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SUMMARY The objective of this PhD dissertation is to originally demonstrate the guidedwave characteristics of finite-ground microstrip line (FGMSL) for application in design of size-miniaturized low-pass filters and to characterize the periodically nonuniform coupled microstrip lines (PNCML) for exploration of parallel coupled microstrip line (PCML) with harmonic suppression. To do it, a full-wave selfcalibrated method of moments (MoM) is developed for accurate modeling of these transmission line structures with varied configurations. After literature survey is summarized, the FGMSL open-end discontinuities are firstly characterized as a unified equivalent circuit model with a fringing capacitance and radiation conductance. It is done by integrating the short-open calibration (SOC) procedure into a determinant MoM, i.e. MoM-SOC technique. Extensive results are provided to exhibit that the capacitance increases as a decelerated function of the finite-ground width and length while the conductance is negligibly small as compared with its imaginary part. High-impedance property of an offset FGMSL is then modeled and utilized to make up an improved transmission line electromagnetic bandgap (EBG) structure with enhanced bandgap width and attenuation. The two effective per-unit-length parameters are extracted via MoMSOC to reportedly show the fundamental frequency-dispersive characteristics of the guided-wave propagating in this EBG structure. In parallel, the transmission coefficients of the two finite-length EBG circuits with ideal impedance matching at two ports are characterized, thus exhibiting the distinctive bandstop and bandpass behaviors as the guided-wave propagates across this EBG with finite-extended region. A five-cell EBG circuit, fed with the standard 50Ω feed lines, is further ii
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modeled to give an evident verification on its enhanced EBG performance. After the uniform FGMSL and its constituted circuit elements are thoroughly characterized, an innovative design of a stopband-enhanced and size-miniaturized lowpass filter (LPF) is presented. The finite-extended FGMSL section with equally widened strip/ground or offset narrow strip/ground conductors are studied in terms of equivalent T- or π-network, thereby constructing the modified microstrip line shunt capacitive or series inductive element. Secondly, even- and odd-mode guided-wave characteristics of periodically nonuniform coupled microstrip lines (PNCML) are thoroughly investigated in terms of the two sets of per-unit-length transmission parameters i.e. characteristic impedance and phase constant. In this way, by executing the MoM-SOC technique, the two-port ABCD matrices of the PNCML with finite unit cells are numerically de-embedded via two sets of SOC standards so as to explicitly derive the effective per-unit-length parameters. After our investigation on the behaviors of numerical convergence, extensive results are derived to demonstrate the frequency- and periodicity-dependent per-unit-length parameters of the three types of PNCMLs against those of the uniform CML. As a result, frequency-dependent coupling strength between the lines of the finite-extended PNCML is exposed via two dissimilar impedances. Meanwhile, two phase constants aim at being equalized at a certain frequency by properly adjusting the slit depth and periodicity, thus creating a transmission zero in the first harmonic resonant frequency. Further, equivalent Jinverter network parameters of this finite-length PNCML are derived to reveal the relationship between the transmission zero and the concerned harmonic resonance. By allocating this zero to the frequency twice the fundamental passband, the
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PNCML filters are then designed, fabricated and measured to showcase the advantageous capacity of the proposed technique in harmonic suppression. Next, dual-band bandpass filters (BPFs) with controllable fractional bandwidths (FBWs) are proposed and constructed by cascading the multiple λ/2 steppedimpedance resonators (SIRs) through the distributed parallel-coupled microstrip line (PCML). This PCML with different overlapped lengths are studied to show their distributed coupling performance in terms of explicit J-inverter susceptances. It implies that the coupling degrees around two resonances can be adjusted with freedom to control the fractional bandwidths of these dual passbands. Finally, a compact dual-band microstrip bandpass filter is designed to operate at 2.4 and 5.2 GHz without needing any external impedance-matching block. The modified halfwavelength stepped-impedance resonator with sinuous configuration is constructed to simultaneously excite the dual resonances at these two specified frequencies with miniaturized overall size. Further, the novel microstrip dual-band bandpass filters with controllable fractional bandwidths and good in-between isolation are presented and implemented. Two types of coupled microstrip lines in the anti- and pro-parallel formats are then investigated in terms of an equivalent J-inverter network. Extensive results are derived to show their frequency-distributed coupling performances under different coupling lengths. The coupling degrees around the two resonances of these two coupled lines are tuned to realize the dual-passbands with different bandwidths. In addition, the anti-parallel coupled line is modeled to generate a transmission zero between the two resonances so as to achieve the good in-between isolation.
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Introduction -1-



CHAPTER 1 Introduction 1.1 BACKGROUND The frequency range of microwave is from 300 MHz to 300 GHz, with a corresponding electrical wavelength from 1m to 1mm in free space. Over the past one hundred years, microwave has become a ubiquitous technology that is used not only for radars and communication systems, but also for the characterization and analysis of materials, cooking and industrial drying, medical diagnosis and treatment, radio astronomy, and so on [1]–[2]. Since the 1950s, the emergence of microwave integrated circuits (MICs), especially monolithic microwave integrated circuits (MMICs), has been playing a very important role in the advanced radio frequency (RF) & Microwave technologies [3]–[5]. Many advantages have been recognized and well known in MICs/MMICs, such as compact size, light weight, high integration, low cost and so on. As the fundamental structures in MICs, planar transmission lines, such as
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(a)



(e)



(b)



(f)



(c)



(g)



(d)



(h)



Fig. 1.1. Cross-sectional views of planar transmission lines for MICs. (a) Stripline. (b) Microstrip line (MSL). (c) Coupled microstrip line (CML). (d) Coplanar stripline (CPS). (e) Finline. (f) Slotline. (g) Conductor-backed coplanar waveguide (CBCPW). (h) Coplanar waveguide (CPW).



stripline, microstrip line (MSL), coupled microstrip line (CML), slotline, coplanar waveguide (CPW), coplanar stripline (CPS), etc., are used for realizing the basic blocks for MICs [5]–[8]. Fig. 1.1 shows the cross-sectional view of these lines. These planar structures are the backbone of MICs, and offer an efficient and flexible way in the design of MICs. The MSL concept was first proposed in 1952 by Greig, Englemann, Assadourian, Rimai, and Kostriza of ITT Federal Telecommunications Laboratories [1], [9]–[11]. It employs a flat strip conductor suspended above a ground plane by a low loss dielectric material, as shown in Fig. 1.1(b). As usual, the width of the ground plane is assumed electrically wide or infinite. Thus, the microstrip circuits with different electrical properties can be only realized relying on the geometrical configuration of the strip conductor. Initially, the center conductor of coaxial line was flattened into a strip and the outer conductor was altered into a rectangular box, making itself more
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Introduction -3suitable for the fabrication of components. Subsequently, stripline, as shown in Fig. 1.1(a), came out by removing the side walls. This type of transmission line was developed very quickly and is still in use today due to its two good technical properties: (1) all discontinuity elements of the center strip are purely reactive; (2) the characteristic impedance and the phase velocity (or effective dielectric constant) of the dominant (TEM: transverse-electro-magnetic) mode are independent of the frequencies [1]. Unlike stripline, MSL appeared by removing both side walls and top plate, leaving only the strip and the bottom plate with a dielectric substrate layer between them to support the strip. Fig. 1.2 shows the three-dimensional (3-D) geometry of MSL. Most of its field lines or energies concentrate in the dielectric region underneath the strip conductor except that a small fraction of the fields are scattered in the air



Fig. 1.2. Three-dimensional (3-D) geometry of microstrip line.



region. For these reasons, it cannot support the purely TEM wave, but the dominant mode still can be considered as the quasi-TEM mode at low frequencies. All discontinuity elements became resistive and have radiation. Meanwhile, the characteristic impedance and the phase velocity became the frequency-dependent parameters. Since then, MSL has become the best known and most widely used planar transmission line for RF and microwave integrated circuits, due to its planar nature, ease of fabrication using photolithographic processes, easy integration with



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction -4solid state devices, good performance of heat sinking and mechanical support, as well as vast design information [12]–[14].



1.2 MOTIVATION 1.2.1 FINITE-GROUND MICROSTRIP LINE An alternative microstrip line with finite-width substrate was first presented by Smith and Chang [15], in 1980. This structure seems more close to the practical case and its geometry is described in Fig 1.3(a) as a transmission line with a finite-width dielectric substrate and infinite-width ground as compared with traditional counterpart in Fig. 1.2. In 1985, the modified structure of microstrip structure with both finite-width dielectric and finite-width ground plane was considered by Smith and Chang [16], in which the strip conductor and finite ground were treated as a printed twin-line of unequal widths in an inhomogeneous media, as shown in Fig.1.3 (b). The numerical results in [16] have shown us that high characteristic impedance of the line can be achieved with the use of finite-width dielectric and ground plane. A design example (using case in Fig. 1.3(b)) was given to design a balun circuit [16]. In the past, the edge effect of the dielectric and ground plane was taken into account, in which the ground plane was treated as an additional strip conductor [17]. Meanwhile, using the method of moments, the far-field radiation for the case in Fig.



(a)



(b)



Fig. 1.3. 3-D geometry of different MSLs. (a) MSL with only finite-width dielectric substrate. (b) MSL with finite-width dielectric and ground plane.
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Introduction -51.3(b) was investigated by See and Freeman [18]. On the other hand, Gurel and Chew [19] studied the MSL with the finite-width ground plane printed on an infinite-width substrate in 1988. The 3-D geometry of this finite-ground microstrip line (FGMSL) is shown in Fig. 1.4. They analyzed the



Fig. 1.4. The 3-D geometry of MSL with only finite-width ground plane.



effective dielectric constant ε eff of MSL with equal widths of strip conductor and ground plane using a 2-D method. Recently, some experimental results for FGMSL circuits on Si Wafers were reported by Ponchak, Margomenos and Katehi [20]. The measured results showed that as the ground width is reduced to three times of its strip conductor width, this FGMSL could achieve low loss on 2Ω-cm Si. Coupling between the FGMSL embedded in 3-layer was considered in [21]. The coupling is found higher than that for infinite width ground plane, but it can be significantly reduced by connecting the two ground planes with metallic via posts. In the past several decades, the freedom of finite-ground microstrip structure has been introduced to the design of antennas and antenna arrays. Due to the finite dimension, the diffraction from the ground plane edges will have an additional influence on the antenna properties [22]–[27]. The back radiation effect is described by [28] and the antenna’s performance is optimized by adjusting the size and shape of the ground plane [29]–[31].
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Introduction -6Very recently, the promising multilayered fabrication technologies, such as Lowtemperature Cofired Ceramics (LTCC), have been directing an increasing interest in the design of size-miniatured and high-quality hybrid integrated circuits and systems for wireless communication. As a result, it needs to be promptly addressed to analyze and optimize many of FGMSL structures using the advanced analysis and design techniques. Research on multilayer structure becomes more and more important. In 1989, the multilayer dielectric structures with a ground plane were considered by Harokopus and Katehi based on the full-wave Method of Moments (MoM) [32], [33]. And many of other works have also been done for such structures as listed in [34]–[41]. But all these works cannot be directly used for the structure with finite-width ground plane. To address this issue, we focus on the modeling of multi-conductor structures on the multilayered dielectric substrates, in which the ground plane is also considered as the finite-width conductor. This is a more general case containing large design flexibility, which can be applied for the LTCC circuits more widely [42], [43], [44], and make the design more accurate and flexible. Fig. 1.5 shows cross sectional views of the multi-conductor structures embedded in multilayered dielectric substrates with infinite-width and finite-width ground plane, respectively. Based on the above discussion, FGMSL is an improved microstrip transmission



(a)



(b)



Fig. 1.5. Cross sectional views of multi-conductor embedded in multilayered dielectric substrates. (a) With infinite-width ground plane. (b) With finite-width ground plane.
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Introduction -7line with an additional degree of freedom using its finite ground. Such a novel structure has great potential in the hybrid MIC’s with multilayered configuration. Numerical analysis of finite-width MSL has been reported to a certain degree to show its good performance including high characteristic impendence, miniaturizedsize, better flexibility, etc. However, only few studies have been concentrated on the characterization of many circuit structures formulated on this FGMSL. Full-wave analysis of finite ground microwave integrated circuits/discontinuities is definitely an urgent work at present in order to apply this finite-ground MSL in the practical design.



