channel because of the max-hold func-

tion of the instrument. The LoRa devices generated signals with 

a bandwidth of 125 kHz on both channels 26 and 28, which use 

the modulation schemes of chirp spreading spectrum as the 

 

 
 

Fig. 7. PSD of the multiple interference signals (Max hold). 

 

 
 

Fig. 8. Spectrogram of the interference signals (RFID and LoRa) 

on each channel.



LEE et al.: EMULATOR FOR GENERATING HETEROGENEOUS INTERFERENCE SIGNALS IN THE KOREAN RFID/USN FREQUENCY BAND 

259 

  
 

 

LoRa standard. 

To generate chirp signals using the OFDM, the first step is 

to select two successive subcarriers for generating a narrowband 

signal. Then, by sequentially increasing the position of the sub-

carriers, an up-chirp signal can be generated. Similarly, sequen-

tially decreasing their position can generate a down-chirp signal. 

In addition, by adjusting the increasing position of the subcarri-

er, chirp signals of various intervals can be generated (Fig. 8). 

Fig. 8 also illustrates the spectrogram of the interference sig-

nals on each channel. The RFID reader hops on a six-frequency 

channel every 0.4 seconds. The LoRa signals modulated by the 

chirp spreading spectrum are generated as different spreading 

factors on channels 26 and 28, respectively. The upper part of 

Fig. 8 shows the various interference signals in the frequency 

domain by the max-hold function of the spectrum analyzer. 

The lower part of the spectrogram presents the generated sig-

nals in the time-frequency domain. This spectrogram was gen-

erated by post-processing the received signal using the MAT-

LAB. 

Fig. 9 shows the timing diagram example of the LoRa data 

and ACK data. This timing diagram is a LoRa network sig-  

nal generated on channel 28, and it was obtained using      

the zero span function of the signal analyzer. In Fig. 9, 

𝑡 _  depends on the length of the LoRa packet and 

data. The active time duration, 𝑡 , has various values, such 

as 𝑡 , , 𝑡 , , and 𝑡 , , given in Fig. 4(a). The 

inactive time duration, 𝑡 , is usually a random value 

caused by the random access schemes of RFID and LoRa, slot-

ted ALOHA, and ALOHA, respectively.  

V. CONCLUSION 

We suggested an emulator for generating heterogeneous 

multi-interference signals to conduct various frequency interfer-

ence experiments. The proposed emulator uses only one USRP 

to generate multiple heterogeneous interference signals eco-

nomically. Moreover, the physical and MAC parameters can be 

adjusted in real time using the LabVIEW program, thereby 

making it possible to create various time-varying interference 

environments easily. 
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I. INTRODUCTION 

Mobile and wireless communication technologies have devel-

oped rapidly in order to satisfy the growing demands for high-

capacity and high-speed data transmission. The transmission of 

a high quality signal to a receiver within telecommunication 

systems requires base stations that generate cell coverage. The 

coverage area is defined as the total area within the reach of the 

signal. However, in cities with many obstacles, communication 

quality can be degraded at cell edges. Such obstacles include 

shadowed areas, tunnels, and buildings. To improve the com-

munication quality and to extend the coverage area with effec-

tive cost, a repeater system is necessary in modern communica-

tion systems [1].  

Microstrip patch antennas are commonly used in repeater 

applications because of low production cost, easy fabrication, 

light weight, and their low profile. However, a typical mi-

crostrip patch antenna has a narrow bandwidth. Thus, several 

methods have been introduced to widen the bandwidth using 

different types of feed structure [2–6]. Commonly used feeding 

methods to enhance the bandwidth include: the coplanar wave-

guide-fed (CPW) technique [2], a U-shaped feed [3, 4], a 

probe feed with a W-shaped ground [5], and an L-probe feed 

[6], which enhance the bandwidth by up to 25%. However, 

these antennas cannot cover Global System for Mobile Com-

munications (GSM-1800), Personal Communications Service 

(PCS), and the Universal Mobile Telecommunication System 

(UMTS) [7] frequency bands, simultaneously.  

To overcome this problem, we propose a low-profile broad-

band 1 × 4 array antenna for home repeater applications. The 

proposed antenna uses the gap feeding between the patch ele-

ments and feeding strip to achieve the wide bandwidth charac-

teristic [8]. In order to decrease the mutual coupling without 

increasing the physical separation between patch elements, slits 
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are added to ground plane 1 [9]. The antenna has a wide band-

width (1.67–2.32 GHz) covering the GSM-1800 (1.71–1.88 

GHz), PCS (1.85–1.99 GHz), and UMTS (1.92–2.17 GHz) 

frequency bands. FR-4 substrate 2 with ground plane 2 (GND2) 

is located under the bottom of substrate 1 as a reflector, which 

makes the radiation pattern unidirectional with a high gain level 

over the operating frequency band. 

