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Abstract

:

In this paper, we propose an electrically small antenna consisting of a composite right/left-handed (CRLH) transmission line (TL) and a non-Foster matching circuit. An interdigital capacitor (IDC) and spiral inductor are used to fabricate the very high frequency (VHF) band antenna based on CRLH TL. The size of the proposed antenna is as small as 0.025 × 0.014 × 0.0008 λ at 145.5 MHz using the zeroth-order resonant generated by the CRLH TL. The antenna operation bandwidth is extended by the non-Foster circuit (NFC) consisting of a pair of transistors in a cross-coupled manner. An antenna prototype is fabricated and the input impedance, the received power, and gain of the proposed antenna are measured. The results show that the broadband characteristic is maintained while the form factor is extremely small compared to the wavelength. The average received power enhancement and increased bandwidth of antenna are 17.3 dB and 335.5 MHz (from 249.2–268.2 to 145.5–500 MHz), respectively. The calculated gain of the proposed antenna with the non-Foster is about −45 dBi at 155 MHz. The proposed antenna can be considered as a potential candidate of a low-profile antenna for military ground communications at the VHF band.
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1. Introduction


For the military very high frequency (VHF) ground communication system, a conventional monopole or dipole antenna is mainly used. It guarantees reasonable gain for reliable wireless communications despite its long length (e.g., 0.5–5 m at VHF band) since the physical size of the antenna is proportional to the wavelength. This limits mobility and installation freedom on a platform. To overcome this, several small VHF band antennas have been proposed [1,2], but they are mostly not suitable for conformal installation or have inevitable limitation in an operation bandwidth.



Meanwhile, there have been many studies on the miniaturization of antennas using the composite right/left-handed (CRLH) transmission line (TL) technique [3,4,5,6,7,8,9,10,11,12,13,14]. CRLH TL is one of the metamaterial-inspired electromagnetic structures which is a composition of right- and left-handed TLs. By combining these two structures, the CRLH TL has the left-handed (LH) characteristics at a lower frequency and the right-handed (RH) characteristics at a higher frequency where the center frequency can be adjusted by the inductance and capacitance of the unit cell of CRLH TL. The LH characteristic provides a negative phase velocity which has an opposite wave propagating direction from the RH one, which is different from natural characteristic. The small antennas using the CRLH TL have been investigated mainly in the ultra-high frequency (UHF) band or higher bands. Recently, we proposed a VHF band small antenna using the CRLH TL in [9].



Although the CRLH TL can miniaturize the antenna physical size, the operation bandwidth is generally narrow due to its resonating nature. To improve the bandwidth, a non-Foster circuit (NFC) can be used as an impedance matching circuit [15,16,17,18,19]. However, the non-Foster circuits have not been used for the matching of the small VHF antennas using the CRLH TL. The non-Foster circuit generates a negative capacitance; therefore, it is useful to cancel the high positive capacitance of the antenna over a broad bandwidth.



In this paper, we applied a non-Foster circuit to the CRLH TL-based VHF antenna to resolve issues by the miniaturization such as bandwidth narrowing and receive power mitigation. The CRLH TL-based VHF antenna combined with the non-Foster matching circuit was designed using a full-wave electromagnetic simulator and radio frequency (RF) circuit simulator. We miniaturized the antenna with the zeroth-order resonant characteristic of the CRLH TL, and we obtained a wide bandwidth of the antenna using non-Foster impedance matching. The optimized antenna and circuit were fabricated, and then their individual characteristics as well as the combined antenna system characteristics were evaluated. The proposed 3-cell CRLH TL antenna consisted of interdigital capacitors and shunt spiral inductors to maximize the miniaturization effect. The size of the antenna was extremely small, 0.025 × 0.014 × 0.0008 λ (51.4 × 30 × 1.6 mm), at the minimum operation frequency of the proposed antenna (145.5 MHz). Meanwhile, the size of the non-Foster circuit was only 0.0093 × 0.006 × 0.0007 λ (20 × 14.4 × 1.6 mm). The measured 10-dB return loss bandwidth of the proposed antenna system was 145.5–500 MHz (354.5 MHz), which is 18 times wider than the CRLH TL antenna without the non-Foster circuit applied. The received power was also measured outdoors and an average of 17.3-dB enhancement was displayed in the frequency range of 120–500 MHz.




