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ABSTRACT 

A compact broadband antenna of dimensions 27 mm × 28 mm × 1.6 mm and with good impedance matching is 

designed for high-bandwidth radio systems with a short range. To improve the impedance matching, two 

rectangular slots are created on the radiating element and the ground plane size is reduced to extend the ultra- 

wideband frequency band. The antenna bandwidth and radiation performance are analyzed using characteristic mode 

theory (TCM). The performance is compared to the desired specifications and the shape and size are modified to 

produce efficient radiation and dominant radiation patterns. The findings clearly demonstrate that the six modes 

are resonant with (λn=0). This implies that the eigenvalues of the six modes contribute strongly to dominant 

electromagnetic radiation and have high modal significance values around 1 at their respective frequencies. 

Furthermore, the characteristic angle indicates that the antenna resonates at 180°, since the six modes intersect 

the axis line at 180° at their respective frequencies. Experimental results show a bandwidth of 109.7% between 5.64 

and 19.34 GHz, a maximum gain of 6.3 dB and a maximum efficiency of approximately 86.5%. These results make 

this antenna a versatile and effective choice for a wide variety of communications and electronic applications and 

easy to install in narrow spaces due to its easy design characteristics, small size and light weight. 
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1. INTRODUCTION

Wireless, mobile and satellite communication technologies have developed quickly and the ability for 

data mobility, accessibility and the exchanging of high-quality data at high speeds between portable 

devices has grown incredibly quickly. In addition, as computer networks have grown in popularity, a 

diversity of electronic and handheld devices, as well as radio applications, have undergone a huge 

evolution, which continues the need to increase and enhance the bandwidth needs of measuring systems, 

since new specifications for measurements beyond 1 GHz are being developed for a number of standards 

around the world [1]. In 2002, the Federal Communications Commission (FCC) allocated a range of radio 

frequencies from 3.1 GHz to 10.6 GHz for unlicensed ultra-wideband (UWB) systems [2]. Since then, 

the practical design and implementation of a UWB system have become a challenge in academia and 

the telecommunications industry. The design of a UWB antenna faces challenges in t e r ms  o f  broadband 

performance, small size, radiation stability, manufacturing ease and low cost. The use of broadband 

antennas in systems is more practical and with the aim of enhancing antenna bandwidth, several designs 

have been made, including ultra-wideband antennas in the shapes of rectangles [3], patch antenna with 

tapered oval apertures [4], a square shape with slots serrated [5], a pyramidal horn [6], a serrated 

wheel [2], a rhombus-shaped [7], a triangular-shaped [8], fractal-shaped O-ring antenna [9], patch 

antenna grid-slotted [10], H-shaped microstrip patch antenna [11] and other shapes [12]-[13]. However, 

most of the relevent literature lacks a CMA analysis. 
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For designing any antenna and determining the resonance in free space or analyzing the performance of 

an antenna, CMA is regarded as a basic approach that involves calculating the field radiated and the surface 

current. This theory is grounded on the MoM (Method of Moments) to solve the complete set of Maxwell's 

equations and evaluate the antenna performance based on eigenvalues [23]. In 1965, Garbacz suggested 

CMA analysis for the wire antenna. This technology was expanded for solid conducting structures by 

Harrington and Mautz [24]. Several more extensions of the theory were later developed by Harrington, 

Mautz and their students [25]-[26]. Although some researchers published their works late last century, 

approximately 42 years went by without the entire potential of CM being acknowledged. In 2007, the 

capabilities of CM were revisited by summarizing research that authors had conducted over the past 

several years to show that the Theory of Characteristic Modes may be utilized to execute a methodical 

design of various kinds of antennas [27]. Since then, interest in the theory of characteristic mode analysis 

has increased dramatically and the number of important articles and applications is a good indicator of 

the subsequent boom. Overall, characteristic analysis is a valuable tool for understanding the behavior 

of antennas and ensuring that they are designed for optimal performance. Micro-strip antennas represent 

a promising candidate in radio- communication systems because of their reduced cost, light weight and 

good performance. However, the small bandwidth of these antennas frequently restricts their range of use. 