II. ANTENNA DESIGN  

Fig. 1 shows the geometry of the proposed antenna. The 

proposed antenna was designed on an FR-4 substrate (εr = 4.4, 

tanδ = 0.02), 1 × 4 array antenna with a separation distance 

between the adjacent elements of 110 mm. Each antenna ele-

ment is excited by a feeding strip located on the upper side of 

the FR-4 substrate 1. A multi-resonance characteristic was 

achieved by using the gap feeding between the patch element 

and feeding strip [8]. The ground plane 1, with dimension of 

85.7 mm × 430 mm, is located on the bottom side of the FR-4 

substrate 1. To improve the isolation characteristics between the 

antenna elements, slits were added to ground plane 1. As shown 

in Fig. 1(a), the optimal length l1 of the patch element, and the 

gap g between the patch element and feeding strip, are 46 mm 

and 0.3 mm, respectively. The dimensions of the Fr-4 substrate  
 

 
(a) 

 

42.2z
x y

FR4 substrate 1 

FR4 substrate 2 

h Ground plane 1 with slits

Ground plane 2

1ⅹ4 patch array antenna 

  
(b) 

Fig. 1. Geometry of the proposed antenna: (a) top view, (b) side 

view. 

1 and 2 are, respectively, 430 mm × 165 mm and 530 mm × 

215 mm with a thickness of 0.8 mm. To improve the gain and 

front-to-back ratio (FBR) of the proposed antenna, substrate 2 

is placed 32.4 mm away from the bottom of substrate 1. Metal 

bolts and nuts were used to fix substrate 1 and 2 with a height of 

42.4 mm. 

III. SIMULATED RESULTS AND ANALYSIS  

In order to analyze the effect of the gap feeding, the reflection 

coefficients of the proposed antenna and direct-fed antenna 

were compared, and the results are shown in Fig. 2. The direct-

fed antenna has the same basic structure as the proposed anten-

na with the exception of feeding structure. By using gap feeding, 

impedance matching is improved and the –10 dB reflection 

coefficient bandwidth simultaneously covers the GSM-1800 

(1.71–1.88 GHz), PCS (1.85–1.99 GHz) and UMTS (1.92–

2.17 GHz) bands. Simulation results were analyzed using an 

ANSYS High-Frequency Structure Simulator (HFSS) version 

17.2 (ANSYS Inc., Canonsburg, PA, USA). Fig. 3 shows the 

simulated reflection coefficients when the gap g between the 

patch element and feeding strip changed from 0.1 mm to 1.1 

mm. It showed that as g decreases, the bandwidth of the anten-

na increases. This is especially important for PCS and UMTS 

bands that are critically affected by g. When g was equal to 0.3 

mm, the antenna had a wider –10 dB reflection coefficient 

bandwidth than that observed for gaps of 0.7 mm or 1.1 mm. 

As the change in reflection coefficient bandwidth is negligible 

when the value of g is less than 0.3 mm (i.e., 0.1 mm), 0.3 mm 

is the optimized value of g for easy fabrication. Fig. 4 illustrates 

the simulated reflection coefficients for various values of length 

l1. A change in the l1 value affects the resonance frequency and 

reflection coefficient. As l1 decreased, the entire frequency band 

was shifted to the higher frequency side, whereas when the val- 

 

 
Fig. 2. Simulated reflection coefficients of the proposed antenna 

and the antenna with direct feed. 
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Fig. 3. Simulated reflection coefficients for various values of gap g. 

 

 
Fig. 4. Simulated reflection coefficients for various values of length l1. 

 

ue of l1 increased, the resonance frequency was shifted to the 

lower frequency side. Optimum performance was achieved 

when l1 was equal to 46 mm. 

In order to analyze the operational characteristics of the pro-

posed antenna, the simulated electric field distributions on the 

antenna were analyzed as shown in Fig. 5. In Fig. 5(a), the pro-

posed antenna is operating at 1.755 GHz because each patch 

element has an effective electrical length of 𝜆/2. Fig. 5(b) and (c) 

show that the antenna operates at 1.97 GHz and 2.16 GHz 

because of the coupling between the patch elements and the 

ground plane. 

In general, it is required that be sufficient space between 

patch elements in order to obtain a high isolation level [10]. 