2. Design of Non-Foster Circuit


Unlike conventional circuits, non-Foster circuits generate negative impedance. All-natural impedance follows the Foster’s reactance theorem. According to Foster reactance theorem, passive elements with a single port increase reactance as frequency increases [20]. Particularly, in the case of a passive element having a large impedance variation according to a frequency or in the case of a small antenna, the impedance of the antenna is matched in a very narrow bandwidth when using a conventional passive element such as an LC. Unlike the impedance matching method using a passive element, such as the conventional LC matching, the non-Foster circuit can reverse the reactance and reactance slope of a passive element to be matched; therefore, impedance matching can be performed over a wider band than originally. Figure 1 shows Foster impedance matching, which is a narrow band impedance matching, and Figure 2 shows non-Foster impedance matching, which is a wide band impedance matching. The non-Foster circuits are largely classified into two types: The circuit using an op-amps and the circuit using transistors [21]. The two methods differ in the active elements used; however, they are all impedance converter. Each circuit has advantages and disadvantages in design complexity and bandwidth. In this paper, a non-Foster circuit using transistors is designed for matching in a wide band over 50 MHz. The non-Foster circuit is designed by cross-coupled-junction transistors. In the case of a cross-coupled circuit, the phase of the input current is output same, but the phase of the input voltage is output 180° apart from each other. Because of this characteristic, the input impedance is inverted and becomes negative value. The non-Foster circuit can have any negative impedance value by inverting the impedance value of the passive element by connecting the passive element of the desired value to the circuit [22]. Figure 3 shows an equivalent circuit of a designed non-Foster circuit to increase the bandwidth of a CRLH TL antenna. In this paper, we designed a non-Foster circuit that satisfies the open circuit stable condition to connect the designed CRLH TL antenna in series. The gate and drain of the two transistors were cross-coupled. To optimize the non-Foster circuit element values, we used the Agilent ADS2009 circuit simulator. We used the Avago ATF-53189 transistor with an operating frequency of 50 MHz to 6.5 GHz to consider the transistor’s internal parasitic effects and obtain broadband characteristic of the non-Foster circuit [23]. Table 1 shows the parameters of the designed non-Foster circuit.



It is well known that a non-Foster circuit may exhibit instability due to the positive feedback formed in the transistor-ground loop. Therefore, it is important to verify stability in the non-Foster circuit design [24]. In this paper, we verified stability with two methods: by checking impedance of the non-Foster circuit and the transient response in the time domain. Figure 4 shows the impedance of the non-Foster circuit and load. In order to satisfy the open circuit stable condition, the impedance of the non-Foster circuit should be smaller than the impedance of the load [25] (i.e., ZLoad > ZNFC). Both the simulated and measured results show that the proposed non-Foster circuit satisfies the open circuit stable condition throughout the observation frequency range. The differences between the simulation and measurement values originated from the difference between the ideal environment and the real one. The latter includes the effects from lossy and reactive parasitic components. Figure 5 shows the impedance measurement environment.



Figure 6 shows transient response of the non-Foster circuit which oscillated at the beginning but damped as the time pass. This represents that the circuit was stable. The open circuit stable condition discussed in the previous paragraph was valid for an ideal dispersionless circuit, but no circuit is dispersionless in the real world. Unwanted small oscillations due to parasitic components and imperfections in transmission lines may have diverged as the currents traveled through the non-Foster circuit’s feedback loop. Thus, we also looked into the transient response as other researchers have [25]. If either the R, L, or C component of the circuit combined to the load had a negative value, the time constant became negative, which implied that the thermal noise voltage or current exponentially increased with the passage of time. As the result, the non-Foster circuit would oscillate at a certain frequency and would be unstable. Ideally, an impulse with infinite bandwidth should be used to check the stability. However, using a pulse with a broad enough bandwidth afforded valid results for the stability check since the employed transistor had limited bandwidth providing the gain. In our case, we generated a pulse based on the white Gaussian noise with the bandwidth covering the transistor’s operating bandwidth, and then checked whether the transient response was damping as in Figure 6. For the case where the open circuit stable condition was met but the transient response was diverging, the bias voltages and RLC components were tuned to satisfy both conditions. The validity was assessed by the simulation and measurement.