1.2.2 PERIODICALLY (PNCML)



NONUNIFORM



COUPLED



MICROSTRIP



LINE



Coupled microstrip line (CML), as shown in Fig. 1.1(c), has been gaining a wide application in the bandpass filter design due to its distributed and tightened coupling behaviors [6], [45], [103], [104]. The 3-D geometry of this CML is shown in Fig. 1.6. By enforcing the even and odd excitations on two upper strips of the CML, as



Fig. 1.6. The 3-D geometry of CML.



shown in Fig. 1.7, two dominant modes come into being: even- and odd-mode. Due to the inhomogeneous dielectric medium, these two dominant modes exist in this CML with different velocities of propagation. This nonsynchronous feature deteriorates the performances of microstrip circuits using the uniform CML, such as
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(a)



(b)



Fig. 1.7. Even and Odd excitations for the CML. (a) Even mode. (b) Odd mode.



low directivity in directional coupler [46] and spurious harmonic passband in bandpass filter (BPF) [47]. To address this issue, two effective approaches have been explored by equalizing the phase velocities and differentiating the traveling routes of even- and odd-mode. In [48], [122], [123], over-coupled structures were constituted at the stages to extend the odd-mode phase length, thus compensating the difference in phase velocity between two modes. This way, spurious-responses at 2f0 [48], [122], and 3f0 [123] can be suppressed by adjusting the dimensions of the attached over-coupled sections. Due to the bandstop behavior, the uniplanar compact photonic bandgap (PBG) structure was integrated as ground plane to reject the spurious passband [132], [94]. The strip conductor of MSL was replaced by the electric-magneticelectric (EME) surfaces in [133]. The split-ring resonators (SRRs) and complementary split-ring resonators (CSRRs) are attached at the two sides of the parallel strip conductors [118], [134]. On the other hand, the stepped-impedance resonator (SIR) technique was proposed in [128] and it provides us with an alternative degree of freedom in controlling the frequency resonance responses, thereby effectively widening the stopband between the dominant and 1st spurious passbands in the filter design. By
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Introduction -9directly tap-feeding the half-wavelength transmission line resonators, the 1st spurious passband of the designed filter can also be suppressed with the emergence of the transmission zeros, as originally implemented in [135], [136]. In recent years, much more interest has been aroused to utilize the periodically nonuniform coupled microstrip line (PNCML) with various unit-cell configurations as a simple and effective approach to address this problematic issue. The strip-width modulation technique is developed to make up the “wiggle-line” BPF with good harmonic suppression over a wide frequency range [49], and the multi-spurious rejection up to 5f0 [131]. In parallel, the corrugated coupled microstrip line [47] was presented to extend the actual traveling path for the odd-mode such that the 1st harmonic can be suppressed by equalizing the two phase velocities of the dominant even and odd modes. Similarly, in order to achieve the same goal, the square grooves [50] were periodically etched on the parallel-coupled lines and the coupled meander lines were constituted [51]. In addition, the concerned harmonic passband can be effectively suppressed by suspending the dielectric layer above the ground plane or forming a backside aperture as discussed in [52]–[54], [121]. However, without knowing the even- and odd-mode characteristic impedances and phase velocities of these PNCMLs in advance, all the above filters can only be designed in the cut-and-try way by numerically simulating their overall layouts with varied periodicities and unit-cell dimensions toward maximizing the return loss around the harmonic passband. In order to investigate these PNCMLs in depth for circuit design, it is commonly recognized as the most critical issue to characterize the fundamental per-unit-length transmission parameters of even- and odd-mode, i.e. phase constants and characteristic impedances.
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Introduction -10In [111], the spectral-domain approach is applied to analyze the effective dielectric constants of the even- and odd-mode in the PNCML. But, it does not take into account the frequency dispersion so that this approximate approach may not be suitable for efficient network-based analysis and design of microwave circuits. Very recently, the finite difference time domain (FDTD) technique is employed to analyze such two frequency-dependent phase constants of PNCML [112]. But, unfortunately, no reported work to date has been carried out to calculate the even- and odd-mode effective characteristic impedances of the PNCML with any shaped configuration.



1.2.3 DUAL-BAND MICROSTRIP BANDPASS FILTER Multi-band devices, as shown in Fig. 1.8, such as multi-band antenna [137]–[142], multi-band filter [57]–[62], multi-band coupler [145], [146] and multi-band lownoise amplifier (LNA) [55], [143], have been recently receiving a tremendously increasing attention in exploring many advanced wireless systems with simultaneous operations at multiple frequency bands [55], [144]. As pointed out in [56], multi-band passive circuits basically determine the multi-band operation quality, overall size and fabrication cost of a RF and wireless module in the integration technologies. Of them, bandpass filter with multiple passbands is considered as one of the most key components in these multi-band systems. Due to the shortage of matured design procedure, it becomes the most challenging issue for anyone to design the multi-band filters with good passband performances even for a dual-band case.
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Fig. 1.8. Multi-band devices.



At the beginning stage, the two filtering circuits with different passbands at the center frequencies f1 and f2, are usually connected together to implement the initial type of a dual-band filter [57], as shown in Fig. 1.9. As a two-input-two-output structure, the LC matching circuits are required to create dual passbands at two separate frequencies. However, this solution increases the fabrication cost, the insertion loss and the overall size of a resultant filter block.



Fig. 1.9. Initial idea of dual-band filter.



To reduce the size, the single-input-single-output (SISO) concept is proposed in [58], where the two filters share one layout only, and photonic bandgap (PBG) surface is employed to add a transmission zero above the second passband. However, the return loss is still low in both passbands and size still needs to be reduced.
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Introduction -12Recently, the stepped-impedance resonator (SIR) is utilized to make up a filter with dual passbands [59], [60]. To strengthen the Q factors or lower the insertion losses in both passbands at f1 and f2, the two dual-band impedance transformers have to be additionally constructed at the two ports of the core cascaded-resonator section as implemented in [60], [61]. Thus, these dual-band distributed transformers not only significantly enlarge the overall size of the resultant filter block and also bring out the complexity in simultaneously achieving the two operating frequencies, reducing the insertion losses and adjusting their fractional bandwidths (FBWs) in both dual passbands. To improve the stopband attenuation, coupled resonator pairs are proposed in [62] to generate two transmission zeros in the higher side of each passband. Unfortunately, the filtering performances in the dual passbands are found not so good because of the unexpected parasitic effects and approximate modeling. Based on the above discussion, it is urgent to reduce the overall size and improve the filtering performance of dual-band filter blocks.



1.3 OBJECTIVES The goal of this dissertation is to develop a full-wave modeling for the characterization of a variety of microstrip lines and coupled microstrip lines circuits for the design of modern microwave integrated circuits, thus providing the design guideline and library for its application in the exploration of next-generation of lowloss, small-size, and good-quality hybrid RF, microwave and millimeter-wave integrated circuits. The objectives of our research can be divided into the following three parts:
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1.3.1 FINITE-GROUND MICROSTRIP LINE ¾ To develop a full-wave model for characterization of finite-ground



microstrip line. ¾ To characterize finite-ground microstrip line open-end discontinuity for



quantitative investigation of the diverse finite-ground effects in the FGMSL structure. ¾ To analyze the high-impedance property of offset finite-ground microstrip



line for enhancement of electromagnetic bandgap performance. ¾ To apply the high-impedance property of offset finite-ground microstrip line



as an improved series inductive element for harmonic-suppressed lowpass filter design.



1.3.2 PERIODICALLY NONUNIFORM COUPLED MICROSTRIP LINE ¾ To build up a full-wave model for explicit representation of periodically



nonuniform coupled microstrip lines. ¾ To characterize the fundamental per-unit-length transmission parameters of



periodically nonuniform coupled microstrip line for two dominant modes. ¾ To predict the location of transmission zero for the finitely-extended



periodically nonuniform coupled microstrip line section and further allocate it suitably to suppress the 1st-harmonic passband in the design of microstrip bandpass filters. ¾ To accurately reallocate the transmission zero for suppression of the 1st-



harmonic passband in filter design by using frequency-dispersive J-inverter network.
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1.3.3 PARALLEL COUPLED MICROSTRIP LINE ¾ To model the coupling dispersion of the parallel-coupled microstrip lines



and achieve the adjustable coupling degrees at two specified frequencies for design of dual-band filters with controllable fractional pass bandwidths. ¾ To build up a miniaturized dual-band filter without needing external dual-



band impedance transformers. ¾ To investigate the parallel and anti-parallel coupled microstrip lines for the



design of advanced dual-band filter. ¾ To make up a novel microstrip dual-band filter with miniaturized size,



controllable dual-passband widths and good in-between isolation.



1.4 MAJOR CONTRIBUTIONS The research outcome achieved in this PhD dissertation represents the innovative applications of uniform and non-uniform microstrip lines and coupled microstrip lines in the development of modern microwave integrated circuits. The major contributions of this dissertation are listed as follows: 9 Characterized the finite-ground microstrip line (FGMSL) open-end



discontinuities via a self-calibrated MoM as a unified circuit model with a fringing capacitance and radiation conductance. By integrating the shortopen calibration (SOC) procedure into a determinant MoM, the model parameters are extracted without needing the alternative port impedance. Regardless of non-ideal voltage sources, extracted parameters are observed to achieve a stable convergence as the feeding line is sufficiently extended.
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Introduction -159 Utilized the high-impedance property of an offset finite-ground microstrip



line to make up an improved transmission line electromagnetic bandgap (EBG) structure with enhanced bandgap width and attenuation. Using the self-calibrated method of moments, the two effective per-unit-length parameters are originally extracted to demonstrate the fundamental frequency-dispersive characteristics of the guided-wave in this EBG. 9 Characterized the uniform FGMSL and its constituted circuit elements via



self-calibrated MoM for innovative design of a stopband-enhanced and sizeminiaturized lowpass filter (LPF). An offset FGMSL is modeled and extracted to quantitatively exhibit its capacity in achieving high characteristic impedance compared to the infinite-ground microstrip line counterpart. The finite-extended FGMSL section with equally widened strip/ground or offset narrow strip/ground conductors is then studied in terms of equivalent T- or π-network, thereby constructing the modified microstrip line shunt capacitive or series inductive element. By making effective use of enlarged series inductance of an offset FGMSL with shorter electrical length, two novel LPF blocks are proposed, designed and fabricated. 9 Characterized the periodically nonuniform coupled microstrip line (PNCML)



loaded with transverse slits as an equivalent uniform coupled transmission line via self-calibrated MoM technique. Full-wave modeling has been executed to investigate even- and odd-mode guided-wave characteristics of PNCML in terms of the two sets of per-unit-length transmission parameters i.e. characteristic impedance and phase constant. By applying the SOC procedure in the MoM platform, the two-port ABCD matrices of the
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Introduction -16PNCML with finite unit cells are numerically de-embedded via two sets of SOC standards so as to explicitly derive the effective per-unit-length parameters. 9 Exposed the frequency-dependent coupling between the lines of the finite-



extended PNCML and equalized the two phase constants at a certain frequency by properly adjusting the slit depth and periodicity, aiming at realizing the transmission zero. By allocating this zero to the frequency twice the fundamental passband, one-stage and two-stage PNCML bandpass filters (BPFs) are then designed and fabricated with the suppressed 1st-harmonic. 9 Studied the two-port PNCML with finite length an equivalent J-inverter



network for microstrip bandpass filters with harmonic suppression. Extracted J-inverter susceptance is exhibited to vary up and down versus frequency with the null or transmission zero when the coupled length becomes halfwavelength. This transmission zero can be adjusted by varying the periodicity and/or slit depth to suppress the 1st spurious harmonic passband of the filter. Two one-stage and a three-stage BPFs are designed and fabricated on a basis of this technique. 9 Constructed the dual-band bandpass filters with controllable fractional



bandwidths by cascading the multiple λ/2 stepped-impedance resonators through the distributed parallel-coupled microstrip lines. By suitably choosing the aspect ratio of two strip widths or impedances in the SIR, the first two resonant frequencies are allocated to 2.4 and 5.2GHz for dual-band filter application.