By altering the radiating patch geometry using the etching technique, enhancing the impedance 

bandwidth of this kind of antenna becomes possible. In this paper, an original patch antenna is designed 

and investigated. The design of this latter is carried out using two rectangular slots together with a reduced-

size ground plane in order to extend the UWB operating spectrum while keeping a low return loss. The 

analysis of the studied antenna performance is conducted utilizing the theory of characteristic modes, 

which is based on eigenvalues and eigen- current representation. The following sections provide a study 

of the design process and a discussion of the measured results. 

2. THEORY OF CHARACTERISTIC MODES 

The characteristic mode is the orthogonal current mode on an equipotential surface. CMA is a method for 

calculating the current-distribution modes of any conductor in a perfect vacuum with no feed port. Model 

significance, eigenvalues, characteristic angle, field radiation and surface current give a global insight into 

various resonances and modes in order to determine the dominant resonating modes of a specific antenna. 

The antenna current distribution overlaps in various modes in CMT applications and each mode is featured 

by the modal weighting coefficient (distinctive angle αn) and the radiation efficiency that the eigenvalue 

(λn) indicates. The real current density J on the antenna equipotential surface, as according to CMT, is 

written as a rectilinear combination of characteristic mode currents Jn: 

𝐽 = ∑ (𝐽𝑛𝛼𝑛)𝑛                                                                        (1) 

The eigenvalue (λn) describes the proportion of reactive power to radiative power. If λn= 0, the mode 

radiates well at this frequency. The characteristic current distribution modes are determined from the 

generalized eigenvalue formula, which is given as: 

𝑋(𝐽𝑛) = λ𝑛 𝑅(𝐽𝑛)                                                                    (2) 

where R and X stand for the real and imaginary parts of the generalized impedance operator Z = R+jX and Jn 

represents the characteristic currents or eigenvectors which are solutions of the global eigenvalue formula. 

When the value of λn takes a very high value vs. the frequency plot, the eigenvalues cannot be used to 

categorize the dominant mode of the antenna. The characteristic angle (αn) can be used to tackle this 

problem, which is given by the subsequent expression: 

𝛼𝑛 = 180 − 𝑡𝑎𝑛−1(λ𝑛)                                                                 (3) 

Each mode contribution to the overall electromagnetic reaction to a certain source is measured by the 

modal significance (MSn), which is defined by the subsequent expression: 

𝑀𝑆𝑛 = |
1

1+𝑗λ𝑛
|                                                                                   (4) 

The resonance point of MS typically has a value of one "1," while the modes that do not contribute to the 
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resonance have a value of zero "0." and the characteristic angle (αn) has a 180◦ phase difference for the 

resonating mode; therefore, λn is equal to zero. 

3. CHARACTERISTIC MODE PERFORMANCE ANALYSIS 

In this part, we analyze the performance of a broadband antenna using the theory of characteristic 

modes. Knowing that the notion of characteristic mode is based on the study of the radiating element 

without a structure, it is simply dependent on the size and form of the conducting item without the 

feeding port, in order to analyze and predict its electromagnetic behavior. This analysis allows for the 

computation of the antenna electrical properties, such as its resonant frequency and impedance, without the 

need for a physical structure to be built. This can save time and resources, as well as provide insight 

into the optimal design for the antenna. This analysis can also be used to identify potential issues with 

the design and optimize the antenna for specific performance objectives. The eigenvalue gives insight 

into the nature of the mode. If λn=0, it means that the mode has an effective radiation. The goal is 

to achieve the large-scale performance of the proposed antenna that can be achieved through various 

excitation modes in a simultaneous way. Here are the steps for analyzing antenna performance based 

on characteristic modes (CMs): The first step is to create the antenna model, choose the materials and 

determine the physical structure (shape and size) of the antenna. The second step is to identify and analyze 

the resonance modes, calculate the resonance patterns of the antenna to determine its characteristics and 

radiation pattern and evaluate the antenna performance (the first six modes were studied).  

