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Abstract

:

Featured Application


Miniaturized broadband antennas for wireless communication devices




Abstract


A non-Foster circuit (NFC) is known as an active broadband matching technique to improve the impedance matching bandwidth of an electrically small antenna (ESA). There has been a vast amount of papers that report the generation of negative impedance using an NFC and its effectiveness on broadband antenna matching. However, only a few discussed its impact on the signal-to-noise-ratio (SNR), which is one of the most important figures-of-merit for a wireless communication system. In this paper, the SNR enhancement due to an NFC was measured and discussed. An NFC was carefully designed to have a low dissipation loss and to meet the stability conditions. The optimized NFC design was fabricated and applied to an ESA length of λ⁄15 at a frequency range of 150 to 300 MHz. The measured results showed that the NFC enhanced the received power of the antenna system by more than 17 dB. However, due to the noise added by the NFC, the SNR enhancement was not guaranteed for some frequency points. Nevertheless, an average of 7.3 dB of SNR improvement over the frequency band of interest is possible based on the experiment result.
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1. Introduction


The demand for miniaturized communication systems has tremendously increased for many applications such as mobile devices, medical wearables, military radios and vehicles, etc. One of the key components that prohibit the miniaturization is an antenna because of its physical length (or area) requirement, depending on the frequency. For example, the ideal length of a quarter-wavelength antenna operating at 300 MHz is 25 cm. No matter how small the design of the circuit or chassis is, the size of the whole communication system is big due to the antenna.



For the last decade, a vast amount of research has been conducted on the so-called electrically small antenna (ESA), which is defined by an antenna whose maximum dimension is less than   λ / 2 π   [1,2]. Although an ESA presents a small footprint, it usually accompanies low radiation resistance and high reactance, which makes it difficult to match to the system impedance (e.g.,   50    Ω   ). To promote the impedance matching, often passive components, such as inductors (L) and capacitors (C), are used to remove the reactance at a designated frequency band. However, the matching bandwidth is extremely narrow, since the passive L, C, and the antenna itself follow the Foster’s reactance theorem [3]. The latter asserts that the reactance must increase as the frequency increases.



Figure 1a shows an example of adjusting the reactance of a capacitive ESA using an inductor. Both the C and L increase as the frequency increases, following Foster’s reactance theorem. The ESA’s capacitance is completely cancelled by the inductance at a single frequency, implying the matching bandwidth is narrow. To overcome the bandwidth limitation of passive impedance matching, a non-Foster circuit (NFC) matching technique employing active components (e.g., transistor) has been introduced [4,5]. The operation principle of an NFC is simple, as depicted in Figure 1b. It generates a negative C (or L), which is against the Foster’s reactance theorem, and thus a broad reactance cancellation bandwidth can be achieved. Various non-Foster circuit designs have been reported for the broadband matching of small antennas [6,7,8,9,10,11]. However, most of them presented only the enhancement in the antenna’s reflection coefficient (   S  11    ) after applying the NFC, which is not sufficient to validate the system-wide improvement. It is important to examine the signal-to-noise ratio (SNR) since the active components employed in the NFC might introduce additional noise into the system [12,13].



In this paper, an NFC design with improved matching bandwidth and stability is presented. Compared to the previously designed NFC [6], this work has a much smaller footprint by shortening the microstrip line, and thus the overall loss and parasitic effect originating from the NFC can be reduced. More importantly, not only the impedance enhancement, but the received power and SNR enhancement after applying the NFC, is presented and discussed. The NFC was carefully designed, focusing on the reduction of internal loss, resulting in an average of 17.3 dB of received power improvement in the bandwidth of 150 to 300 MHz. To improve the stability of the NFC, a two-step validation check strategy of observing the stability condition in both frequency and time domains was applied. The NFC design is described in detail in Section 2. The noise power added by the implemented NFC was measured and the overall SNR enhancement was calculated. The results show that the proposed NFC provides an average of 7.3 dB of enhancement of SNR despite of the introduced noise. These measured results are discussed in Section 3.




2. Non-Foster Circuit Design


This section first introduces the ESA used in this study. This is important since the NFC design strongly depends on the impedance of the ESA connected with it. Next, the proposed NFC design is discussed together with the stability validation methods and their simulation results.



2.1. Characteristics of Electrically Small Antenna


A short monopole was selected as the load. Figure 2 shows its measured resistance and reactance together with a picture of the monopole. The length of the monopole is 8.4 cm, corresponding to the quarter-wavelength of 893 MHz. Thus, it can be considered as an ESA at the frequency of interest (i.e., 150–300 MHz). The measured resistance and reactance in Figure 2a,b, respectively, clearly display impedance characteristics of an ESA: the resistance is low and reactance is high. One can easily notice that the reactance behavior is similar to Figure 1a: the negative reactance reduces as the frequency increases in a rational manner. This means that as the frequency increases, the negative value of the capacitive reactance    X C    decreases (i.e.,    X C  = − 1 / j ω C  ).