However, a physical space that is too large can affect radiation 

performance, resulting in an increase of the side-lobe level and a 

decrease in peak gain [11, 12]. By adding slits in the ground 

plane, the physical size of the antenna can be reduced and the 

mutual coupling between antenna elements decreases. The 

transmission coefficients of the proposed antenna with and 

without slits are compared in Fig. 6. Both antennas have the  

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Simulated electric field distributions of the proposed anten-

na at 1.755 GHz (a), 1.97 GHz (b), and 2.16 GHz (c). 

 

 
Fig. 6. Simulated transmission coefficients of the proposed antenna 

with and without slits. 
 

same structure, the only difference between them being the 

presence or absence of slits. 

The isolation level of –20 dB is realized over the entire oper-

ating frequency band.  

Fig. 7 shows the simulated transmission coefficient character-

istics of the proposed antenna for various values of length l2. It 

can be seen that as the length of l2 increases, the isolation char-

acteristic is improved. However, when l2 is larger than the opti-

mized values of 34.7 mm, the mutual coupling increases in the  
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Fig. 7. Simulated transmission coefficients for various values of 

length l2. 

 

frequency range from 1.7 GHz to 2.17 GHz. An optimal result 

is achieved when the length of l2 is set to 34.7 mm. 

In order to improve the gain and FBR, substrate 2 with 

ground 2 is located at 0.28 λ from the FR-4 substrate 1 that act 

as a reflector. The length of h is set at about a quarter-

wavelength of the center frequency, so that the reflected wave 

from the reflector is in phase with the forward wave excited by 

the array antenna [11]. 

The yz plane radiation patterns for various values of h were 

simulated and are shown in Fig. 8. The best performance of the 

peak gain and FBR was obtained when h was 32.4 mm. At 2.16 

GHz, the maximum gain and FBR is superior to that of 1.755 

GHz and 1.96 GHz, because the optimum distance of 34.7 

mm is a quarter-wavelength of 2.16 GHz. As the value of h 

increases to 44.4 mm, the back lobe becomes larger. The peak 

gains are 10.14 dBi (FBR = 11.09 dB), 10.58 dBi (FBR = 14.81 

dB), and 11.69 dBi (FBR = 27.23 dB) at 1.755 GHz, 1.96 GHz, 

and 2.16 GHz, respectively. 

IV. MEASURED RESULTS 

The comparisons of the peak gains and FBRs between the 

proposed antenna and the antenna without GND2 are shown 

in Table 1. The enhancement values of the peak gains and FBR 

are 5.57 dB (FBR = 10.63 dB), 6.6 dB (FBR = 14.99 dB), and  

 

Table 1. Peak gain and FBR comparisons between the proposed 

antenna and the antenna without GND2 

Frequency 

(GHz) 

Peak gain (dBi) FBR (dB)

Proposed 

antenna 

Without 

GND2 

Proposed 

antenna 

Without 

GND2

1.755 10.14 4.57 11.09 0.46

1.97 10.58 4.22 14.81 -0.18

2.16 11.69 3.96 27.23 -0.22

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Simulated yz plane radiation patterns of the antenna for 

various values of h: (a) 1.755 GHz, (b) 1.97 GHz, and (c) 

2.16 GHz. 

 

7.73 dB (FBR = 27.45 dB) at 1.755 GHz, 1.96 GHz, and 2.16 

GHz, respectively. 

Fig. 9 shows a fabricated prototype of the proposed antenna. 

The simulated (with and without GND2) and measured reflec-

tion coefficients are compared in Fig. 10. 

Both the simulated and measured results are in agreement 

with respect to the reflection coefficients. The measured –10 dB 

reflection coefficient bandwidth (1.67–2.32 GHz) is sufficient 
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Fig. 9. Fabricated antenna. 

 

 
Fig. 10. Simulated (with and without GND2) and measured reflec-

tion coefficients of the proposed antenna. 

 
to cover GSM-1800, PCS, and UMTS bands. 

A comparison of the simulated (with and without GND2) 

and measured 2D radiation patterns of the proposed antenna 

are shown in Fig. 11. The simulated results are similar to the 

measurements. At the central frequencies of the operating bands 

(1.755 GHz, 1.97 GHz, and 2.16 GHz), the measured and 

simulated radiation pattern are almost identical. The measured 

peak gains of the proposed antenna are 9.21 dBi, 9.61 dBi, and 

9.12 dBi, respectively. The FBRs are 15.83 dB, 20.47 dB and 

20.33 dB, respectively. 