Finally, the modified antenna design is validated using simulations and experimental measurements to 

ensure that it meets the required performance criteria. These steps contributed to improving the design and 

choosing the appropriate shape and size. Figure 1 represents the eigenvalue for the first six modes. In 

fact, the selection of the first six modes in a characteristic mode analysis is typically based on practical 

considerations, such as computation time and accuracy. These first six modes provide a good 

approximation of the antenna behavior in most cases and are often sufficient for many design and analysis 

purposes. In general, using more modes in the characteristic mode analysis can provide results that are 

more accurate, but it also increases computation time and complexity. It is noted that the first six modes 

are often a trade-off between accuracy and computational efficiency. Additionally, in many cases, the 

higher-order modes may not significantly affect the overall behavior of the antenna, making the first six 

modes a sufficient representation of the antenna behavior. So, as we can see in Figure 1, the results clearly 

show that the six modes are resonant with (  = 0). It is noted that the eigenvalues of the six modes 

contribute to dominant electromagnetic radiation strongly at their own frequencies. They offer resonances 

simultaneously at 5.83 GHz, 7.79 GHz, 10.1 GHz, 10.54 GHz, 12.75 GHz and 16.58 GHz. Also, a 

comprehension of the EM properties of the antenna could be possible from eigenvalues without taking the 

absorbed power and current into account.  

Figure 2 displays the graph of the frequency of the first six modes versus the model significance and 

characteristic angle. From Figure 2 (a), it is observed that mode-1, mode-2, mode-3, mode 4, mode-5 and 

mode-6 have large modal significance values around 1 at resonant frequencies of 5.83 GHz, 7.79 GHz, 

10.1 GHz, 10.54 GHz, 12.75 GHz and 16.58 GHz, respectively. The (αn = 180o) characteristic angle 

associated to these modes indicates that the antenna accumulates magnetic energy (inductive) when αn 

< 1800 and when αn>180°, it accumulates electric charge (capacitive). As shown in Figure 2 (b), it is 

clear that modes (1, 2, 3, 4, 5 and 6) intersect the 180-degree axis line at 5.83 GHz, 7.79 GHz, 10.1GHz, 

10.54 GHz, 12.75 GHz and 16.58 GHz, respectively. 

Figure 3 shows the modes of surface currents and the 3-D farfield pattern for the six modes of the 

studied antenna at their respective resonance frequencies without a feed port. The current distribution over 

the ground plane and radiator produces a mix of successive pairs of even and odd modes from orthogonal 

currents. This simultaneous excitement of the odd and even modes provides the broadband radiation 

behaviour of a certain antenna. Also, it can be seen from farfield presentation that all CMs are varied 

with respect to the resonant frequency and that all modes emit radiation in all directions at their respective 

resonance frequencies. 
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Figure 1. Eigenvalues as a function of frequency of the first six modes. 

(a) (b) 

Figure 2. (a) Model significance, (b) Characteristic angle of the first six modes. 

Mode-1 Mode-2 

Mode-3 Mode-4 

Mode-5 Mode-6 

Figure 3. Surface current & 3-D farfield pattern at resonant CM frequencies. 
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4. ANTENNA DESIGN

In this section, the design process of the presented patch antenna is discussed. The antenna is mounted on 

a 28 x 27 x 1.6 mm3 FR-4 substrate with a dielectric constant of 4.4 and a dielectric loss of 0.025, on 

which a 50Ω matched feedline with a length of Lf = 9.2 mm and a width of Wf = 3.14 mm is designed 

on the top face. Note that the reason behind the choice of the used laminate is its low profile 

characteristic. Figure 4 exhibits the final design of the proposed antenna. 

(a)                              (b) 

Figure 4.  Final antenna geometry, (a) Front side, (b) Back side. 

After a parametric study using CST Microwave Studio (MWS), the optimized parameters of the 

proposed UWB antenna are presented in Table 1. 

Table 1.  Final antenna dimensions. 

Parameter W L Wf Lf W1 W2 W3 W4 L1 L2 L3 Lg h 
Value (mm) 28 27 3.1 9.2 1. 18 18.5 3.82 2.4 3.3 9 9 1.6 

4.1 Design Evolution 

As we can see from Figure 6, which depicts the simulated return loss at different steps of the presented 

antenna design, by utilizing a reduced ground plane in the second step, impedance matching has been 

enhanced  at  the  lower  and  upper  ranges  of  the  operating  spectrum,  which  has  led  to  the manifestation 

of two resonant frequencies at 8 GHz and 18.5 GHz. Next, by moving to the third step that is based on 

forming a rectangular slot (L2 x W2) on the radiating element, two resonant frequencies that correspond to 

14.8 GHz and 17.5 GHz have been produced. Finally, by taking the fourth step, which is also based on 

employing one more rectangular open-ended slot (L1 x W1) on the patch, three resonant frequencies have 

appeared at 6.2 GHz, 14.6 GHz and 17.2 GHz, with bandwidths of 1 GHz, 5.2 GHz and 3 GHz, 

respectively.  