The parallel-coupled microstrip lines with different



overlapped lengths are investigated to show their distributed coupling
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Introduction -17performance in terms of explicit J-inverter susceptances. It implies that the coupling degrees around two resonances can be adjusted with freedom to control the FBW of these dual pass bandwidths. Three one-stage and three two-stage dual-band BPF circuits are designed and fabricated. 9 Proposed and designed a compact dual-band microstrip BPF to operate at 2.4



and 5.2 GHz without needing any external impedance-matching block. The modified half-wavelength stepped-impedance resonator with sinuous configuration is constructed to simultaneously excite the dual resonances at these two specified frequencies with miniaturized overall size. The fabricated dual-band filter has not only significantly miniaturized the overall size, but also achieved the good dual-passband filtering performances at the two specified bands, i.e. 2.4 and 5.2 GHz. 9 Presented and implemented the novel microstrip dual-band BPFs with



controllable FBWs and good in-between isolation. A half-wavelength stepped-impedance resonator is firstly characterized, aiming at producing the two resonant frequencies at 2.4 and 5.2 GHz. Two types of coupled microstrip lines in the parallel and anti-parallel formats are then investigated in terms of unified equivalent J-inverter network. The coupling degrees of these two coupled lines at the two resonances are properly adjusted to achieve the dual-passband response with varied or tunable bandwidths. The parallel coupled line is modeled to bring out a transmission zero between the two resonances so as to achieve the good in-between isolation. Three twostage bandpass filters are initially designed and one three-stage dual-band filter is in final optimally designed and fabricated.
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1.5 ORGANIZATION This PhD dissertation is organized as follows. In Chapter 2, the formulation of the integral equations for perfect strip conductors embedded in a layered medium is outlined. The dyadic Green’s functions (DGF’s) in the spectral domain are formulated by using a simple cascaded transmission line network in conjunction with multi-layered environment. The full-wave MoM in the spectral domain and the SOC technique self-contained in the MoM algorithm are briefly introduced. Chapter 3 introduces the configurations of various FGMSL discontinuities and discusses the different excitation principles in order to formulate the source-types or determinant MoM algorithm. Then, some initial results about the FGMSL open-end circuit and periodic EBG FGMSL are given. Chapter 4 investigates the offset FGMSL with narrow strip/ground width to show its enhanced characteristic impedance. By forming the shortened offset-FGMSL with high impedance, a new class of LPFs with miniaturized-size and enhancedstopband are then proposed, designed and realized. Some design examples of LPFs are given and confirmed by the HFSS-based full-wave simulation and measurement. Chapter 5 thoroughly characterizes PNCML as an equivalent uniform coupled transmission line via self-calibrated MoM-SOC technique. Both two effective perunit-length transmission parameters, i.e. phase constants and characteristic impedances, are extracted to demonstrate the frequency-dispersive and periodicitydependent guided-wave characteristics of the two dominant propagating modes. Chapter 6 presents a systemic approach to predict the location of transmission zero of the finitely-extended PNCML section. After that, this zero is suitably
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Introduction -19allocated to suppress the 1st-harmonic passband in the design of microstrip bandpass filters. Next, the PNCML with finite length is investigated in terms of a generalized coupling-oriented J-inverter network. It does exhibit the basic principle of suppressing the 1st-harmonic passband in filter design with the use of the transmission zero reallocation technique. Chapter 7 discusses the coupling dispersion of the PCML with varied lengths. Some SIR dual-band filters are designed with varied dual-band FBWs. A compact design is finally implemented without needing any external dual-band impedancetransformer feeds. Chapter 8 presents a novel dual-band bandpass filter with controllable fractional bandwidths and good in-between isolation in the middle stopband. The frequencydependent properties of the parallel and anti-parallel coupled microstrip lines are thoroughly investigated to quantitatively demonstrate their distributed coupling performance in terms of extracted J-inverter network parameters. Furthermore, the efficient optimization design of the whole filter structures is carried out based on the simple cascaded network topology. Finally, conclusions and recommendations are made in Chapter 9.
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CHAPTER 2 Techniques in Theoretical Modeling 2.1 INTRODUCTION In order to analyze and design various planar integrated circuits and antennas, it has been considered as a starting point to study the multilayered structures with different static and dynamic electromagnetic techniques. Rather than other numerical techniques, the method using the dyadic Green’s functions (DGF’s) has been found the most powerful, in which the field can be found efficiently in terms of a set of given sources. Extensive research has been carried out to formulate the generalized DGF’s for layered media [63]-[74] using different analytical approach. A simple but effective way to formulate DGF’s in the spectral domain, so-called transmission-line Green’s function (TLGF), was originally presented by Itoh [75]. For modeling the unbounded planar structures without ground plane, the spectraldomain TLGF in the multilayered media need to be at first formulated in the open
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Techniques in Theoretical Modeling -21environment. This TLGF is then used in the formulation of integral equations, which can be solved by the method of moments (MoM) [76], [77], [147]–[151]. So far, the MoM formulated in the spectral domain or space domain has been formulated and applied for comprehensive treatment of various complex planar structures, i.e. bounded/unbounded structures of numerous planar microwave passive circuits and antennas [78], [33], [79]-[85], [86], [148], [149], [151]. On the other hand, a novel numerical de-embedding technique, namely, shortopen calibration (SOC) technique, was introduced by Zhu in [87] towards removing all the unwanted parasitics brought by the approximation of the impressed source in the formulation of a determinant MoM algorithm. This scheme can be directly accommodated in a full-wave MoM algorithm to extract the equivalent circuit model parameters of circuits/discontinuity elements involved in the complicated circuit layout, thus providing an efficient optimization design of the whole circuit structure in terms of network-connected topology. So far, various unbounded integrated discontinuities have been successfully analyzed by integrating this SOC with the MoM technique as done in [87], [88], [89].



2.2 SPECTRAL DYADIC GREEN’S FUNCTIONS In 1980, Itoh [75] developed the spectral Green’s functions using a simple cascaded transmission line system for modeling of planar transmission line structure, named as the immittance approach. Since then, numerous researchers have studied the spectral Green’s functions for layered structures. In 1994, Pan and Wolff [72] presented a systematic approach for deducing the spectral DGF’s with all the nine elements. In this method, spectral fields can be expressed by the equivalent
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Techniques in Theoretical Modeling -22voltages and currents on the transmission-line analog of the medium, thus it is called as TLGF.



2.2.1 INTEGRAL EQUATIONS FORMULATION We start to consider an arbitrarily shaped object embedded in a layered medium and excited by the known electric and magnetic currents ( J inc , M inc ) , as described in [74]. The total electric and magnetic field produced by the surface currents ( J s , M s ) and ( J inc , M inc ) can be in general expressed as: (E, H ) = ( E i + E s , H i + H s )



(2.1)



where ( E i , H i ) are the impressed fields due to ( J inc , M inc ) , and ( E s , H s ) are the scattered fields due to ( J s , M s ) . In the linear media, the scattered fields due to ( J s , M s ) can be at first derived with the help of spatial DGF’s: E s (r ) = ∫ G EJ (r , r ' ) ⋅ J s (r ' )dr ' + ∫ G EM (r , r ' ) ⋅ M s (r ' )dr '



(2.2a)



H s (r ) = ∫ G HJ (r , r ' ) ⋅ J s (r ' )dr ' + ∫ G HM (r , r ' ) ⋅ M s (r ' )dr '



(2.2b)



V



V



V



V



where G PQ (r , r ' ) is the spatial DGF, in which the subscript P indicates the induced E- or H- field at the field point r , and Q is the electric or magnetic current density at source point r ' . The DGF must satisfy the dyadic version of Maxwell’s equations [72]. On the surface of the two connected media in an object, the tangential components of the electric field and the magnetic field must be continuous. For the concerned microstrip line structure in this work, they must satisfy the boundary conditions over the strip conductor surface as indicated as below.
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Techniques in Theoretical Modeling -23Zˆ × ( E i (r ) + E s (r ) ) = 0



(2.3a)



Zˆ × ( H i (r + ) + H s (r + ) ) = Zˆ × ( H i ( r − ) + H s (r − ) )



(2.3b)



where r + and r − are the field points at the inner and outer surface of the object, Zˆ is the outward unit normal to the strip conductor surface.