V. CONCLUSION  

In this paper, a low-profile broadband array antenna for 

home repeater applications is proposed. By using the coupling 

feed, the impedance matching of the proposed antenna is im-

proved. Consequently, the proposed antenna has a wide –10 dB 

reflection coefficient bandwidth of 650 MHz (1.67–2.32 GHz) 

simultaneously covering GSM-1800, PCS and UMTS bands. 

The addition of slits in the ground plane decreases the mutual 

coupling with an isolation level lower than –20 dB at the oper-

ating frequency band. The antenna has peak gains of 9.21 dBi, 

9.61 dBi, and 9.12 dBi with a unidirectional radiation pattern.  

 
     (a) 

  
   (b) 

 
  (c) 

Fig. 11. Simulated (with and without GND2) and measured yz 

plane radiation patterns of the proposed antenna: (a) 

1.755 GHz, (b) 1.97 GHz, and (c) 2.16 GHz. 

 

Therefore, the antenna has the desired properties for repeater 

applications. 
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I. INTRODUCTION 

As location tracking technology has developed, reliance on 

global positioning system (GPS) communication has increased. 

Currently, anti-jamming is researched as protection against en-

vironmental factors such as distortion, interferences caused by 

multipath propagation, and jamming signals that intentionally 

disrupt communication. The controlled reception pattern an-

tenna (CRPA) array is used to control nulling in the direction of 

a jamming signal and increase gain in the direction of the satel-

lites [1–3]. It is advantageous to design many radiating elements 

to protect GPS communications against jamming signals be-

cause the number of nulls (N–1) is dependent on the number of 

radiating elements (N). Thus, it is essential to design a minia-

turized radiating element for multiple nulls. 

There are various numerical methods to achieve null steering 

in a specific direction [3, 4]. However, null steering using nu-

merical methods is both inaccurate and time-consuming if cost 

function is not elaborated. On the other hand, a total radiation 

pattern can be obtained from an active element pattern (AEP) 

multiplied by the array factor (AF). Using an AF, the input 

phases of radiating elements can be simply calculated to obtain 

nulls in the directions of jamming signals.  

In this letter, the AF of a circular array should be modified 

because the radiating elements are arranged toward the center. 

In addition, the radiating elements are designed using mu-zero 

resonance (MZR), which is suitable for a miniaturization to 

implement the seven elements in a 5-inch circle space [5]. Since 

the radiating elements have a CP characteristic for GPS com-

munication, the AF of the seven radiating elements can be 

modified considering the rotation angle of the nth radiating ele-

ment. From the modified AF, the phases of input ports can be 

obtained to achieve pattern nulling at a certain angle. The one 

CRPA circular array and the two kinds of power dividers used  
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In this letter, the null steering of a circular array is presented using a modified array factor (AF) for a global positioning system (GPS) 

anti-jam. The seven radiating elements were designed using a mu-zero resonance (MZR) circularly polarized (CP) antenna arranged to-

ward the center. Since the radiating elements, which are arranged toward the center, have a CP characteristic, the AF of the seven radiat-

ing elements has to be modified considering the rotation angle of the nth radiating element. The phases of input ports can be calculated 

to implement a nulling of radiation patterns where the modified AF is zero. To verify the modified AF for null steering in the desired 

direction, two cases of power dividers operating in L2 band (1.2276 GHz) were fabricated to achieve pattern nulling at a certain angle. 

The modified AF can be confirmed by a comparing the simulated and measured radiation patterns. 

Key Words: Anti-Jam, Array, Circular Array, Null Steering. 

 

 

Manuscript received February 7, 2018 ; Accepted April 26, 2018 ; Accepted June 19, 2018. (ID No. 20180207-014J)  
1School of Electronic and Electrical Engineering, Hongik University, Seoul, Korea. 
2Metamaterial Electronic Device Research Center, Hongik University, Seoul, Korea.  
*Corresponding Author: Jae-Gon Lee (e-mail: jaegonlee@hongik.ac.kr), Jeong-Hae Lee (e-mail: jeonglee@hongik.ac.kr)   
 

 

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits 

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved. 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 18, NO. 4, OCT. 2018 

268 
   

  

to inject calculated input phases were fabricated to verify the 

modified AF. The modified AF is described in Section II, and 

the simulated and measured far-field radiation pattern with a 

null are compared in Section III. 