       Step-1        Step-2                        Step-3       Step-4 

Figure 5. The proposed antenna design evolution. 
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Figure 6.  Simulated reflection coefficient for all different steps of the design. 

4.2 Current Distribution 

Figure 7 (a–d) shows the surface current of the presented antenna. It is obvious from this figure that the 

current propagates in all directions and is mainly concentrated at the feed point. Also, a significant amount 

of current is flowing around the edges of the openings L1 x W1 and L2 x W2, since the aperture acts 

as a slot that allows the electric field to penetrate into the antenna and create the surface current that 

flows around the edges of the aperture and generates the electromagnetic field necessary for radiation or 

reception. Finally, at higher frequencies, it is clear that the surface current is more concentrated near 

the edges of the antenna. 

         (a)                                              (b)                                (c)                                              (d) 

Figure 7.  Current distribution at (a) 5.8 GHz, (b), 7.44 GHz, (c) 11 GHz and (d) 14.48 GHz. 

5. PARAMETRIC STUDY

5.1 L1 and L2 Effect 

Figure 8 shows the simulated reflection coefficients for different values of L1 and L2. It is obvious that as 

L1 decreases, the bandwidth decreases, noting that the optimal value of L1 is 2.4 mm. Also, the rise in the 

L2 value causes a decrease in the bandwidth, noting also that the optimal value of L2 is 3.3 mm. 

Figure 8. Simulated S11 with varying L1 and L2. 

5.2 W1 and W2 Effect 

Figure 9 shows the simulation reflection coefficients for different values of W1 and W2. It is clear that a 
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rise or decrease in W1 produces a decrease in bandwidth, knowing that W1 = 1 mm is the optimal value. 

On the other hand, the rise in the W2 value causes a decrease in the bandwidth, knowing also that the 

optimum value of W2 is 18 mm. 

Figure 9.  Simulated S11 with varying W1 and W2. 

5.3 Lg Effect 

Figure 10 shows the simulation reflection coefficients for various values of Lg. The value of Lg was 

changed from 8 mm to 10 mm. It is clear that an increase or decrease in the value of Lg generates a 

decrease in bandwidth, noting that the optimum value for Lg is 9 mm. 

Figure 10.  Simulated S11 with varying Lg. 

6. SIMULATION RESULTS AND DISCUSSION

For experimental validation and according to the optimized dimensions specified in Table 1, a prototype of 

the suggested antenna has been fabricated on an FR-4 substrate using the circuit-board plotter LPKF 

Protomat (as seen in Figure 11), while the measurement was carried out utilizing the ZVB20 vector 

network analyzer. Figure 12 illustrates the simulated and measured s-parameter. The experimental 

results indicate that the proposed antenna provides a good impedance bandwidth that equals 13.8 GHz 

from 5.2 GHz to 19 GHz. Note that there is a good agreement between measured and simulated results, 

with the exception of a slight difference caused by the lossy nature of the used laminate FR-4, SMA 

connections and soldering. 

(a)                                                                 (b) 

Figure 11. (a) Front and back view of the fabricated antenna, (b) measurement setup. 
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6.1 Gain 

The measured and simulated gain and efficiency are shown in Figure 13. As we can see from this figure, 

this antenna provides a good gain that ranges from 3.55 dBi to 6.3 dBi, noting that its maximum gain is 

attained at 9.6 GHz. Additionally, we can say that this antenna is highly efficient, since it has attained a 

maximum efficiency of about 86.8 % at 9 GHz while maintaining an efficiency of at least 73.8 % over all 

the frequency band of interest. 

(a)                                       (b) 
Figure 12.  Measured and simulated   Figure 13. The measured and simulated (a) peak gain,

 magnitude of S11.  (b) efficiency. 