The purpose of the NFC is to generate a negative capacitance complimentary to the antenna’s positive capacitance, and therefore, the input reactance can be 0 over a wide bandwidth. More specifically, the antenna capacitance of 8 ± 1 pF can be cancelled by the NFC’s negative capacitance of −8 ∓ 1 pF.




2.2. Non-Foster Circuit Design


Figure 3 shows the schematic of the proposed non-Foster circuit to provide negative capacitance. Two transistors are cross-coupled to produce a 180-degree inverted phase from the input along the feedback loop [5]. The transistors used were Avago ATF-53189 [14], which are field effect transistors with wideband operation bandwidths of 50 MHz–6.5 GHz. With these basic schematics and selected transistors, the other components were optimized to satisfy the stability condition described in Section 2.3. A high frequency circuit simulator, Keysight Technologies Advanced Design System (ADS) [15], was used for the optimization. Table 1 lists the optimized values of other components. The reference impedance (Zref) of the NFC was set to 6 pF considering the monopole’s capacitance. The values of inductors (LG, LD, LS) and resistors (RG, RD, Rs) connected to the gate, drain, and source of the transistors should be carefully chosen to ensure the wideband stability criterion. As the value of the inductor increases, its self-resonant frequency (SRF) decreases, adversely affecting the NFC stability [16]. The resistor values are also important since the wrong selection can lead to a generation-negative resistance that goes against the stability condition [17]. To reduce the loop gain of the transistors for stability, RStab and CStab are set as 51 Ω, 1 pF, respectively. The gate voltage (VGG), drain voltage (VDD), and drain current of the designed circuit are 1.8 V, 5.7 V, and 4 mA, respectively.



Figure 4 shows the simulated results of the NFC in the frequency range from 50 MHz to 500 MHz. According to the Smith chart of the reflection coefficient (   S  11    ) in Figure 4a, the locus winds in a counterclockwise manner as the frequency increases from 50 MHz to 500 MHz. This contradicts the Foster’s reactance theorem, denoting that the negative capacitance has been successfully generated. Figure 4b plots the capacitance versus the frequencies. As can be seen, a negative capacitance ranging from 11 pF to 7.5 pF, and approximately 8 pF at 300 MHz, is generated.




2.3. Non-Foster Circuit Stability Check


In common stability criteria for a 2-port network such as the Llewellyn-Rollett port test, the network is stable if there are no internal poles or zeros in the right-hand plane (RHP) for a complex plane analysis [18]. However, this is not the case for an NFC since the negative impedance often provides poles and zeros in the RHP. Instead, the stability of an NFC is often tested by checking the short-circuit stability (SCS) or open-circuit stability (OCS) conditions. For the NFC connected with an antenna, the OCS condition is applied [5], and can be written as


|ZAnt| > |ZNFC|,



(1)




where |ZAnt| and |ZNFC| are the magnitudes of the antenna and NFC impedance. This condition must be satisfied throughout the frequency band of interest where the NFC generates the negative impedance. Figure 5 shows |ZAnt| > |ZNFC| in the frequency range of 50–500 MHz for the proposed NFC. It is observed that the OCS criterion in (1) is satisfied.



However, the OCS criterion assumes the network is dispersionless. In fact, no circuit is dispersionless in the real world. There is unavoidable coupling between transmission lines and parasitic components that can cause undesirable small oscillations and possibly diverge as the currents travel through the NFC’s feedback loop. Thus, it is important to check the transient response in the time domain [16,18] in addition to the OCS criterion in the frequency domain. By observing the transient response, the sign of the time constants (  τ =  RC   and    L / R  ) can be identified. If the sign of  τ  is negative, the circuit is unstable and the transient response diverges as illustrated in Figure 6a. However, if the sign of  τ  is positive, the transient response damps down and converges as the time passes (Figure 6a). The transient response of the proposed NFC is shown in Figure 6b. Depending on the combinations of resistor-inductor-capacitor (RLC) components, some NFC designs satisfied the OCS criterion but failed to demonstrate convergence for the transient response. The optimized RLC values in Table 1 satisfy both the OCS and transient response requirements.





3. Fabrication and Measurement of Non-Foster Circuit


Having validated the NFC performance using simulations, the optimized NFC was fabricated as shown in Figure 7. It was implemented on an FR-4 substrate with a footprint of 14.4 mm × 20 mm, which is smaller than the previous report [6]. It was miniaturized by reducing the length of microstrip lines connecting the transistors and RLC components. This also reduced the overall losses consumed by the NFC, resulting in the use of lower R values to satisfy the stability conditions.



3.1. Measurement of Reflection Coefficient


Figure 8a is a picture of the small monopole and NFC assembly. A network analyzer (Anritsu MCS2038C) was connected to the input port of the NFC to measure the    S  11    . The measured    S  11     is shown in Figure 8b. The comparison made here is with and without the NFC. The latter means the monopole was directly connected to the network analyzer. As observed, the measured    S  11     without the NFC is higher than –2 dB over the whole frequency range, 50–500 MHz. This is due to the high capacitance preventing the monopole from reaching the resonance as described in Section 2.1. Contrarily, the    S  11   < − 10   dB bandwidth is 60–400 MHz when the NFC is connected to the monopole. This proves that the NFC successfully removes the positive capacitance of the monopole by generating a sufficient amount of negative capacitance.




