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Epsilon Negative (ENG)-Loaded Yagi-Antenna 

 

Introduction: To obtain a clear and high quality image using microwave imaging techniques, the targeted imaging 

domain, torso in this case, should be enclosed by proper antennas to obtain data from all directions around the domain. 

Moreover, to acquire information at various frequencies and reduce the effect of the surrounding environment, the utilized 

antennas should be wideband and unidirectional, respectively. While these specifications are easily achievable in applications 

that operate at high microwave frequencies, it is a challenging task at the lower end of the microwave band at around 1 GHz, 

which is defined as the optimum operating band for fluid accumulation detection purposes 1. The size of the antenna at these 

low frequencies is large, and thus there is a constraint in the number of deployable antennas in the system. If a small number 

of antennas are used, the quality of the image and its resolution will significantly deteriorate. There are several approaches to 

address the large size of conventional antennas including the use of three dimensional structure (3-D) and meandering 

techniques 2-3. However, these antennas are either limited by high mutual coupling levels if placed close to each other 2 or 

narrow operating bandwidths 3. Both of those effects cause a reduction in the image quality and detection accuracy. 

The main limitation regarding the sizes of the antennas is the inverse relation between size of an antenna and its 

operating frequency. To address this limitation, metamaterial structures were proposed in recent years 4-5. Metamaterial theory 

is based on the fact that by loading a conventional transmission line (TL), e.g. an antenna, with shunt inductance and series 

capacitance, the resonance of the antenna can be lowered without increasing the size of the antenna, and hence miniaturized 

structures can be achieved 5. This happens due to the excitation of negative and zero wave mode numbers that are independent 

from the length of the antenna and are not existent in conventional antennas. However, these structures are usually narrow 

band and omni-directional and thus not suitable for the proposed wideband system. To address these limitations, a Yagi-

antenna loaded with epsilon-negative (ENG) metamaterial unit-cell and a folded reflector is proposed in this paper.  

Epsilon Negative Loaded Transmission Line Theory: To better explain the operation of the antenna and 

analyze its resonance mechanism, firstly a brief theory of epsilon-negative metamaterial structures is presented. ENG structures 

are a subcategory of the negative refractive index (NRI) metamaterials, where the host transmission line is only loaded with a 

shunt inductance 6 . These structures were proposed to reduce the complexity of loading both series capacitance and shunt 

inductance at the same time to form a NRI-TL. The equivalent circuit of an ENG metamaterial unit-cell is depicted in Fig. 1 

(a). The dispersion relation of this unit-cell is given by 7:   
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, where L and C, are per-unit-length inductance and capacitance of the unit-cell with length of d, 𝜃 is the electrical length of 

the unit-cell and L0 is the loaded shunt inductance. 
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Fig. 1. (a) Lumped element representation of the equivalent circuit of an epsilon-negative metamaterial unit-cell loaded with shunt inductance 

(L0) and its (b) dispersion diagram that shows the zeroth order resonance that is not achievable in conventional configurations. 

 

By utilizing the fact that 𝜃 =  𝜔√𝐿𝐶, the dispersion relation of an ENG-loaded line can be written as 7: 

𝛽𝐸𝑁𝐺 = √𝜔2𝐿𝐶 −
𝐿

𝐿0
                                                                                                                                                                                               (2) 

It can be realized that by simply defining a proper value for the loaded inductance, L0, zero propagation constant at a desired 

resonance frequency is achievable (𝜔 = 2𝜋𝑓). To verify this process, the dispersion diagram for a unit-cell is depicted in 

Fig. 1(b). As can be seen, the antenna achieves zero mode number in addition to positive ones and resonance modes can be 

written as 7:  

 𝛽𝐸𝑁𝐺 𝑑 =
𝑛𝜋

𝑁
            ; n = 0, 1, 2... (N-1)                                                                                                                                                                                      (3) 

, where N is the number of unit-cells. At zeroth order resonance (ZOR), n = 0, the resonance is independent of the size of the 

unit-cell. This can be clearly seen from Fig. 1 (b), where the dispersion diagram of ENG-loaded unit-cell is compared to that 

of a conventional antenna. To achieve similar resonance with that of ZOR, a conventional antenna needs to achieve a certain 

value for 𝛽 which means the transmission line should have a certain length, while ZOR is independent of the length and 

resonates when 𝛽 = 0. To define a formula for ZOR, the open and short boundary conditions of a conventional transmission 

line that are defined as 8-9: 
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, are applied to the unit-cell proposed in Fig. 1(a), and the resultant open boundary conditions are selected. Consequently, ZOR 

resonance is calculated as 7, 9: 

𝑓𝑍𝑂𝑅 =
1
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                                                                                                                                                                                                          (6) 

This resonance is independent of the size of the antenna, l = Nd, and can be easily lowered by only increasing the value of L0. 