3. Design of CRLH Transmission Line Antenna


In our previous work [9], we proposed a CRLH TL-based VHF antenna with operating-frequencies from 159.6 to 164.4 MHz. In this paper, we designed and optimized another CRLH TL-based VHF antenna with the operating frequencies from 249.2–268.2 MHz. Figure 7 illustrates an equivalent circuit of a general CRLH TL unit cell, which is decomposed into a left-handed circuit and right-handed one. The left-handed circuit technically consists of a series capacitance (CL) and a shunt inductance (LL). However, it should be noted that the pure LH circuit does not exist because of the properties of the transmission line, i.e., the parasitic series inductance (LR) and the shunt capacitance (CR). The parasitic capacitance is induced due to voltage gradients between the metal patterns and the ground plane. In CRLH TL, a magnetic field occurs when a current flows along a series capacitance [26]. CRLH TL has a zeroth-order resonant frequency in which the propagation number becomes zero. Below the zeroth-order resonant frequency, CRLH TL has LH TL characteristics and above zeroth-order resonant frequency, CRLH TL has RH TL characteristics.



At the zeroth-order frequency, the resonant frequency is independent from physical size of the antenna, so the antenna can be miniaturized. The zeroth-order resonant frequency is determined by the shunt resonant frequency in the case of open termination [26].


   ω  s h   =  1     C R   L L       



(1)







By Equation (1), the zeroth-order resonant frequency can be adjusted by shunt capacitance and inductors, which means that the zeroth-order frequency can be adjusted by the unit cell parameter of CRLH TL. Figure 8 shows the design procedure for CRLH TL antenna. First, we designed a basic model of a CRLH TL unit cell. We optimized the zeroth-order resonant frequency to target frequency with optimizing parameters of the CRLH TL unit cell. After optimization, we arranged three CRLH TL unit cells to obtain CRLH TL characteristics. To enhance CRLH TL characteristics, CRLH TL had to have more than two unit cells [26]. It should be noted that the input impedance of CRLH TL was changed when the unit cells were arranged. Because of this characteristic, we matched the input impedance of the CRLH TL.



Figure 9 shows a unit cell of the designed CRLH TL. We implemented an interdigital capacitor (IDC) to realize series capacitance (CL). Using IDC, we could obtain large capacitance by adjusting the number of fingers and parameters of the IDC and implementing series capacitance. In addition, we implemented a spiral inductor which was connected to the ground to realize shunt inductance (LL). Using the spiral inductor, we could obtain large inductance while minimizing the inductor area. The CL and the LL were artificially implemented with a designing structure, and then the values of CL and LL were adjusted by changing the parameters of the unit cell. The extracted parameters of the CRLH TL unit cell using a pseudo-inverse technique are shown in Table 2 [27]. In the simulation, the zero-order resonance frequency was designed at the desired frequency by optimization of the unit cell parameter. Figure 10 shows a 3D view of the CRLH TL unit cell. In this paper, we used FR-4 substrate. The relative dielectric constant of the substrate was 4.4 with the thickness of h = 1.6 mm. Table 3 shows the parameters of the optimized unit cell and Figure 11 shows the designed CRLH TL antenna. To realize CRLH TL characteristics, CRLH TL consisted of at least 2 unit cells. In this paper, the antenna consisted of 3 unit cells.



The size of the antenna was 0.025 × 0.014 × 0.0008 λ (51.4 × 30 × 1.6 mm). Because the input impedance of the antenna should be close to about 30–70 Ω for the impedance matching between the antenna and the non-Foster circuit, a 50-Ω chip resistor was implemented to the antenna feeding part. As the frequency of the CRLH TL antenna decreased, the input reactance became negative due to the series capacitance. The non-Foster circuit could broaden the antenna operating bandwidth by canceling the negative input reactance of the antenna by generating negative capacitance. Since the non-Foster had a constant negative capacitance across the target operating bandwidth, the input resistance of the antenna had to be maintained at about 30 to 70 Ω over the target frequency band, and the slope of the antenna input reactance value, i.e., the capacitance, had to be kept constant. The capacitance of the antenna is approximated by the following equation.


  Imag   (  Z  i n   ) =  1  j ω C        ( C  =  capacitance )   



(2)







Equation (2) is converted to Equation (3).


  C =  1  j ω  Imag    (  Z  i n   )    



(3)







Figure 12 shows the input impedance of the CRLH TL antenna. Figure 13 shows the simulated radiation patterns on the Y–Z (E-Plane) and X–Z (H-Plane) planes at 155 MHz. Table 4 shows the antenna capacitance versus frequency. It was confirmed that a constant capacitance of 9 to 12 pF was obtained at 126–186 MHz.