II. MODIFIED AF OF CP CIRCULAR ARRAY 

Fig. 1(a) and (b) show the geometry of the CRPA circular ar-

ray with and without consideration for the rotation angle of the 

nth radiating element. A total radiation pattern can be obtained 

from an AEP multiplied by the AF. In this paper, the rotation 

angles of the radiating elements are considered in the AF in-

stead of the AEP to expect the input phases for a radiation pat-

tern’s null before the design of radiating elements. The AF, 

having seven radiating elements without considering the rota-

tion angle of the nth radiating element, can be expressed by Eq. (1): 
 

            (1) 
Above, a, Φn, and βn are at a distance between the center and

the radiating element, an angle of the nth element from x-axis, 

and an input phase of nth element, respectively. When the sev-

 

 
(a) 

 
(b) 

Fig. 1. Geometry of the CRPA circular array. (a) Without (b) with 

consideration of rotation angle of the nth radiating element. 

en radiating elements are arranged toward the center and have 

CP characteristics, the AF of Eq. (1) can be modified as Eq. (2), 

because the rotation angle (ψn) of the nth element can be ex-

pressed as the phase difference: 
 

            (2) 
 

where ψn is 2(n-1)π/7 because the seven radiating elements are 

oriented toward the center. To achieve the pattern null at (θ0,	
Φ0), Eq. (2) should be zero. Then, the input phase (βn) of the nth 

port can be derived as Eq. (3): 
 

           (3) 

III. SIMULATED AND MEASURED RESULTS 

The input phase (βn) of each port is calculated to achieve null 

steering in two directions (Case I: θ0 = 0°, Φ0 = 0° and Case II: 

θ0  = 55°, Φ0 = 150°). Table 1 shows the calculated input phase 

(βn) from the modified AF. Fig. 2(a) and (b) show the CRPA 

array, which is introduced in [5] using seven MZR radiating 

elements. To obtain the CP characteristic, two orthogonal 

MZR antennas realized by a gap and a shorting via are em-

ployed and have dual feeding structures with a phase difference 

of 90o. Fig. 3(a) and (b) present feeding networks using a power 

divider for Case I and Case II, respectively. To approach the 

same power at each port, the dividers, including a 50-Ω termi-

nation port with eight output ports, are designed despite the 

seven radiating elements. The substrate utilized for the power 

dividers has a thickness of 1.6 mm and the permittivity of 10.2. 

The power dividers are designed using a quarter-wave trans-

former composed of 50 Ω and 70 Ω lines, which have a width 

of 1.404 mm and 0.485 mm. Fig. 4 shows simulated and meas- 

ured radiation patterns with a nulling at Case I and Case II. 

The results were obtained using the ANSYS HFSS and the full 

anechoic chamber. As shown in Fig. 4(a) and (b), the measured 

results are in agreement with the simulated results, except for a 

difference of 5o in the θ of Case II. The minor null points of the 

measured radiation patterns are generated by coaxial cables for 

the other ports. 
 

Table 1. Calculated input phases from the modified AF 

θ0 = 0°, Φ0 = 0° βn (°) θ0 = 55°, Φ0 = 150° βn (°)

Port 1 0 Port 1 5.76

Port 2 0 Port 2 -26.26

Port 3 0 Port 3 -38.51

Port 4 0 Port 4 -21.75

Port 5 0 Port 5 11.38

Port 6 0 Port 6 35.95

Port 7 0 Port 7 33.44
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(a) 
 

 

(b) 

Fig. 2. Photographs of the fabricated CRPA array: (a) top view and 

(b) side view. 
 

 
(a) 

 

 
(b) 

Fig. 3. Photographs of the fabricated feeding networks for nulling 

at (a) θ0 = 0°, Φ0 = 0°, (b) θ0 = 55°, Φ0 = 150°. 
 

IV. CONCLUSION 

In this letter, a method to calculate the input phase of each port 

of radiating elements for a GPS anti-jam using a modified AF 

was presented. The modified AF considers both a rotation and 

an arrangement of radiating each element designed with circular 

array implemented by a MZR antenna with a CP characteristic. 

In addition, the power divider is employed to approach the cal-

culated phases at each port. Null steering in a specific direction 

(Case I: θ0 = 0°, Φ0 = 0° and Case II: θ0 = 55°, Φ0 = 150°) is con-

firmed by a simulated and measured radiation pattern with a 

null.  

 
(a) 

 
(b) 

Fig. 4. Full-wave simulated and measured far-field radiation pat-

terns (Φ vs. dBi). (a) Φ = 0° plane, (b) Φ = 150° plane. 
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 Journal of Electromagnetic Engineering and Science (J. Electromagn. Eng. Sci.; JEES) is an official English 
journal of the Korean Institute of Electromagnetic and Engineering Science (KIEES). The objective of JEES 
is to publish academic as well as industrial research results and foundings on electromagnetic engineering and 
science. The journal covers all aspects of researches and technology related to electromagnetics: 
Electromagnetic Compatibility/Electromagnetic Interference, Microwave and Millimeter-Wave Engineering, 
Antenna and Propagation, Electromagnetic Theory, Wireless Communication, Lightwave and Electro-Optics, 
Materials and Components, Software Defined Radar, Radar, Bioelectromagnetics, and etc.
 