Design Procedure: By utilizing the abovementioned theory, an epsilon-negative loaded Yagi antenna is designed and 

presented in Fig. 2(a). The antenna is designed on an epoxy FR4 substrate with dielectric constant of 4.4, loss tangent of 0.02 

and thickness of 0.8 mm. It is comprised of a folded half-wave dipole as driven element, a folded reflector and a director. It is 



fed using a coplanar waveguide (CPW) structure from the center of the folded dipole. The geometrical details of the antenna 

are presented in Table I. Considering the confined length of a torso of an average human being and the requirement of the 

system to use two sets of antenna arrays in such a confined space, the side length of the antenna is selected as 120 mm, that is 

around half of the size required for a conventional Yagi-antenna10 operating at 0.7 GHz. To excite the size-independent ZOR 

resonance, the antenna is loaded with ENG metamaterial unit-cells. To realize the loaded inductance, several approaches 

including the use of chip inductors and via-hole connections can be followed. Yet, these techniques pose manufacturing 

difficulties or have low inductance values, respectively. To that end, planar microstrip inductors that are connected to virtual 

grounds were proposed recently 11. The amount of loaded inductance is defined by the length of the strip and larger values can 

be obtained using longer strips. Therefore, to achieve lower resonance while keeping the size of the antenna compact, 

meandered strip inductor is utilized in this work. As mentioned before, the main disadvantage of metamaterial loading is the 

resultant narrow band. To address this issue, the reflector of the antenna is modified from its conventional setup, which 

generally is a straight strip with fixed width, to a folded reflector with stepped width. By applying this modification, two main 

goals are achieved; firstly, the side length of the antenna is kept small by folding operation and secondly the input impedance 

of the antenna is tuned both by the capacitive coupling created between dipole and the reflector and the stepped width created 

on the dipole. The director is located at a close vicinity of the dipole to both increase the directivity of the design and secondly 

enhance the operating bandwidth of the antenna at higher frequencies. As shown in Fig. 2(b), the antenna achieves a wide 

measured fractional bandwidth of 86% at 0.64-1.6 GHz, which is in a good agreement with simulated results from Ansys 

Electronic Desktop (AEDT) simulator. The proposed structure is more than 100% smaller, in area size, compared with the 

reported wideband Yagi-antenna designs 12-14.  

The other requirement of the system is the unidirectional radiation from the antennas towards the torso with negligible radiation 

to other undesired directions, such as backward radiation. This is specifically important due to two main reasons; firstly, the 

utilized microwave power at medical applications is kept minimal for safety considerations, and thus it is extremely beneficial 

to focus the radiated power at the desired direction. Secondly, as the proposed portable medical device will not be used in a 

shielded environment, unidirectional radiation prevents the system to be affected by the surrounding setting such as reflections 

from walls, and nearby wireless systems. Considering the fact that the human torso is wider at the upper compared to the lower 

part, side antennas experience larger distances to the body compared to the back and front ones, and thus, both of the near- 

and far-field patterns should be investigated. As can be seen from the measured results at the sample frequencies of 0.68 GHz, 

0.9 GHz and 1.3 GHz (See Fig. 2(c)-(f)), the antenna has a unidirectional radiation at the near- and far-field regions. It is noted 

that for near field measurements a probe from Aaronia AG©15 is located at a 1 cm distance from the center of the antenna.  To 

verify the penetration capabilities of the antenna, the whole system is simulated and the resultant electric field inside cross 

section of torso is plotted in Fig. 3. It is evident that because most of the accepted power is radiated towards the torso area, the 

front and side antennas achieve high penetration levels, deep inside the torso.  
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Fig. 2. (a) Geometrical details (left) and prototype of the proposed antenna. The antenna is fed using via holes created on the CPW feeding 

line by pushing SMA connector through these holes and soldering them to their associated arms. The lower pins of the SMA are removed to 

enable its access through holes. (b) Simulated vs. measured reflection coefficient of the antenna. (c)-(d) Far-field and (e)-(f) near field radiation 

patterns of the antenna at sample frequencies of 680 MHz, 900 MHz and 1300 MHz at x-y plane and x-z planes (Identical legends, scale: 40 

dB).  

 
Fig. 3. Cross-sectional electric field distribution inside a torso model due to transmitted signals from the antenna in two different cases where 

front and side antennas radiate. 
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Table I: Geometrical details of the proposed design in (mm). 

W w1 w2 w3 w4 wd1 wd2 wd3 wu1 wu2 wu3 wdir 

120 9 33 24 15 15 3 0e.4 1 39 24 42 

L Lr Ld1 Ld2 l1 l2 lu1 lu2 Ldir s gd wf 

100 39 44 10 8 7 5 4 6 1.8 12.6 3 
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