2.2.2 SPECTRAL DYADIC GREEN’S FUNCTION The following two equations indicate the Fourier transformation and its reverse counterpart, respectively. K



+∞ ' F { A( ρ , z , ρ ' , z ' )} = A ( ρ , z , ρ ' , z ' ) = ∫ ∫ A( ρ , z , ρ ' , z ' )e jkt ⋅( ρ − ρ ) dxdy −∞



F { A ( ρ , z , ρ ' , z ' )} = A( ρ , z , ρ ' , z ' ) =



1 4π



2



∫∫



+∞



−∞



(2.4a)



K



' A ( ρ , z , ρ ' , z ' )e − jkt ⋅( ρ − ρ ) dk x dk y (2.4b)



K ˆ + yy ˆ is the projection of r on the ( x, y ) plane and kt = xk ˆ x + yk ˆ y is where ρ = xx



the transverse vector wave number. Applying the above Fourier transform relations in (2.4) to the dyadic Maxwell’s equations, we can obtain the dyadic version of Maxwell’s equations in the spectral domain [72]. After the vector and dyadic spectral eigenfunctions for onedimensionally inhomogeneous media are defined, the scalarized spectral DGF’s can be determined from two sets of coupled transmission-line equations (2.5). ⎧d ' ' ⎪⎪ dz W ( z , z ) + jk z ( z ) Z ( z ) IV ( z , z ) = 0 ⎨ ⎪ d I ( z , z ' ) + jk ( z )Y ( z )W ( z , z ' ) = δ ( z − z ' ) z ⎪⎩ dz V



(2.5a)
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(2.5b)



where W, II and IV, VI are modal amplitudes, voltages and currents regarding to the dyadic spectral eigenfunctions, the other coefficients are denoted by, k z ( z ) = ω 2 μ 0 μ ( z )ε 0ε ( z ) − kt2



(2.6a)



Z TE ( z ) =



ωμ 0 μ ( z ) 1 = Y ( z) kz ( z)



(2.6b)



Z TM ( z ) =



1 k ( z) = z Y ( z ) ωε 0ε ( z )



(2.6c)



TE



TM



2.2.3 MULTILAYER STRUCTURES A general analysis for the transverse electric point source at arbitrary location in inhomogeneous multilayer structures is at first presented here. As described in [90], the multilayer media structure in Fig.2.1 is assumed to be infinite in the x-y plane with infinitesimal conductor thickness. Each layer has its own thickness hi, and relative permittivity and permeability εri and μri, respectively. The region 0 means an open medium in the upper or lower half space. In this chapter, attention is focused on considering the fully unbounded open structure in relevance to the FGMSL structure, as illustrated in Fig. 2.1(a). Fig. 2.1(b) and 2.1(c) show the half open structure for MSL and the shield structure for stripline. They can be considered as the two special cases of the fully opened structure in Fig. 2.1(a) and their relevant fields/equations can be easily derived by enforcing that the terminal admittance be zero on the shielded ground planes, i.e. Y0=0.
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(a)



(b)



(c)



Fig. 2.1. Generic multilayer media structures. (a) Open (b) Half open (c) Shielded.



Fig. 2.2. Equivalent transmission Line Model for multilayer Media excited by a threedimensional electric point source.



Fig. 2.2 depicts the equivalent transmission line model for this inhomogeneous multilayer medium. To find the TLGF, the unit sources I=1A and V=1V are assumed to be located in the layer i at position z’. The field point is located in the JG JG interface of layers. Γ k , Y k are the reflection coefficients and input admittances at HJ HJ the reference plane looking into right-side, while Γ k , Y k are those looking into the



left-side. Here, the modal amplitudes can be expressed as a response of the field point at the right side of source as
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Techniques in Theoretical Modeling -26TE ⎪⎧V ( z ') W ( z, z ') = ⎨ TE TE ⎪⎩V ( z ') ⋅V ( z j ) TE



⎧⎪V TM ( z ') W TM ( z , z ') = ⎨ TM TM ⎪⎩V ( z ') ⋅ V ( z j ) TM ⎪⎧ I ( z ') II TM ( z , z ') = ⎨ TM TM ⎪⎩ I ( z ') ⋅ I ( z j )



z = z' z = zj z = z' z = zj z = z' z = zj



(2.7a)



(2.7b)



(2.7c)



where 1 V m ( z ') = JG m HJ m , Y z' + Y z'



V m (z j ) =



I (z j ) =



1 I m ( z ') = JG m HJ m Z z' + Z z'



(2.8a)



e−γ i hi



JG j 1 1 + Γk JG + ⋅ ∏ −γ h JG γ h + Γi eγ i hi k =i +1 e k k + Γ k e k k



(2.8b)



e −γ i hi



JG j 1 1 − Γk JG + ⋅ ∏ −γ h JG γ h − Γi eγ i hi k =i +1 e k k − Γ k e k k



(2.8c)



+



m



+



JG JG m − Γ 1 1 i JG , Y z ' = JG m = Yi m 1 + Γi Z z'



HJ HJ m − Γ 1 1 i HJ Y z ' = HJ m = Yi m 1 + Γi Z z'



(2.8d)



The definition of Yi m is the same as that in (2.6); IVP , VIP can be obtained by the wellknown transmission line (TL) theory.



2.2.4 SINGLE LAYER STRUCTURE As a special case of multilayer structure, the single layer open structure for FGMSL is shown in Fig. 1.4. Both upper strip and lower finite ground plane are the perfect conductors with infinitesimal thickness. These two conductors are formed on the top and bottom surfaces of an isotropic dielectric substrate with thickness h, and permittivity ε1 . In this case, electric currents will induce the EM signals as shown in



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Techniques in Theoretical Modeling -27Fig. 2.3. The TE and TM modal amplitudes in the spectral DGF’s can be determined by solving two sets of inhomogeneous transmission line equations (2.5).



(a)



(b) Fig. 2.3. Equivalent electric currents in a layer medium of Finite-Ground Microstrip line. (a) Physical configuration. (b) Equivalent TL models for the transverse and vertical electric point sources, respectively.



For a three-dimensional electric point source excitation, the modal amplitudes W TE ( z,0) , W TM ( z,0) , II TM ( z,0) are given by, ⎧V TE (0) , ⎪ W TE ( z , 0) = ⎨ TE γ1 ⎪V (0) γ ch(γ h) + γ sh(γ h) , 1 1 0 1 ⎩



⎧V TM (0) , ⎪ W TM ( z , 0) = ⎨ TM ε1γ 0 ⎪V (0) ε γ ch(γ h) + γ sh(γ h) , 1 0 1 1 1 ⎩ ⎧ I TM (0) , ⎪ II TM ( z , 0) = ⎨ TM γ1 ⎪ I (0) γ ch(γ h) + ε γ sh(γ h) , 1 1 1 0 1 ⎩



z=0 z=h



(2.9)



z=0 z=h



(2.10)



z=0 z=h



(2.11)



where V TE (0) = jωμ 0



γ 0 + γ 1th(γ 1h) 2γ 0γ 1 + (γ 12 + γ 02 )th(γ 1h)



(2.12)
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γ 0γ 1 ε1γ 0 + γ 1th(γ 1h) jωε 0 2ε1γ 0γ 1 + (ε12γ 02 + γ 12 )th(γ 1h)



V TM (0) =



I TM (0) = jωε 0ε1



γ 1 + ε1γ 0th(γ 1h) 2ε1γ 0γ 1 + (ε12γ 02 + γ 12 )th(γ 1h)



(2.15)



γ 02 = kt2 − ω 2 μ 0ε 0



(2.16) TE



TM



(2.14)



γ 12 = kt2 − ω 2 μ0ε 0ε1



The other modal amplitudes, namely, W TE ( z , z ') , IV ( z , z ') , W TM ( z, z ') , IV and VI



(2.13)



TM



( z , z ')



( z, z ') can be easily obtained from (2.5) in the same way.



Finally, we have  K GEJ ( kt , z, z ') = −W TE ( z, z ')( kˆt × zˆ )( kˆt × zˆ ) − W TM ( z, z ')kˆt kˆt



+



kt



ωε 0ε ( z )



+(



kt



ωε 0



)2



ˆ ˆt − IV TM ( z, z ') zk



kt V TM ( z, z ')kˆt zˆ ωε 0ε ( z ') I



(2.17)



δ ( z − z ') 1 ˆˆ − ˆˆ II TM ( z, z ') zz zz ε ( z )ε ( z ') jωε 0ε ( z )



2.3 METHOD OF MOMENTS WITH SOC TECHNIQUE The MoM is one of the most popular methods for solving electromagnetic field problems. It converts the integral equation into a matrix equation by using the basis (expansions) functions and weighting (testing) functions. SOC technique is an advanced de-embedding technique in the electromagnetic field theory. It can extract the equivalent circuit models of lumped elements for planar integrated circuits directly by using the admittance-type MoM algorithm [87], [88], [89]. Using this technique, the multi-port network parameters of planar circuits without receiving the parasitic effects can be effectively characterized in the impressed-source MoM platform.
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2.3.1 METHOD OF MOMENTS WITH IMPRESSED VOLTAGE SOURCE First, we consider a model of the unbounded n-port planar microwave circuit fed by microstrip feed lines, as shown in fig. 2.4. An electric-field integral equation (EFIE) can be established by enforcing the boundary condition of the tangential electric field Eq. (2.3a) on the conductor surface, as n



n G inc G i (r ) + ∑ ∫



∑E i =1



i =1



line ( i )



G G G G G i (r / rs ) ⋅ J i (rs )dS s + ∫



circuit



G G G G G (r / rs ) ⋅ J (rs )dS s = 0



(2.18)



As described in [86], [6], the delta-gap voltage-source backed by a perfect electric wall has been proposed in the MoM algorithm to solve the complex unbounded G microstrip structures. In this case, the current density J flowing along the feed lines



can be expanded in terms of a linear combination of sub-sectional basis functions G G G G J i (rs ) and their images J ' (rs ) which account for the effect of the local electrical G wall at the selected port location. Thus, the total current density J at the ith port in



Eq. (2.18) may be written as follow: G G G G G G G G G G G J i (rs ) ⇒ J i (rs ) + J i ' (rs ) = J i (rs ) + J i (ri − rs )



(2.19)



G At the ith port, the incident electric field Eiinc can be expressed by an impressed



voltage source



Fig. 2.4. A general multi-port planar microwave circuit driven by microstrip feed lines.
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(2.20)



where nˆi is the longitudinal direction on the feed line, Vi is the delta-gap voltage. Over the conductor surface of the circuit under modeling, the vector current G G density J (rs ) can be expressed in terms of linear superposing of sub-domain basis G functions J n ( xs , ys ) with unknown amplitudes I n , N G G G J (rs ) = ∑ I n J n ( xs , ys )



(2.21)



n =1



We can transform the integral equations into their corresponding matrix equations G G by multiplying the weighting functions J nw (rs ) into the two sides of Eq. (2.18) and



integrating over the conductor surface. With the selection of the same number (N) for basis and weighting functions, a set of N equations can be derived for numerically solving the unknown current amplitudes I n (n = 1, 2, … , N). Here, we choose the piecewise sinusoidal (PWS) functions in the longitudinal direction and constant (pulse) functions in transverse direction for basis and weighting functions. Fig. 2.5 shows the configuration of the basis and weighting functions at the ith port. For the FGMSL structure illustrated in Fig. 1.4, Eq. (2.18) should be modified to consider the two strip conductors at the two different surfaces of a dielectric substrate, i.e. strip and ground surfaces.
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(a)



(b) Fig. 2.5. Configurations of the weighting and basis functions for a uniform feed line backed by vertically electric wall in the MoM. (a) Weighting functions (b) Basis functions.