4. Measurement


Figure 14 shows the CRLH TL antenna combined with the non-Foster circuit. An SMA connector was used for connecting the CRLH TL antenna and non-Foster circuit. Figure 15 shows the received power measurement environment. Alaris’s OMNI-A0245 antenna was used for a transmitting antenna. The gain of the transmitting antenna was from −7 to −3 dBi at 120–500 MHz [28]. One mW power was applied to the transmitting antenna. The distance between the transmitting antenna and receiving antenna was 10 m, above four times that of the wavelength (2.06 m) of the minimum operating frequency (145.5 MHz) to meet the far-field conditions.



Figure 16 shows the measured reflection coefficient of the proposed antenna with and without the non-Foster. It shows that the CRLH TL antenna without the non-Foster circuit did not resonate in the military VHF band. However, the CRLH TL antenna with the non-Foster circuit showed a reflection coefficient less than −10 dB in 145.5–500 MHz due to the impedance matching by the non-Foster circuit. The operating frequencies of the proposed antenna included the military VHF band. In order to investigate the loss due to the non-Foster circuit, the input impedance of the non-Foster circuit was measured as in Figure 17. The real part indicated the loss, showing that it ranged between 11–16 ohm which implied the loss originated from the non-Foster circuit itself was non-negligible. The imaginary part showed a traditional negative slope as the frequency increases (i.e., j/ωc). We note that the reflection coefficient of the non-Foster circuit itself was high since the impedance had a big difference from the port impedance of the vector network analyzer, which was 50 + j0 ohm.



Figure 18 shows the received power of the antenna. Since the non-Foster circuit was used to match the input impedance of the antenna, the received power was enhanced. Comparing the received power before and after applying the non-Foster circuit, the received power enhancement ratio was 17.3 dB on an average of 120 to 500 MHz. Figure 19 shows the proposed antenna gain calculated by Friis’ transmission formula. The formula of Friis’ transmission is as follows.


   P r  =  G t   G r   P t    (  λ  4 π r    )   2   



(4)







Equation (4) can be used to calculate the gain of the receiving antenna from the received power.


   G r  =    P r     G t   P t      (   4 π r  λ   )   2   



(5)







By Equation (5), we can calculate the gain of the proposed antenna. The comparison between the simulated gain of the proposed antenna and the measured gain showed a similar tendency. It is worth noting that experimental results showed the non-Foster circuit became unstable as the power was increased. Thus, the proposed antenna was not suitable for the transmitting side, but the receiving side [29].



Table 5 shows the comparison of our antenna with other CRLH TL antennas. Note that the bandwidth of our antenna was more or less than that of other antennas, but only our antenna was implemented in the VHF band using CRLH TL with the non-Foster matching circuit.




5. Conclusions


An electrically small antenna consisting of a composite right/left-handed transmission line and a non-Foster matching circuit was proposed. In order to manufacture an electrically small antenna, a unit cell composed of an IDC and spiral inductor was designed. The CRLH TL antenna was fabricated by connecting three unit cells to obtain CRLH characteristics. The size of the proposed antenna was as small as 0.025 λ × 0.014 λ × 0.0008 λ at 145.5 MHz using the zeroth-order resonant generated by the CRLH transmission line. The non-Foster circuit that could generate negative capacitance was designed by cross-coupled-junction transistors. By checking the load impedance and the transient response in the time domain, we confirmed the stability of the non-Foster matching circuit. By using the non-Foster matching circuit in the CRLH antenna, the bandwidth was increased by 335.5 MHz and the average received power was enhanced by 17.3 dB. In addition, the calculated gain using Friis’ transmission formula at our target frequency was increased by more than 15 dBi. We note that the received power and gain improvements were measured and evaluated instead of the absolute gain and radiation efficiency due to the limitations of the measurement facility at the VHF band. Nevertheless, the improvements by applying the non-Foster circuit were clearly demonstrated using these relative parameters. The proposed antenna system can be considered as a potential candidate of a low-profile receiving antenna for military ground communications at the VHF band.
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Figure 1. Foster impedance matching. 
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Figure 2. Non-Foster impedance matching. 
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Figure 3. Schematic of non-Foster circuit. 
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Figure 4. The simulated and measured impedance values of load and non-Foster circuit. 
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Figure 5. Impedance measurement environment. 
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Figure 6. The transient response of non-Foster circuits: (a) Examples of stable and unstable transient responses; (b) the transient response of the proposed non-Foster circuit. 
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Figure 7. Equivalent circuit of composite right/left-handed (CRLH) transmission line. 
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Figure 8. Design procedure for CRLH transmission line antenna. 
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Figure 9. CRLH transmission line unit cell. 
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Figure 10. 3D view of the CRLH transmission line unit cell. 
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Figure 11. Designed CRLH transmission line antenna. 
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Figure 12. Input impedance of CRLH transmission line antenna. 
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Figure 13. Simulated radiation patterns of the antenna. 
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Figure 14. Designed CRLH transmission line antenna. 
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Figure 15. Received power measurement environment. 
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Figure 16. Measured reflection coefficients. 
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Figure 17. The measured impedance of the non-Foster circuit. 
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Figure 18. Measured received powers. 
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Figure 19. Measured and simulated gain of the antenna (note: “w/o Non-Foster” indicates the antenna was matched using ordinary passive matching technique). 
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Table 1. Parameters of the non-Foster circuit.
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	Parameters
	Value