3.2. Measurement of Signal-to-Noise Ratio


As described in the introduction, the broadband    S  11     does not guarantee the effectiveness of the NFC since the NFC itself can generate additional noise that may adversely influence a systematical figure-of-merit, SNR. With this issue in mind, we proceeded to measure SNR with and without the NFC, following the measurement setups depicted in Figure 9. The transmitted signals, originated by a signal generator, were captured by a spectrum analyzer in the receiving end. The received power and noise power read by the spectrum analyzer are denoted as (SESA, NESA) without the NFC and (SESA+NFC, NESA+NFC) with the NFC, respectively. With them, the SNR enhancement due to the NFC can be calculated by


  SNR   enhancement =  (   S  E S A + N F C   −  S  E S A    )  −  (   N  E S A + N F C   +  N  E S A    )   



(2)







   (   S  E S A + N F C   −  S  E S A    )    means Received power enhancement, and   (  N  E S A + N F C   +  N  E S A    ) means Added noise.



Figure 10a shows the received power recorded by the spectrum analyzer with and without the NFC. Their difference is labelled as “Improvement”. There are some fluctuations, but the power received with the NFC equipped shows higher values than the antenna-only case (i.e. without the NFC) throughout the frequency range of 150–300 MHz. The average power improvement achieved by using the NFC is 17.3 dB. Subsequently, Figure 10b shows the noise power added by the NFC. It can be observed that the NFC adds fluctuating noise, which peaks at more than 7 dB for some frequency points. These fluctuations come from the thermal noise increase and decrease as the currents travel in the feedback loop of the NFC. The added noise base is around 7 dB, and for the noise-peaking frequencies, it is around 14 dB. Finally, the SNR enhancement by the NFC was calculated by subtracting the received power enhancement from the added noise power. As depicted in Figure 11, the SNR enhancement values also significantly fluctuate due to the noise fluctuation, implying that the NFC is not effective in improving the reception of the communication system for certain frequencies. The fluctuation does not exceed the stability limit but can adversely affect the SNR of the system. Figure 11 also shows a smoothed curve of SNR enhancement. It indicates that an average of 7.2 dB of SNR enhancement can be achieved if the noise fluctuation can be controlled by implementing a cooling or damping device on the NFC.





4. Conclusions


A non-Foster circuit was designed to improve the SNR of an electrically small monopole antenna. The cross-coupled structure of the NFC was optimized using a high frequency circuit simulation software, Keysight ADS, and component values and bias voltages were carefully chosen to meet stability criteria. A two-step stability check was used: 1) An open-circuit stable condition in the frequency domain and 2) The convergence of transient responses in the time domain. The measured S11 < –10 dB bandwidth after applying the NFC was 60–400 MHz, broad enough to cover several VHF and UHF communication bands with an antenna length less than 10 cm. The received power measurement also showed promising results that are more than 17 dB of improvement after applying the NFC. However, the NFC accompanies a highly fluctuating noise power of 7 to 14 dB that adversely affects the SNR.
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Figure 1. Antenna reactance cancellation using (a) passive components which follow the Foster’s reactance theorem. (b) Negative reactance generated by the non-Foster circuit matching technique. 
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Figure 2. The impedance of a short monopole antenna as a load: (a) resistance and (b) reactance. 
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Figure 3. A schematic of the proposed non-Foster circuit. 
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Figure 4. Simulation results of the non-Foster circuit: (a) Smith chart of the reflection coefficient. (b) Negative capacitance versus frequency. 
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Figure 5. A comparison of the magnitudes of the antenna and non-Foster circuit impedance to check the open-circuit stability criterion. 
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Figure 6. The transient responses 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. The fabricated non-Forster circuit prototype. 
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Figure 8. The measurement of the reflection coefficient of the monopole and non-Foster circuit assembly: (a) A picture of the fabricated non-Foster circuit connected to the monopole. (b) The measured reflection coefficient with and without the non-Foster circuit. 
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Figure 9. The measurement setup for signal-to-noise ratio measurement without and with the non-Foster circuit connected. 
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Figure 10. The power measurement data with and without the non-Foster circuit: (a) received power and (b) noise power. 
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Figure 11. Signal-to-Noise Ratio enhancement due to the non-Foster circuit. 
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Table 1. Optimized values of passive components in Figure 3.
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	Parameter
	Value
	Parameter
	Value





	Zref
	6 pF
	RS
	600 Ω



	LG
	1 uH
	RStab
	51 Ω



	LD
	1 uH
	CStab
	1 pF



	LS
	4.7 uH
	CG
	510 pF



	RG
	1.1 KΩ
	Cin
	100 pF



	RD
	1.1 KΩ
	Cout
	510 pF
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