⎡G G ⎤ G G G G zˆ × ⎢ E1inc (r ) + ∫∫ G EJ (h, h) ⋅ J1 (rs )dS s + ∫∫ G EJ (h, 0) ⋅ J 2 (rs )dS s ⎥ = 0 strip ground ⎣⎢ ⎦⎥



(2.22a)



⎡G G ⎤ G G G G zˆ × ⎢ E2inc (r ) + ∫∫ G EJ (0, h) ⋅ J1 (rs )dS s + ∫∫ G EJ (0, 0) ⋅ J 2 (rs )dS s ⎥ = 0 strip ground ⎣⎢ ⎦⎥



(2.22b)



By defining the basis and weighting functions as discussed above for the MSL or FGMSL circuits, we can transform the Eq. (2.18) or Eq. (2.22) into a set of equations and further derive the spectral-domain expression using the Fourier Transformation. Then we have ⎡ w1 ; f1 ⎢ ⎢ w2 ; f1 ⎢ # ⎢ ⎢⎣ wN ; f1



" " "



w1 ; f N ⎤ ⎡ I1 ⎤ ⎡ w1 ; E1 ⎤ ⎥ ⎢ ⎥ w2 ; f N ⎥ ⎢⎢ I 2 ⎥⎥ ⎢ w2 ; E2 ⎥ = or [ Z ][ I ] = [V ] ⎥⎢ # ⎥ ⎢ ⎥ # # ⎥⎢ ⎥ ⎢ ⎥ wN ; f N ⎥⎦ ⎣ I N ⎦ ⎢⎣ wN ; EN ⎥⎦



(2.23)



 where wi = Jiw (α , β ) , fi = GEJ (α , β ) ⋅ Ji (α , β ) , Ei = E iinc (α , β ) , zmn = wm ; f n and Vm = wm ; Em .
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[ I ] = [ Z ] [V ] −1



(2.24)



In this case, the network parameters of the circuits under modeling such as Yparameters can be derived from the calculated I i and Vi at each port of an unbounded multi-port structure. After the above procedure, Y-parameters of the network can be directly converted from [Z] matrix in Eq. (2.24). On the other hand, S-parameters of this network can be expressed in terms of the above Y-parameters as, ⎧ (1 − Z 0Y11 )(1 + Z 0Y22 ) + Y12Y21Z 02 S = ⎪ 11 Ψ ⎪ 2 Y Z − ⎪ 12 0 ⎪⎪ S12 = Ψ ⎨ ⎪ S = −2Y21Z 0 ⎪ 21 Ψ ⎪ 2 ⎪ S 22 = (1 + Z 0Y11 )(1 − Z 0Y22 ) + Y12Y21Z 0 Ψ ⎩⎪



(2.25)



where Ψ = (1 + Z 0Y11 )(1 + Z 0Y22 ) − Y12Y21Z 02 and Z 0 is the characteristic impedance.



2.3.2 SHORT-OPEN CALIBRATION TECHNIQUE In order to carry out the SOC procedure for calibrating out the numerical error caused by the impressed source in the above-described MoM, a planar structure may be divided into two separate parts: error boxes and a circuit box. Fig. 2.6 illustrates
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(a)



(b) Fig. 2.6. An unbounded microstrip circuit framework and its equivalent circuit model. (a) Physical layout at the ith port. (b) Equivalent circuit representation.



physical layout at the ith port of an unbounded multi-port microstrip circuit framework and its equivalent circuit model. In Fig. 2.6(b), the impressed source causes a port discontinuity with the quasilumped Lp and Cp, while the 3-D definition of uniform feed line is not consistent to its 2-D definition in theory. These two aspects of error effects are put together to constitute the so-called error box as marked in Fig. 2.6(b). This SOC de-embedding procedure is utilized to characterize the parameters of this error block at each port of the circuits by defining the two calibration elements described as follows. Then we can extract the precisely realistic circuit parameters at the reference panes #i of interest from the port planes #i′ which have been obtained in section 2.3.1. Here, the error box [ X i ] at the ith port is expressed as the ABCD matrix, ⎡Vi ' ⎤ ⎡Vi ⎤ ⎢ ' ⎥ = [Xi ]⎢ ⎥ ⎣ Ii ⎦ ⎣ Ii ⎦



(2.26)
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(a)



(b) Fig. 2.7. Physical models and circuit networks of the “Open” and “Short” elements. (a) Ideal “Open” line with even E-field excitations; (b) Ideal “Short” line with odd E-field excitations.



where Vi′ , Ii′ are realistic circuit parameters that need to be extracted, Vi , Ii are the port voltage and current determined by Eq. (2.24). Now, the main task is to characterize this error box with the “short” and “open” calibration elements. Compared to the traditional de-embedding technique, SOC procedure can be directly implemented in the MoM algorithm without needing to use the 2-D defined characteristic impedance. These elements can be formulated by exciting a pair of even and odd impressed electric fields at the two terminals of a uniform microstrip line, as shown in Fig. 2.7. The uniform line with the length of twice distance Li is selected to repeatedly express the electrical property of the feed line error box, where Li is defined as the length between port plane #i and reference plane #i′ . The symmetrical plane of this twice length feed line will become a magnetic wall in the even excitation model and an electric wall in the odd excitation model. In other words, ideal “Open-end” and “Short-end” can be constructed in the MoM at the symmetrical plane.
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Techniques in Theoretical Modeling -35In this model, the uniform line with the 2Li length can be regarded as a two port symmetric structure excited by two independent impressed electric fields. With Eq. (2.18), this two-port EFIE for single layer FGMSL feed line at the ith port can be easily formulated as G G G G ⎧ 2 G inc G ⎪∑ Eij (r ) + ∫∫ G EJ (h, h) ⋅ J1 (rs )dS + ∫∫ G EJ (h, 0) ⋅ J 2 (rs )dS = 0 ⎪ j =1 Si 1 Si 2 ⎨ G G G ⎪ G EJ (0, h) ⋅ J1 (rs )dS + G EJ (0, 0) ⋅ J 2 (rGs )dS = 0 ∫∫ ∫∫ ⎪⎩ Si1 Si 2



(2.27)



G G inc where Eiinc 1 , Ei 2 indicate the impressed fields at the two terminals of the upper strip



conductor, Si1 indicates the area of upper strip (2Li), and Si2 is the area of lower strip (2Li). The 3D-view of this structure is sketched in Fig. 2.8. Based on the network theory, the voltages and currents, as in Fig. 2.7, can be separately defined for even model and odd excitation cases, that is, Even case: Vie, Iie for port, Vie’, Iie’(=0) for end; Odd case: Vio, Iio for port, Vio’(=0), Iio’ for end. Then we have the following equations to obtain the matrix parameters of the two-



Fig. 2.8. 3D-View of the symmetrical structure for formulating the two SOC standards regarding to the ith FGMSL port.
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(2.28)



Through the solution of Eq. (2.28), we can obtain the ABCD matrix of the ith error block in terms of normalized currents,



⎡ ai ⎢ ⎣ ci



bi ⎤ ⎡ I io′ ( I io − I ie ) 1 I io′ ⎤ ⎢ ⎥ = di ⎦⎥ ⎢ I ′ I ( I − I ) I I ′ ⎥ io io ⎦ ⎣ io ie io ie



(2.29)



where I io = I io / Vio , I io′ = I io′ / Vio , I ie = I ie / Vie . In order to directly apply the derived ABCD matrix in Eq. (2.29), an alternative ABCD matrix [Xi] is given in Eq. (2.30) to express the equivalent voltage Vi′ and current Ii′ at the plane # i ' in terms of Vi and Ii at the port #i .



⎡d



[ X i ] = ⎢ −ci ⎣



i



I io I io′ −bi ⎤ ⎡ −1 I io′ ⎤ ⎢ ⎥ = ai ⎥⎦ ⎢ − I ′ I ( I − I ) I ′ ( I − I ) ⎥ io io ie ⎦ ⎣ io ie io ie



(2.30)
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CHAPTER 3 Full-Wave Modeling of Finite Ground Microstrip Line 3.1 INTRODUCTION Full-wave modeling of various discontinuity elements is always a critical issue for design of the whole circuit blocks with complicated configuration. As usual, the discontinuity dimension is much smaller than the wavelength in microstrip, so that it is difficult to characterize the equivalent circuit models from the full-wave MoM simulation because of the harmful parasitic effects caused by the impressed excited fields as discussed in Chapter 2. As reviewed in [6], various microstrip discontinuities have been characterized by quasi-static analysis as well as full-wave analysis. The work here focuses on the modeling of the Finite-ground microstrip line (FGMSL) open-end circuits with different strip configurations by our MoMSOC algorithm. After achieving numerical stability and accuracy in our SOC
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Full-wave Modeling of Finite Ground Microstrip Line -38scheme, we move to make extensive applications to various FGMSL circuits and discontinuities with different geometrical configurations. FGMSL was early studied in theory as a modified microstrip line (MSL) [16] and it has been recently gaining a potential application in exploration of highperformance hybrid microwave integrated circuits using the multilayered Silicon techniques [20], [21]. Due to an additional degree of freedom in its finite-ground width, this FGMSL has several attractive electrical features over the traditional MSL, i.e. high characteristic impedance [16], low transmission loss [20] and good electromagnetic (EM) isolation [21]. So far, limited research work has been carried out to investigate the transmission behavior of a uniform FGMSL [16], [20] and coupling performance of a parallel-coupled FGMSL. However, little work has been done to characterize a variety of FGMSL circuits and discontinuities with different finite-ground dimensions. To meet this requirement, this chapter aims at quantitatively investigating the diverse finite-ground effects in the FGMSL structures through the one-port FGMSL open-end discontinuity. Subsequently, a two-port FGMSL circuit block with generalized configuration is considered and characterized. An improved transmission line electromagnetic bandgap (EBG) structure is made up by utilizing high-impedance property of an offset FGMSL.



3.2 FULL-WAVE CHARACTERISTICS OF FGMSL OPENEND DISCONTINUITY The microstrip line (MSL) open-end discontinuity with infinite ground plane has been extensively studied using the static and full-wave approaches [6], [79], [80], [87], [91], [92]. In this work, a FGMSL open-end discontinuity with finite-ground width and length is characterized as its unified equivalent circuit model with a
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Full-wave Modeling of Finite Ground Microstrip Line -39complex admittance by integrating the so-called short-open calibration (SOC) procedure [87] into the full-wave method of moments (MoM) [86], i.e. MoM-SOC technique. In the past, this technique has been successfully applied to model various MSL circuits [87], [89], [93], [94], coplanar stripline (CPS) circuits [88] and so on. In order to formulate a determinant MoM for modeling the FGMSL structure, the three possible delta-gap sources are at first introduced and described. After the numerical errors caused by these non-ideal excitations confirm to be calibrated out in our MoM-SOC, extensive results are derived to validate the extracted model parameters as compared with the available ones for the traditional MSL case and further quantitatively exhibit the actual effects of finite-ground dimensions.



3.2.1 MOM-SOC MODELING TECHNIQUE CIRCUITS



FOR



ONE-PORT FGMSL



Fig. 3.1(a) describes the cross section of a uniform FGMSL with unequal strip and finite-ground widths, w1 and w2, at the upper and lower interfaces of a dielectric substrate. Fig. 3.1(b) depicts the top view of the FGMSL open-end discontinuity to be considered, where the lower finite-ground is longitudinally extended beyond the upper strip by ΔL. By enforcing the boundary condition that the tangential electric field on the strip and ground conductors disappears, a set of coupled electric-field integral equations (EFIE) can be readily established to numerically solve the current density over the upper and lower conductors by applying the Galerkin’s technique. Similar to [86], in order to formulate a source-type MoM, a delta-gap voltage source backed by vertical electric wall needs to be introduced at the port away from the FGMSL open-end. Fig. 3.2 illustrates the schematic of the three possible source models, marked by upper-, lower- and balanced-source, in which the impressed
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(a)



(b) Fig. 3.1. Physical layout of the FGMSL open-end discontinuity to be modeled.



voltage is inserted into the infinitesimal gap between the upper/lower conductor and electric wall, respectively. These source models are certainly not exactly matched to the field distribution of the dominant mode at the port since they also excite many of the other unwanted higher-order modes. But, as the feeding line length (L) is sufficiently enlarged, only the dominant mode can reach to the FGMSL open-end while the other modes eventually disappears due to their quick attenuation. For this reason, the whole FGMSL layout can be segmented into two distinct parts [87], [89]: FGMSL feeding line and open-end discontinuity. The former part includes all the parasitic effects caused by the non-ideal source models in the MoM, and it is usually called as error box [87]. By applying the SOC technique as detailed in [87]-[89], [93], [94], the electrical behavior of this error box can be independently evaluated via definition of two calibration standards, i.e. ideal FGMSL short- and open-end circuits in the
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(a)



(b)



(c) Fig. 3.2. Schematic of the three delta-gap voltage sources with different configurations for formulating the source-type MoM. (a) upper-source. (b) lower-source. (c) balanced-source.



consistent MoM platform. After this error box is calibrated out, the latter core FGMSL open-end can be effectively de-embedded or extracted, and it can be perceived as a unified equivalent circuit model with a fringing capacitance (Coc) and radiation-caused conductance (GL) [87].