6.2 Farfield Pattern 

The measured and simulated E-plane and H-plane radiation patterns are depicted in Figure 14 (a–d), 

respectively. Due to the large bandwidth, only four frequencies are presented: 5.8 GHz, 7.44 GHz, 11 GHz 

and 14.48 GHz. So, from these diagrams, it can be seen that the proposed antenna is characterized by a 

quasi-omnidirectional radiation pattern in the H-plane. The radiation behavior of the antenna presented 

in the E-plane is similar to that of a dipole. Note that at 14.48 GHz, the 2D farfield patterns are less 

omnidirectional because of the higher-order resonances. Figure 15 displays the Geozondas antenna 

measurement system that was utilized. In order to determine the antenna radiation pattern, a horn 

antenna was utilized as the transmitting antenna and the receiving antenna was the antenna being tested. 

(a)       (b)   (c)                                   (d) 

Figure 14. Measured and simulated E-plane & H-plane farfield patterns at (a) 5.8 GHz, (b) 7.44 GHz, 

(c) 11 GHz and (d) 14.48 GHz. 
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7. COMPARISON

Table 2 illustrates the performance comparison of the presented antenna with those of antennas presented 

in recently reported works based on bandwidth, gain, size and efficiency. Based on this comparison, it is 

clear that the studied UWB antenna is characterized by its small size, high gain, high efficiency and 

wide impedance bandwidth compared to those introduced in other works, which proves the presented 

antenna efficiency. 

Figure 15.  The proposed antenna measurement setup. 

Table 2.  Comparison between the proposed work and earlier works. 

Ref. Freq. 

Band 

(GHz)

Gain (dBi) Overall size (mm³) 

(λ3) 
0 

Efficiency 

(%) 
Operating band 

(GHz) 
[13] 9.4 3.8– ~5.8 50×50×1.52 

1.13λ0×1.13λ0×0.034λ0 
88–98 (2.1–11.5)138% 

[14] 12.1 4.85 max 32×32×1.6 

0.95λ0×0.95λ0×0.048λ0 
70–79.2 (2.9–15)135% 

[15] 11.2 2.1–6.15 27 × 36 × 1.6 
0.76λ0×1.01λ0×0.045λ0 

- - - (2.8-14)133% 

[16] 2.59 -2–6.3 38.88 × 39.8 × 0.762 

0.46λ0×0.47λ0×0.009λ0 
- - - (2.26 – 4.85)72% 

[17] 2.36 5.26 max 97 × 76 × 0.7 
1.33λ0×1.04λ0×0.010λ0 

- - - (2.94–5.3)57.3% 

[18] 7.5 7 – 10 100 × 45 × 0.5 

2.42λ0×1.09λ0×0.012λ0 
- - - (3.5 – 11)103% 

[19] 2.6 4.64 max 30 ×30×0.8 

0.39λ0×0.39λ0×0.010λ0 
- - - (2.61–5.21)66.5% 

[20] 2.6 3.65 max 54 × 54 × 1.6 

0.52λ0×0.52λ0×0.015λ0 
- - - (1.6 – 4.2)89.7% 

[21] 4.22 5.32 max 50 × 50 × 1.6 
0.76λ0×0.76λ0×0.024λ0 

88.5 (2.48 – 6.7)91.9% 

[22] 0.98 2.68 max 50 x 55x 1.6 

0.43λ0×0.47λ0×0.014λ0 
- - - (2.08–3.06)38.1% 

This 

work 
13.7 3.55 – 6.3 27 x 28 x 1.6 

1.12λ0×1.16λ0×0.066λ0 
73.8–86.8 (5.64-19.34)109.7% 

NOTE: Due to the absence of measurement results for certain antennas, all values are from simulation results. Calculation of the electrical 

volume has been carried out at the center of the bandwidth.  