	Zref
	7 pF



	LG
	0.47 uH



	LD
	0.47 uH



	LS
	0.47 uH



	RG
	1.5 kΩ



	RD
	1.5 kΩ



	RS
	1.5 kΩ



	Rstab
	51 Ω



	Cstab
	1 pF



	CG
	510 pF



	CD
	510 pF



	Cin
	100 pF
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Table 2. Parameters of the CRLH TL unit cell.






Table 2. Parameters of the CRLH TL unit cell.





	Parameters
	Value





	CR
	7.382 pF



	LL
	19.955 nH



	CL
	4.177 pF



	LR
	1.013 nH
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Table 3. Parameters of the CRLH TL unit cell.






Table 3. Parameters of the CRLH TL unit cell.





	Parameters
	Value





	wc
	15.7



	ws
	2



	lIDC
	7.5



	idc
	0.5



	gap
	0.3



	wsp
	0.7



	R
	0.5



	gapsp
	1



	wc
	15.7



	ws
	2
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Table 4. Capacitance of the antenna versus frequency.






Table 4. Capacitance of the antenna versus frequency.





	Frequency (MHz)
	Capacitance (pF)





	126
	9.55



	131
	9.61



	136
	9.68



	141
	9.76



	146
	9.84



	151
	9.94



	156
	10.05



	161
	10.18



	166
	10.33



	171
	10.51



	176
	10.75



	181
	11.06



	186
	11.52



	191
	12.32



	196
	14.15
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Table 5. Comparison table with CRLH antennas.






Table 5. Comparison table with CRLH antennas.





	Reference
	Antenna Size
	Bandwidth
	Substrate





	2015 [10]
	22 × 30 × 0.8 mm3

0.21λ0 × 0.29λ0 × 0.008λ0 @2.9 GHz
	4 GHz (2.6–6.6 GHz)

87%
	Duroid 5880



	2015 [11]
	20.4 × 6.8 × 0.8 mm3

0.39λ0 × 0.13λ0 × 0.015λ0 @5.8 GHz
	1.5 GHz (5.8–7.3 GHz)

23%
	RO4003



	2017 [12]
	21.5 × 30 × 0.8 mm3

0.372λ0 × 0.52λ0 × 0.014λ0 @5.2 GHz
	6.8 GHz (1.8–8.6 GHz)

120%
	RO4003



	2018 [13]
	23 × 17 × 1.6 mm3

0.037λ0 × 0.027λ0 × 0.0026λ0 @0.48 GHz
	6.02 GHz (0.48–6.5 GHz)

172.49%
	Duroid 5880



	2018 [14]
	17.5 × 32.15 × 1.6 mm3

0.204λ0 × 0.375λ0 × 0.018λ0 @3.5 GHz
	7.05 GHz (0.85–7.9 GHz)

161.14%
	FR-4



	proposed antenna
	31.4 × 23.7 × 1.6 mm3

0.014λ0 × 0.01λ0 × 0.0007λ0 @0.14 GHz
	0.153GHz (0.14–293 GHz)

70.3%
	FR-4
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