3.2.2 RESULTS AND DISCUSSION In order to assure that the above numerical error is calibrated out in our MoMSOC, the FGMSL open-end capacitances (Coc) are extracted under the three different excitation sources as described in Fig. 3.2 and they are plotted together in Fig. 3.3 as a function of the feeding line length (L). From Fig. 3.3, it is found that regardless of different source models, the extracted Coc persistently and stably converges to the same value as L increases. Of them, the balanced-source model is observed to achieve the fastest numerical convergence versus L. This can be interpreted by the fact that its excited field distribution at the
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Fig. 3.3. Extracted FGMSL open-end capacitance (Coc) via feeding line lengths using the MoM-SOC under three different source configurations as in Fig. 3.2.



Fig. 3.4. Comparison among extracted capacitances (Coc) of an FGMSL open-end and its traditional MSL counterpart from static and full-wave algorithms.



source port is much closer to that of the dominant mode in the FGMSL rather than the two others. As a result, this balanced model is utilized for numerical implementation. To evidently validate our extracted results, the FGMSL open-end discontinuity with equal upper strip and low finite-ground widths, i.e. W1=W2=W, is modeled
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Full-wave Modeling of Finite Ground Microstrip Line -43here and the relevant normalized capacitance (Coc/W) is plotted in Fig. 3.4 together with those of its traditional MSL counterpart with infinite ground plane. Due to its geometrical symmetry with respect to the horizontal central plane of the substrate, half an FGMSL structure is exactly same as its corresponding MSL one with the half thickness. From Fig. 3.4, the extracted FGMSL Coc/W is found about 25.2pF/m for h=1.27mm and thus its double value represents that of the MSL openend with half thickness, i.e. h=0.635mm. As a result, the latter one can be directly compared with those obtained from the static approach [6] and the MoM-SOC [87] for the case of infinite ground plane and it is found in good agreement with them as illustrated in Fig. 3.4. Now, we move to investigate the effects of finite-ground dimension on the FGMSL open-end discontinuity via extracted equivalent complex admittance (YL=GL+jBL). Fig. 3.5(a) illustrates these two parameters versus different ground widths (w2) for a FGMSL open-end with the fixed strip width (W1=0.6mm) and extended length (ΔL=0mm). Herein, BL rises up as a linear function of the frequency for all the listed cases, thereby indicating the static performance of a fringing capacitance (Coc) as discussed above. As W2 is widened, its frequency-related slope or Coc increases quickly first and then slowly. Meanwhile, GL is found negligibly small over the frequency range of 2.0 to 5.0 GHz. Next, both strip and ground widths are kept unchanged, i.e. W1=0.6mm and W2=1.8mm, while the excess finite-ground length (ΔL) beyond the open-end location is gradually extended. The relevant results are plotted in Fig. 3.5(b) and they demonstrate that BL goes up with ΔL in a decelerated manner and eventually
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(a)



(b) Fig. 3.5. Extracted admittance YL=GL+jBL of FGMSL open-end discontinuities with different dimensions. (a) Finite-ground widths (W2). (b) Finite-ground lengths (ΔL).



converges to the unchanged straight line as ΔL is enlarged beyond 8.0 mm. As observed in Fig. 3.5(b), GL is still kept close to zero.



3.2.3 CONCLUSION In this work, the MoM-SOC technique is extended to full-wave characterization of a generalized finite-ground microstrip line (FGMSL) open-end discontinuity with
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Full-wave Modeling of Finite Ground Microstrip Line -45different configurations and further parametric extraction of its unified equivalent circuit model. After the error term in the determinant MoM is calibrated out and the extracted model parameter is confirmed with respect to the published ones, extensive results are provided to investigate its dynamic circuit model parameters without any hypothesis in theory. It is exhibited here that the FGMSL open-end discontinuity can still be modeled as a simple static fringing capacitance and its value increases as the finite-ground dimension is enlarged.



3.3 OFFSET FGMSL WITH USING HIGH-IMPEDANCE PROPERTY FOR EBG ENHANCEMENT During the past decades, periodic structures have been raising the continuous interest in the development of RF and microwave integrated circuits because of their slow-wave and frequency filtering properties. With the series-inductive or shuntcapacitive loading in periodic intervals, non-uniform planar transmission lines exhibit the stopband characteristics in a certain range [12]. This periodic structure with stopband was recently referred to as the photonic bandgap (PBG) [94] or electromagnetic bandgap (EBG) [95]. In the past years, various EBG structures have been developed in exploring advanced circuit blocks [94], suppressing unwanted modes in shielded planar circuits [95], eliminating harmful noises in high-speed printed circuit boards [96], and so on. On the other hand, planar EBG structures have been more comprehensively investigated in terms of the two effective per-unit-length transmission parameters of periodic structures with infinite extension [97]-[99]. In particular, the non-zero attenuation constant and imaginary characteristic impedance in the stopband have been reported in [99] to display the complete guided-wave characteristics of



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Full-wave Modeling of Finite Ground Microstrip Line -46-



(a)



(b) Fig. 3.6. 3-D geometry of periodic electromagnetic bandgap (EBG) finite-ground microstrip line. (a) Unit-cell. (b) N-cell.



microstrip EBG. In this part work, our effort is focused on achieving the enhanced EBG performance using the high-impedance property of offset finite-ground microstrip line (FGMSL). Fig. 3.6 depicts the three-dimensional (3-D) geometry of the proposed EBG structure based on the periodic FGMSL. Following up with the one-port modeling technique in Section 3.2, a two-port FGMSL circuit block with generalized configuration is considered and characterized by using a self-calibrated MoM. The effective propagation constant and characteristic impedance of this EBG structure are extracted to demonstrate the enhanced guided-wave bandgap behavior with widened stopband. The magnitude and phase quantities of transmission coefficients for a five-cell EBG circuit are then displayed under ideal impedance matching at the two ports. This EBG circuit with the two 50Ω feed lines is further constructed and characterized to demonstrate the enhanced EBG performance existed in an actual planar EBG circuit.
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(a)



(b) Fig. 3.7. Full-wave modeling and numerical extraction of a generalized two-port FGMSL circuit or discontinuity in the self-calibrated MoM platform. (a) Physical schematic. (b) Equivalent cascaded topology.



3.3.1 MODELING OF TWO-PORT FGMSL Let’s start with a brief description on the modeling of a generalized two-port FGMSL structure using the self-calibrated MoM to deal with the infinite-ground MSL discontinuities. It is applied in Section 3.2 for extraction of an FGMSL openend fringing capacitance. Fig. 3.7 shows the physical layout and equivalent-circuit topology for modeling and de-embedding of such a two-port FGMSL circuit or discontinuity block by executing the SOC procedure in the source-type MoM platform. In order to formulate a determinant MoM, two impressed delta-gap voltage sources VP1 and VP2 backed by vertical electric wall are introduced at the two ends or terminals on the left- and right-side of the FGMSL feed lines. The two source ports P1 and P2 should be readily selected far away from the FGMSL circuit at the center such that only the dominant mode can reach the two reference planes R1 and R 2 with the disappearance of all other modes. By doing so, the current densities over the upper and lower strip/ground conductors can be derived through the



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Full-wave Modeling of Finite Ground Microstrip Line -48numerical solution of an electric-field integral equation (EFIE) according to the well-known Galerkin’s method. As a result, the two-port network parameters at the two source ports, P1 and P2 , can be initially obtained in terms of the solved currents, IP1 and IP2 , and the impressed voltages, VP1 and VP2 [87], [89]. Next, the overall FGMSL layout is classified into three distinct sections, i.e. the two feed lines and the core FGMSL circuit at the center, as illustrated in Fig. 3.7(a). Fig. 3.7(b) indicates the relevant equivalent cascaded-network topology. The two error boxes, [X1 ] and [X 2 ] , represent the overall dynamic effects from the source ports to the reference planes of the two feed lines, including the effects of the nonideal impressed sources at the ports. Each of them can be separately characterized with the use of a pair of FGMSL short and open standard elements, which are formed and defined in the same MoM. Upon executing such a SOC procedure, the equivalent circuit model at the center can be simply deembedded by removing the two error boxes out from an overall network on a basis of a cascaded transmission line theorem. In this way, the core circuit model is directly presented as an ABCD matrix. Its four known elements can be utilized to define the three-dimensional (3D) characteristic impedance provided that the core circuit is a uniform FGMSL with finite length [102]. Moreover, it also can be used to derive the impedance- or admittance-matrix of various FGMSL circuit structures [87], [89].



3.3.2 EBG GEOMETRY AND PARAMETRIC EXTRACTION As illustrated in Fig. 3.6, the proposed EBG structure is constructed on the basis of the FGMSL [100] with periodic configuration on the upper and lower finite-width strip conductors. Looking at the schematic of a single EBG unit cell in Fig. 3.6(a),



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Full-wave Modeling of Finite Ground Microstrip Line -49the two lower and upper strip conductors in the central part are simultaneously narrowed and then transversely separated so as to make up an offset FGMSL with high characteristic impedance. Meanwhile, the two strips at the two sides are equally widened to form an FGMSL with low characteristic impedance. In this way, the former one can be perceived as an equivalent series-inductive element, while the latter is equivalent to a shunt-capacitive element. It can be intuitively understood that the equivalent series-inductive quantity in the offset FGMSL can be largely enhanced by separating the two strip conductors away from each other. In the modeling, periodic FGMSL with the cell number of N is linked with the two uniform FGMSL feed lines and its performance can be in general characterized using the self-calibrated method of moments [100]. As pointed out in [99], this Ncell periodic FGMSL or EBG structure can be considered as an equivalent uniform transmission line section, with the length of L=NT, that may have the frequencydispersive, full-attenuation or full-transmission performances. To investigate the fundamental guided-wave characteristics in this infinite-extended EBG, the two effective per-unit-length parameters of this artificial transmission line, i.e. complex propagation



constant



( γ = α + jβ )



and



complex



characteristic



impedance



( Z0 = Re( Z0 ) + j Im( Z0 ) ), need to be derived as discussed in [97]-[99]. They can be explicitly expressed in terms of the four calculated elements, A, B, C and D, of the two-port ABCD matrix defined at the interfaces between the periodic and uniform FGMSL [99].