8. CONCLUSION

In this work, a compact broadband (UWB) antenna is studied and analyzed by applying the theory of 

characteristic modes (TCM). The results of the simulation and measurement showed good performance 
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of the broadband antenna behaviour of about 109.7% (5.64–19.34 GHz) and 114% (5.2–19 GHz), a high 

efficiency of about 86.8% and a maximum gain of 6.3 dBi. These results prove that this antenna is a great 

candidate for UWB applications and it can also be used in radio systems such as WLAN (5.15–5.90 GHz), 

ISM (5.725–6.875 GHz), mobile satellite applications (7.250–7.375 GHz), mobile applications (8.020–

8.200 GHz), broadcasting satellites (12.4–12.5 GHz) and define systems (14.62–15.23 GHz). 
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 ملخص البحث:

مممممممموعممممم مم ع مممممم م1.6×ممممممم28×ممممممم27تمممممميمتهمممممصغمم ممممم عريم ممممماغ مععادممممممم ممممم   معع ي ممممم  م   ممممم   م

ع    ممممممم م    ممممممم معع ي ممممممم  م ع مععصممممممما معع همممممممغ .موع ا مممممممغ مم ع مممممممم م مص ن ممممممم منغمممممممادمعين صممممممم معع ي

ممممم يغ  مم ممممم  غغغ م غممممميم  هممممم مع نممممم   ممممممم متهممممماغ مععادممممممم ممممميمعع ص ممممم   مععصص ن ممممم  متمممممميميننممممم  من 

.موقمممممامنممممم  متاغغممممم م ممممم  معلأرضممممميممممممم م نممممم مت رمممممغ معع ي ممممم  معع ممممم  ي  م ممممم ر معع ممممم   معغ ممممم عري

مم(.TCMعع ي   موعلأ ع مع ن   يمعغ  عريم  ر خاعممن    معلأنص طمععصصغيِّزدم)

ممممممم   مممممممةمم  رنممممممم م  ع معع ممممممم عريم  عص ع مممممممّ  مععص    ممممممم مو ممممممم ع مت ممممممما  مععني وععادممممممممم ن ممممممم  ممتصي

ممممم ي م  نمممممةم ممممميم  عممممم مرنمممممغ .ممينممممم   ام  يممممم  مونصممممم  ينممممم   مرممممم را.مو نمممممّةمعع  ممممم ركم تمعلأنصممممم طمعع ي

دم مممممميمع نمممممم   معع   وما  طغ مممممميم مممممم ي مت مممممم مم  مممممم ي و مممممم عم   ممممممصي م تمعع ممممممغممعع يعتغمممممم معينصمممممم طمعع ي

ممممم رامو ن ممممم متص غممممم مقِّمممممغ مم  صغممممم مت ممممم ر م) ممممم م  ممممم .م ممممم ودم غممممميم1عع ي نغ مععخ  ي (م  مممممامتممممم  ي ع مععممممم ي

معع ممممم عريم ممممميم  عممممم مرنمممممغ م  مممممام) عممممم  متممممممغي ممممممم مععزعو ممممم مع معلأنصممممم طم180عصصغيِّمممممزدم تي (م رنممممم  ملأتي

ممممم ي مت  ممممم م ممممم يمععصاممممم رم  مممممام ممممم م  ممممم .موتممممممغي معع  ممممم ركمم180عع ي نغ مععخ  ي  رنممممم م  مممممامتممممم   ع مععممممم ي

(منغدمممممممممم  غ تز م19.34نغدمممممممممم  غ تزموم)م(5.64)%(م ممممممممممغ م109.7عع يد  مغمممممممممم من  قمممممممممم  م  ضمممممممممم م)

معع  مممممم معلأ غمممممميمعغ مممممم عريم  %(.م86.5(م   ممممممغم  م ّ  غغمممممم معق   ممممممةمممممممم م)6.3غمممممم م) صمممممم م غ ممممممةم تي

موعرمممم  ام و مممم  معع  مممم ركمتد مممم مممممم معع مممم عريمععمممم  متمممممم رعرمممم  م مممميم مممم عمععمامممم م غمممم رع م  يمممم   مع نمممم غغ ا

ممممممم مممممممم مت مغ ممممممم  مع تهممممممم   موعع ي مغ ممممممم  مع ع   ونغممممممم  م ممممممم   معع ي  غممممممم م ممممممميمود م غممممممميم نممممممم مر 

غي  م ّ  م ه ره معع يهصغصغ مععم غ  م مو دص مععهاغ مووزن مععخّغف.علأم   معع ي
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