I. Copyright and Creative Commons Attribution Licensing
 The copyright and the transfer rights of the digital content of published papers and the journal is owned by 
the KIEES. All published materials are also assigned a Creative Commons Attribution License 
(http://creativecommons.org/licebses/by-nc/4.0/). The journal accepts manuscripts for consideration with the 
understanding that the manuscript has not been published previously and is not currently under consideration 
for publication elsewhere, and in addition, that the authors (or their employer, if it holds the copyright) are 
authorizing the transfer of the copyright to the Institute when the manuscript is submitted. Author should 
check the copyright transfer conditions and forms at http://www.jees.kr.
 
II. Research and Publication Ethics
 Research published in JEES must have followed institutional, national, and international guidelines. For 
policies on research and publication ethics that are not stated in these instructions, please refer to the 
Committee on Publication Ethics (COPE) Guidelines (http://publicationethics.org/resources/code-conduct).
1. Originality and Duplicate Publication
 A manuscript submitted for publication in JEES should be an original work with technical values. It must 
not have been previously published and is not under consideration for publication elsewhere. JEES assumes 
that the materials submitted for its publications are properly available for general dissemination for the 
readership of those publications. It is the responsibility of the authors, not JEES, to determine whether 
disclosure of their materials requires prior consent of other parties and, if so, to obtain it. If an author uses 
charts, photographs, or other graphics from any previously printed materials, he/she is responsible for 
obtaining written permissions from the publisher to use them in his/her manuscript. Responsibility for the 
contents of published papers rests upon the authors, not JEES. 
2. Conflict of Interest
 Authors are required to complete a declaration of conflict of interests. All conflict of interests that are 
declared will be listed at the end of published articles.
3. Authorship
 Authorship should be restricted to those individuals who have met each of the following three criteria: 
1) made a significant contribution to the conception and design of the project, or the analysis and 
interpretation of the data, or other substantial scholarly effort; 2) participated in drafting, reviewing and/or 
revising the work; and 3) approved the final version for publication. After the initial submission of a 
manuscript, any changes whatsoever in authorship (adding author(s), deleting author(s), or re-arranging the 
order of authors) must be explained by a letter to the editor from the authors concerned. The content of this 



letter must be acknowledged and agreed upon by all of the authors of the paper.
 If you accept the policies on research and publication issued by KIEES, authors must click the response of 
“The Code of Research Ethics” through online.
 
III. Submission of Manuscripts
 Authors are expected to be members of the KIEES except for some special cases approved by the Editorial 
Board of KIEES. All manuscripts should be submitted electronically through the online submission and 
review site (https://mc03.manuscriptcentral.com/jees). For the first submission, you may be required to create 
an account on the submission site. A manuscript can be submitted at any time of the year. When submitting 
a manuscript, authors need to make sure that their manuscripts do not provide any of their identities such as 
authors’ names and affiliations as the review is double-blinded. More detailed submission instruction is available 
in the upper right corner of the submission site. All manuscripts submitted to the Journal must comply with 
the instruction and the standard format of the Journal. Otherwise, it will result in return of the manuscript 
and possible delay in publication. For assistance, please contact us via e-mail (admin-jees@kiees.or.kr).
 
IV. Peer Review Process
 The manuscript will be forwarded to three reviewers selected for their expertise in the field of the 
submitted manuscript. The acceptance criteria for all papers are based on the quality and originality of the 
research and its clinical and scientific significance. During the review process, the author is often asked to 
expand, rewrite, or clearly explain the specific contents of his/her paper. It is not uncommon that an author 
is asked to provide another draft with the suggested changes for further review. A revised manuscript should 
be submitted to the homepage within a month from the date on which any change of the manuscript is 
requested to the author. Once a manuscript has received the final approval of the reviewers and 
Editor-in-Chief, the author will be notified and asked to prepare the manuscript for final publication and to 
possibly complete an additional information form. 
 