Z0 =



B C



and



cosh(γ L) =



A+ D 2



(3.1)
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3.3.3 RESULTS AND DISCUSSION Fig. 3.8(a) and Fig. 3.8(b) depict the two extracted complex transmission parameters of the periodic FGMSL with different strip widths of W1=0.6 and 1.2 mm, respectively. In these two cases, two narrow strip conductors of the offset FGMSL are always put at the extremely outer edges of the wide strip conductors as shown in Fig. 3.6(a) and Fig. 3.6(b). In the low frequency range, the normalized



(a)



(b) Fig. 3.8. Extracted per-unit-length complex transmission parameters of infinite-length periodic FGMSL. (a) Normalized propagation constants. (b) Characteristic impedances.
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Full-wave Modeling of Finite Ground Microstrip Line -51propagation constant (γ/k0) has only imaginary part and this normalized phase constant (β/k0) is significantly raised as W1 is widened from 0.6 to 1.2 mm. It is because that the widened W1 leads to enlargement of the coupling between the lower and upper strip conductors in the symmetrical FGMSL while the increased offset distance (W1-W2) tremendously reduces this coupling in the offset FGMSL. As the frequency increases, the guided-wave becomes slow in propagation region and then moves itself into the attenuation region, namely, bandgap in [94]-[96], with the nonzero imaginary impedance and attenuation constant, as also comprehended in [99], [101]. Looking at the two sets of graphs together, we can find out that the bandgap has really gained large enhancement from 41% to 81% in fractional bandwidth. Beyond this bandgap, the guided-wave enters into its next passband region [99], [101]. Let’s now consider that the guided-wave propagates across the truncated finitecell periodic FGMSL that is assumed to be ideally matched with the source and load impedances. This arrangement is made at first to illustrate the propagation performance in this EBG structure without receiving any unexpected mismatching effects at two interfaces. On the basis of the cascaded transmission line theorem, the transmission coefficient (S21) of this periodic EBG transmission line with the length of L=NT can be simply expressed as below, where the impedance (Z0) disappears due to ideal matching. S21 = e−α L − j β L



(3.2)



Furthermore, the magnitude (|S21|) and phase ( Φ21 ) can be separately derived in an explicit format.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Full-wave Modeling of Finite Ground Microstrip Line -52| S21 |= e−α NT



and



Φ21 = − β NT



(3.3)



Fig. 3.9(a) and Fig. 3.9(b) show the two sets of these parameters for the abovediscussed periodic EBG structures with five cells, i.e. N=5. In the low and high passbands, the magnitude (|S21|) is observed in Fig. 3.9(a) as the unity constant in both cases since the attenuation constant (α) is consistently equal to zero. In the bandgap region between them, this parameter falls down and approaches the



(a)



(b) Fig. 3.9. Magnitude and phase of transmission coefficients of five-cell periodic FGMSL EBG structures with perfect impedance matching at two terminals. (a) Magnitude: |S21|. (b) Phase: Φ21 .
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Full-wave Modeling of Finite Ground Microstrip Line -53minimum as the frequency is moved to the center of this stopband. We can see here that the bandgap in W2=1.2 mm is much wider in bandwidth and deeper in attenuation than that in W1=0.6 mm. This phenomenon is fully controlled by the frequency region and magnitude of non-zero α as plotted in Fig. 3.8(a). Later on, it will be exhibited that the guided-wave bandgap characteristics with non-zero α actually determines the stopband width and insertion loss of the finite-length EBG circuit with 50Ω feed lines. The phase ( Φ21 ) of these two EBG structures is plotted in Fig. 3.9(b). Regardless, this parameter with negative quantity goes down in the lowpass band, becomes a constant of -5π in the whole bandgap, and then moves down again in the upper passband. Finally, the above five-cell periodic EBG structures are connected with the actual 50Ω feed line at the two truncated terminals. Similarly, the relevant scattering parameters can be calculated in terms of the 50Ω source/load impedance, the aboveextracted Z0 and γ as well as the finite-length L. Fig. 3.10(a) and Fig. 3.10(b) show the calculated insertion loss |S21| and return loss |S11| based on the simple transmission line theorem together with those obtained by directly simulating the whole layouts of these EBG circuits using the Agilent Momentum, as shown in Fig. 3.11. Look at Fig. 3.9(a) and Fig. 3.10(a), the bandstop or bandgap in both two cases appears in the almost same frequency region. Several ripples observed in low and high passbands in Fig. 3.10(a) are mainly contributed by the multiple reflections between the two interfaces along the truncated EBG structure. However, the results in Fig. 3.10 show us again that the EBG performance has been really enhanced as W1 is widened from 0.6 to 1.2 mm.
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(a)



(b) Fig. 3.10. Scattering parameters of five-cell periodic FGMSL EBG circuits with 50Ω external feed lines. (a) Transmission coefficient: |S21|. (b) Reflection coefficient: |S11|.



3.3.4 CONCLUSION In this part work, a novel periodic electromagnetic bandgap structure is presented, characterized and implemented. Using the high-impedance property of the offset finite-ground microstrip line, the bandwidth and attenuation depth of the concerned guided-wave bandgap are quantitatively confirmed to gain significant enhancement. The two effective per-unit-length parameters are derived to display the fundamental guided-wave characteristics of the FGMSL EBG with infinite-extended length [97]-
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Fig. 3.11. 3-D geometry of the whole layout of FGMSL EBG circuit with 50Ω feed lines.



[99]. The scattering parameters of the finite-cell EBG circuits with varied feed-line impedances are further investigated to exhibit the bandstop behaviours as a two-port filtering circuit [94]-[96].
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CHAPTER 4 Stopband-Enhanced and SizeMiniaturized LPFs Using Offset FGMSL 4.1 INTRODUCTION Conventional transmission line lowpass filters (LPFs), such as steppedimpedance, open-stub and semi-lumped element filters, have been widely used in RF and microwave applications [103]. Due to the frequency-distributed behavior of finite-extended transmission lines, these filters always suffer from poor stopband performance beyond the cutoff frequency [103], [104]. Particularly, the strong surface-to-surface coupling between the narrow strip and wide ground in the conventional microstrip line (MSL) obstructs one from raising the concerned characteristic impedance sufficiently. For this reason, the MSL is formed with narrowed strip width and extended line length to realize the equivalent high series inductance as usually used in the lowpass filter design. In this way, the first harmonic passband is shifted downward to construct a narrow stopband. To
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Stopband-Enhanced and Size-Miniaturized LPFs using Offset FGMSL -57overcome these problems, various approaches have been developed, such as raising the characteristic impedance effectively by forming a backside aperture underneath the strip conductor [105] and utilizing a defected ground structure [106]. In addition, a compact elliptic-function LPF with wide stopband [107] is constructed using the microstrip stepped-impedance hairpin resonator. Moreover, a wide stopband can be achieved by combining the microstrip open stubs and coupled slots on the ground plane [108]. On the other hand, finite-ground microstrip line (FGMSL) has been found a variety of potential applications in the design of hybrid and multilayered microwave integrated circuits because of its distinct features, i.e. high characteristic impedance [16], low transmission loss [20] and good electromagnetic isolation [21]. In contrast to the conventional MSL, the finite-width ground plane of the FGMSL provides us with an additional degree of freedom in practical design. This will be exhibited in this work through the design of an FGMSL lowpass filter as shown in Fig. 4.1. The



Fig. 4.1. Geometry of the proposed FGMSL LPF with the upper strip conductor, middle substrate layer and lower ground plane.
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Stopband-Enhanced and Size-Miniaturized LPFs using Offset FGMSL -58FGMSL with offset strip and ground in horizon has more advantageous capacity in raising the characteristic impedance effectively than the approaches in [105], [106], as inquired in building up a harmonic-suppressed LPF. Following up with the work in Chapter 3, characteristic impedances of the offset FGMSL are numerically extracted to quantitatively demonstrate that its quantity rises up to a great extent as the offset distance between the upper strip and lower ground with narrow widths gradually increases. Next, the two finite-length FGMSLs with high and low impedances are built up and serve as equivalent quasi-lumped series-inductive and shunt-capacitive elements, respectively. Their equivalent network parameters are numerically derived to provide us an efficient capability in designing the whole LPF in the format of a cascaded network topology. Finally, the FGMSL LPF block with enhanced performance is designed optimally. The predicted S-parameters are verified using commercial simulator and measurement taken from the fabricated LPFs.



4.2 EXTRACTED PARAMETERS OF FGMSL ELEMENTS In this section, the two-port modeling technique of FGMSL in Section 3.3.1 is deployed to extract the characteristic impedance of a uniform FGMSL line with finite length, and the network parameters of two FGMSL quasi-lumped elements. These results will be used to carry out the physical explanation and network-based optimization of the proposed FGMSL LPF.



4.2.1 OFFSET FGMSL WITH HIGH IMPEDANCE
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Stopband-Enhanced and Size-Miniaturized LPFs using Offset FGMSL -59Fig. 4.2(a) and 4.2(b) describe the cross section of a conventional MSL and offset FGMSL, respectively. By narrowing the strip width of the former one, its characteristic impedance may be raised to a certain degree, but usually is not high enough in the filter design. On the contrary, the latter one, namely, offset FGMSL, is constructed by forming a finite-ground conductor with the same width (W) as that of the strip and further separating the upper/lower strip conductors in horizon. Intuitively, it can be understood that as the offset distance (p) increases, the coupling between the upper and lower conductors becomes weaker. Thus, the characteristic impedance of this offset FGMSL is supposed to increase to a great extent if a large offset distance (p) is selected.



(a)



(b) Fig. 4.2. Cross-section view of the two distinctive microstrip lines (MSLs). (a) Conventional MSL. (b) Offset FGMSL.



Fig. 4.3(a) and 4.3(b) are the extracted characteristic impedance (Z0 ) and normalized phase constant (β/k 0 ) of the offset FGMSL respectively versus offset distance (p) with verification using Agilent Momentum. In contrast to Z0 =74.3Ω of an infinite-ground MSL, Z0 of the FGMSL with p=0mm (named as the double-side paralleled-stripline in [109]) becomes 121.0Ω, implying that the finite-width ground itself can increase the impedance to a certain extent. As the offset p is enlarged from
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(a)



(b) Fig. 4.3. Characteristic impedance and normalized phase constant of the offset FGMSL against those of the infinite-ground MSL with the same strip width (w=0.2mm). (a) Characteristic impedance. (b) Phase constant.



0 to 2.0mm, this Z0 further rises up and reaches to 208.4Ω. At p=2.0mm, the ratio of the two impedances is approximately three as shown in Fig. 4.3(a), thereby, exhibiting the significant enhancement of this impedance. The relevant β/k 0 seems to drop together with p from 2.64 to 2.13 due to the electromagnetic field dispersed in both the substrate and air regions. As a result, such an offset FGMSL with high
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Stopband-Enhanced and Size-Miniaturized LPFs using Offset FGMSL -61impedance can be used to form the improved MSL series inductive element with enhanced inductance.



4.2.2 FGMSL SERIES INDUCTIVE ELEMENT Fig. 4.4(a) shows the geometry of an FGMSL series inductive element with the length (t L ) and strip/ground width (WL ) . In order to reflect the actual situation of its application in filter design, this element is driven with the two low-impedance FGMSL with equal strip/ground widths. As illustrated in Fig. 4.4(b), its relevant



(a)



(b) Fig. 4.4. Geometry and equivalent-circuit model of FGMSL series inductive elements. (a) Layout view. (b) Equivalent-circuit model.



equivalent π-type circuit model consists of a series reactance (Xg ) and two shunt susceptances (Bp ) . These quantities can be numerically derived via the abovedescribed modeling technique by selecting the two step interfaces, R1 and R 2 , as the two reference planes in the SOC deembedding. Fig. 4.5(a) and 4.5(b) describe the extracted frequency-related network parameters under different lengths ( t L ) for the FGMSL series inductive elements in Fig. 4.4.
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(a)



(b) Fig. 4.5. Frequency-dependent π-network parameters of the FGMSL series inductive element. (a) Series reactance. (b) Shunt susceptance.