V. Publication Type
 The papers are classified into five categories.
Regular Paper should be an original work that contributes to the academic interests of the KIEES members 
with technical values. The paper should also be written within 12 pages with A4 size including figures, 
charts, and tables (The main body of text consists of two columns). 
Letter consists of reports of preliminary results or short reports on completed work that are of current 
interest to many researchers in the field. Comments on material previously published in the journal, 
suggestions for new directions, and errata could be included. Their length must be less than 3 pages (with a 
two-column format) including paper title, author affiliation, reference, etc. 
Review Paper will be published by direct submission as well as from invited experts. In both cases, the 
work will be subject to editorial review. Review papers should critically review topics not only to inform the 
reader of the background, but also to communicate the state of the art and outstanding research problems. 
Technical Report is on innovative technical achievements of interest to the community and usually a report 
of an extensive series of measurements. Report is often involving display in the form of tables or graphs, 
with text describing the conditions and procedures of measurement.
Editorial is a brief report of research findings adequate for the journal’s scope and of particular interest to 
the community.
 
VI. Manuscript Preparation
 All manuscripts must be written in MS-Word and adhere to the following guidelines:



1. A cover of each paper manuscript should include a title, authors’ names (main author and co-authors), 
author’s organizations, contact information (e-mail and phone number), and the author’s area of expertise. 
2. The first page of a main text should only contain title, abstract with a length of about 150 words, and 
key words with around five words.
3. The contents of the manuscript should be arranged in the order of abstract, main text, acknowledgments, 
references, and appendix.
4. The numbers corresponding to chapters in the manuscript should be written in Roman numerals (I, II, III, 
IV...) and the numbers corresponding to sections should be written in Arabic numerals (1, 2, 3, 4...).
5. Equation numbers should be given in Arabic numerals enclosed in parentheses on the right-hand margin. 
They should be cited in the text as, for example Eq. (1) or Eqs. (1)-(3).
6. All tables should be numbered consecutively with Arabic numerals. They should be referred to in the text 
and should be numbered according to their order of mention in the text. In addition, all tables should, not 
only list all abbreviations in the table in footnotes at the end, but also have a title that is concise and 
describes the table’s contents. Vertical lines are not used. The table should be self-explanatory and 
supplement, not duplicate, the text. If the table or any data therein have been published, a footnote to the 
table must give permission information to the original source. The structure should be clear, with simple 
column headings giving all units. A table should not exceed one page when printed. Use lowercase letters in 
superscripts a,b,c... for special remarks.
7. All figures should be of high quality meeting with the publishing requirement with legible symbols and 
legends. In preparing the figures, authors should consider a size reduction during the printing process to have 
acceptable line clarity and character sizes. Use only figures that are necessary to illustrate the meaning of the 
text. Figures must be black and white of high contrast. All figures should be referred to in the text as, for 
example, Fig. 1, Fig. 2(a), or Figs. 1-3.
8. Only those references cited in the text should be listed in the references. Authors are responsible for the 
accuracy and completeness of their references and the correct text citations. In the text the reference should 
be numbered in bracket in ascending order (e.g., [1, 3], or [4-6]; Lee [2] and Kim and Park [5]; Jang et al. 
[7]). In case of the paper title, only the first letter is to be capitalized. However, in case of journal and 
book titles, the first letter of each word should be capitalized and all of the letters should be italicized. See 
the example below.
 
Books
[1] F. Giannini and G. Leuzzi, Nonlinear Microwave Circuit Design. NewYork, NY: John Wiley & Sons Inc.,     

2004.
Journals
[2] H. Ahn and B. Kim, "Equivalent transmission-line sections for very high impedances and their application to 

branch-line hybrids with very weak coupling power," Journal of Electromagnetic Engineering and Science, vol. 
9, no. 2, pp. 85-97, Jun. 2009.

Report
[3] E. E. Reber, R. L. Michell, and C. J. Carter, "Oxygen absorption in the earth’s atmosphere," Aerospace Corp., 

Los Angeles, CA, Tech. Rep. TR-0200 (4230-46)-3, Nov. 1988.
Conference Proceedings
[4] S. P. Bingulac, "On the compatibility of adaptive controllers," in Proceedings of the 4th Annual Allerton       

Conference on Circuit and System Theory, NewYork, pp. 8-16, 1994.
Papers Presented at Conferences
[5] J. G. Kreifeldt, "An analysis of surface-detected EMG as an amplitude-modulated noise," presented at the 8th   
    International Conference on Medical and Biological Engineering, Chicago, IL, 1969.
[6] J. Arrillaga and B. Giessner, "Limitation of short-circuit levels by means of HVDC links," presented at the     
    IEEE Summer Power Meeting, Los Angeles, CA, Jul. 1990.



Theses (M.S.) and Dissertations (Ph.D.)
[7] N. Kawasaki, "Parametric study of thermal and chemical nonequilibrium nozzle flow," M.S. thesis, Department 

of Electronic Engineering, Osaka University, Osaka, Japan, 1993.
[8] J. O. Williams, "Narrow-band analyzer," Ph.D. dissertation, Department of Electronic Engineering, Harvard 

University, Cambridge, MA, 1993.
Standards
[9] IEEE Criteria for Class IE Electric Systems, IEEE Standard 308, 1969.
Online Sources
[10] R. Bartle, "Early MUD History," Nov. 1990; www.ludd.luth.se/aber/mud-history.html.

9. When citing any paper published in JEES, it should be indicated the name of the journal as Journal of 
Electromagnetic Engineering and Science or J. Electromagn. Eng. Sci.
10. Acknowledgment, if needed, appears before the reference. Sponsorship or financial support 
acknowledgment should be included here. 
11. Unit and Abbreviation:If the authors describe length, height, weight, and volume, they should use 
standard metric units. Temperature should be given in degrees Celsius. All other units should follow the 
International System of Units (SI). All units must be preceded by one space except percentages (%) and 
temperatures (°C).
 Abbreviations must be used as an aid to the reader, rather than as a convenience of the author, and 
therefore their use should be limited. Generally, abbreviations that are used less than 3 times in the text, 
including tables and figure legends, should be avoided. Standard SI abbreviations are recommended. Other 
common abbreviations are as follows (the same abbreviations are used for plural forms): h (hour), min 
(minute), s (second), d (day), wk (week), mo (month), y (year), L (liter), mL (milliliter), μL (microliter), g 
(gram), kg (kilogram), mg (milligram), μg (microgram), ng (nanogram), pg (picogram), g (gravity; not g), nm 
(nanometer), μm (micrometer), mV (millivolt), mA (milliampere), mW (milliwatt), C (coulomb), μF 
(microfarad), mH (millihenry), n (samplesize), SD (standard deviation of the mean), and SE (standard error of 
the mean).
 

VII. Accepted Manuscript
 Once the review process has been completed with a decision of acceptance, the final manuscript 
accommodating all of the reviewers’ comments should be submitted along with photos of the authors and 
their brief biographies (including major research areas). The accepted papers will be published, in principle, 
in the order of initially submitted dates subject to decision of the Editorial Board.
1. Page Proofs 
 Authors will be given an opportunity to review the laser printed version of their manuscripts before 
printing. One set of page proofs in PDF format will be sent by e-mail to the corresponding author. The 
review should be solely dedicated to detecting typographical errors.
2. Publishing Charge
 The publishing charge for general publishing is KRW 150,000 (US$150) for up to the first 6 pages. For 7 
to 8 pages, an extra charge of KRW 30,000 (US$30) per page, and for 9 pages or more, an extra charge of 
KRW 40,000 (US$40) per page. Furthermore, the KIEES charges extra KRW 100,000 (US$100) for the 
paper acknowledging a financial support from an institution, in addition to the above mentioned page charge. 
Twenty reprints without a cover will be supplied without an additional charge.
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AUTHOR CHECKLIST 

 
Title :                                                                                   

 
General  

□ This paper has not been and will not be published in any other journal.  

□ This paper follows the format of the KIEES paper submission guideline, is less than 12 pages long, including figures 

and tables (3 pages for a letter), and has a two-column layout. 

□ This paper includes a cover page, an abstract, keywords, main text, appendix, and references in the correct order. 

Each page has a consecutive page number.  

 
Cover page 

□ The cover page includes the title, authors, affiliation of all authors, identifier of the corresponding author, and provides 

contact information for the corresponding author (phone number, e-mail address, and mobile number).  

 
Abstract and key words 

□ An abstract is provided and is less than 500 words long.  

□ Fewer than 5 keywords are provided. 

 
Main text 

□ The reference number is written next to the quote.  

□ The chapter numbers are written in Roman numerals (I, II, III, IV…) and subheading numbers are written in Arabic 

numerals (1, 2, 3, 4…).  

 
References 

□ Sufficient Korean as well as international literature is referenced in the paper.  

□ Only the references used in the main text are included in the reference list and these are numbered according to their 

order of appearance. 

□ All reference citations follow the correct format indicated in the submission regulations. 

 
Figures and tables 

□ For the figures and tables, the first letter of the very first word is capitalized.  

□ All figure legends include both a title and a detailed explanation to help in understanding what the figure depicts.  

□ All tables are self-explanatory and do not repeat the content from figures or sources included in the main text.  

* Check each box after confirming that the statement is true.  

 

The authors of this paper have confirmed the above items, following the paper submission regulations of the Korean 

Institute of Electromagnetic Engineering and Science (KIEES), and are requesting publication of this paper.  
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