Over the frequency range of 0.5 to 12.0GHz, the series reactance (Xg ) increases linearly at low frequencies, reaches a maximum, and then decreases with frequency. The frequency of maximum reactance corresponds to where the length (t L ) is onehalf of a wavelength. As t L increases from 1.4 to 3.4mm, the quasi-lumped series inductance (Lg ) gets to be enhanced at the low frequency range. However, it leads to the resonant frequency being shifted down, thus lowering the first harmonic
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Stopband-Enhanced and Size-Miniaturized LPFs using Offset FGMSL -63resonance in the LPF. Meanwhile, the shunt susceptance (Bp ) increases as a quasilinear and then a tangent function of frequency due to the extended electrical length of the FGMSL as illustrated in Fig. 4.5(b). Yet, its actual quantity is still smaller compared with X g especially at the low frequency range.



4.2.3 FGMSL SHUNT CAPACITIVE ELEMENT Next, an FGMSL shunt capacitive element is constructed by equally widening the upper/lower conductor widths (WC ) , as shown at the central part of Fig. 4.6(a). This element is fed by the two high-impedance offset FGMSL. Fig. 4.6(b) is its equivalent T-type circuit model with a shunt susceptance (Bg ) and two series reactances (X p ) . As width (WC ) is widened, Bg and the slope of Bg with frequency increase with increasing t C . That is same as the case of low-impedance MSL. Similarly, the relevant T-network parameters can be extracted with reference to the two step interfaces, namely, R1 and R 2 , as in Fig. 4.6(a).



(a)



(b) Fig. 4.6. Geometry and equivalent-circuit model for FGMSL shunt capacitive elements. (a) Layout view. (b) Equivalent-circuit model.
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Stopband-Enhanced and Size-Miniaturized LPFs using Offset FGMSL -64Fig. 4.7(a) and 4.7(b) plot the extracted frequency-dependent network parameters under three different finite lengths (t C ) for an FGMSL shunt capacitive element. In analogy to the results illustrated in Fig. 4.5, the shunt susceptance (Bg ) increases at low frequencies and then decreases as the frequency increases further. Meanwhile, the shunt reactance (X p ) increases monotonically as a quasi-linear and then tangent function. Furthermore, as t C is extended, Bg gains uplift at the low frequency range, but it appears to be saturated and then starts to drop with the frequency



(a)



(b) Fig. 4.7. Frequency-dependent T-network parameters of the FGMSL shunt capacitive elements. (a) Shunt susceptance. (b) Series reactance.
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4.3 NOVEL FGMSL LOWPASS FILTERS In this section, the FGMSL inductive and capacitive elements discussed above are utilized to construct, design and implement a new class of lowpass filters with widened and deepened stopband. With cutoff frequency fixed at 2.7GHz, the three 5-stage lowpass filters are designed using the MSL and FGMSL elements in order to comparatively demonstrate the attractive performances of the FGMSL-constituted LPF. Fig. 4.8(a) shows the schematic of the conventional MSL LPF, whereas the two proposed FGMSL LPFs are illustrated in Fig. 4.8(b) and 4.8(c), respectively.



(a)



(b)



Fig. 4.8. Schematics of the three LPFs. (a) conventional MSL LPF: type-A; (b) FGMSL LPF: type-B; (c) FGMSL LPF: type-C.



Fig. 4.9(a) and 4.9(b) show the basic lumped LC circuit of a lowpass filter and the equivalent lumped/distributed-element circuit based on FGMSL series inductive elements, as depicted in Fig. 4.5. Due to the increase in characteristic impedance of
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(a)



(b) Fig. 4.9. Lumped-element lowpass filters. (a) Basic lumped LC circuit. (b) Equivalent lumped/distributed-element circuit based on FGMSL series inductive elements with WL=0.2mm, tL=2.4mm and p=1.2mm. TABLE 4.1 DIMENSIONS OF THREE DESIGNED LPFS TYPE



l1



A 2.33 B 2.74 C 2.74 Unit: mm. l1 = l5 , l2 = l4 , and type-C).



l2



l3



5.57 2.40 2.40



4.02 4.73 3.13



W1



3.00 3.00 3.00 W1 = W5 , W2 = W4 . Offset distance:



W2



W3



0.20 3.00 0.20 3.00 0.20 5.00 p=1.2mm (type-B



the offset FGMSL, the lengths ( l2 and l4 ) of the series inductive elements can be significantly shortened from 5.57 (type-A LPF) to 2.40mm (type-B and type–C LPFs). Under the same specifications in the low passband, Table 4.1 illustrates the lengths and widths of all the five strip sections after optimization on a basis of cascaded circuit networks, as shown in Fig. 4.9(b). The overall lengths of these three LPFs are derived as 19.82, 15.01 and 13.41mm, resulting in size reduction about 24% and 33% respectively, provided the high-impedance FGMSL section with short length is employed. Fig. 4.10 plots the predicted insertion losses of these three optimized LPFs together with those calculated from the basic lumped-element LC circuit in Fig.
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Fig. 4.10. Predicted insertion loss of the three LPFs shown in Fig. 4.9.



4.9(a). For the type-A LPF in Fig. 4.8(a), the lengths ( l2 and l4 ) of the two narrow strip-width sections are largely extended in order to achieve the specified high inductance at the low frequency range. Thus, these lengthened sections lead to produce the first harmonic passband at 8.3GHz due to the half-wavelength resonance. For the type-B LPF in Fig. 4.8(b), it can be observed that the above harmonic is fully suppressed as l2 and l4 are reduced from 5.57 to 2.40mm since the shortened FGMSL with enhanced impedance is able to achieve the same series inductance at the low frequency range as that realized in the type-A LPF. However, there still exists the second harmonic passband at around 9.8GHz. This is due to the half-wavelength resonance that happens at the low-impedance FGMSL section with the length ( l3 ). To further suppress this latter harmonic, the central FGMSL is properly widened in width and shortened in length under the unchanged equivalent shunt-capacitance. As can be seen in Table 4.1, the length ( l3 ) is shortened from 4.73 to 3.13mm. Thus,
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Stopband-Enhanced and Size-Miniaturized LPFs using Offset FGMSL -68this latter harmonic is moved upward to a great degree beyond 12.0GHz, thereby making a widened and deepened stopband as shown in Fig. 4.10. To assure the attractive performance of the above-demonstrated FGMSL LPF, the whole layouts of the type-B and type-C filters are simulated again with Ansoft HFSS simulator at the cost of intensive CPU time. Furthermore, the relevant circuit samples are fabricated for experimental validation. To facilitate the good impedance matching with the two SMA connectors, the ground plane at the two sides is largely widened to formulate the conventional MSL feed lines. In experiment, the fabricated circuits are directly suspended or mounted in the universal substrate test fixture (WK-3000: supplied by the Inter-Continental Microwave, as shown in Fig. 4.11). In this way, the two feed lines with widened ground planes are electrically connected to the “earth” of this test fixture.



Fig. 4.11. Photograph of the universal substrate test fixture.
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(a)



(b)



Fig. 4.12. Photographs of a fabricated FGMSL LPF: type (B). (a) Top view. (b) Bottom view.



Fig. 4.13. Predicted and measured S-parameters of the FGMSL LPF that is shown in Fig. 4.12.



Fig. 4.12(a) and 4.12(b) show the top/bottom-view photographs of the type-B filter. Fig. 4.13 illustrates the three sets of the predicted and measured S-parameters with a good agreement between them. Furthermore, the type-C filter is fabricated and its top/bottom-view photographs are shown in Fig. 4.14(a) and 4.14(b). The measured results are plotted in Fig. 4.15 together with those predicted, thus ensuring the attractive stopband-enhanced performance. As can be observed from the measured results in Fig. 4.13 and Fig. 4.15, some ripples or peaks in the stopband with |S21|≤-20dB is mainly caused by the
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(a)



(b)



Fig. 4.14. Photographs of a fabricated FGMSL LPF: type (C). (a) Top view. (b) Bottom view.



Fig. 4.15. Predicted and measured S-parameters of the FGMSL LPF that is shown in Fig. 4.14.



imperfect impedance mismatch at the coax-to-microstrip transition in experimental implementation. To further investigate the performance in the low passband, the three sets of the measured results with the frequency scale from 1 to 3GHz are plotted in Fig. 4.16 in conjunction with the conventional case (type-A) and the two proposed filters (typeB and type-C), respectively. Within the low passband, the type-A filter achieves 0.3dB in insertion loss and 13dB in return losses. Meanwhile, the type-B and type-C filters have the insertion losses less than 0.7dB and 1.4dB, and the return losses less than 12.7 dB and 10.3dB.
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Fig. 4.16. Comparison of measured results for the three fabricated lowpass filters in Fig. 4.8.



4.4 CONCLUSION In this section, the offset finite-ground MSL with narrow strip/ground width is studied to show its enhanced characteristic impedance and applied as an improved series inductive element for harmonic-suppressed lowpass filter design. By forming the shortened offset-FGMSL with high impedance, a new class of lowpass filters with miniaturized-size and enhanced-stopband are then proposed, designed and realized. Their advantageous filter performance is quantitatively exhibited and discussed in comparison with the conventional MSL LPF. In short, these FGMSL filters are designed optimally on a basis of a cascaded circuit network and the predicted performance is confirmed by the HFSS-based full-wave simulation and by measurement of the fabricated FGMSL LPF samples.
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CHAPTER 5 Guided-Wave Characteristics of Periodically Nonuniform Coupled Microstrip Lines 5.1 INTRODUCTION Coupled microstrip lines (CMLs) with two strip conductors placed parallel in close proximity with each other, as illustrated in Fig. 5.1(a), have been extensively studied and utilized as basic circuit elements for directional couplers, bandpass filters and so on [6]. Due to the inhomogeneous dielectric medium, the two dominant modes, i.e. even- and odd-mode, exist in this CML with different velocities



of



propagation.



This



nonsynchronous



feature



deteriorates



the



performances of microstrip circuits using the uniform CML, such as low directivity in directional coupler [46] and spurious harmonic passband in bandpass filter [47]. Extensive work has been done so far towards the equalization of propagating velocities for these two modes at certain frequencies by forming periodically-varied coupled-slot configurations, e.g., wiggly line [46], [110], zigzag line [111],
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(a)



(b)



(c)



(d) Fig. 5.1. Geometry of the uniform and various periodically nonuniform coupled microstrip lines to be considered. (a) Uniform CML. (b) PNCML (A). (c) PNCML (B). (d) PNCML (C).



corrugated line [47], [112]. On the other hand, these periodic structures are strongly expected to miniaturize the overall size of various microwave circuits by using their slow-wave behavior at the cost of extra transmission loss with lowered Q-factor. In order to investigate in depth these periodically nonuniform coupled microstrip lines (PNCML) for circuit design, it is commonly recognized as the most critical issue to characterize the fundamental per-unit-length transmission parameters of even- and odd-mode, i.e. phase constants and characteristic impedances. Under the static assumption that each periodic unit is extremely shorter than the wavelength,
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Guided-Wave Characteristics of PNCML -74propagating velocities and characteristic impedances of the coupled striplines were approximately obtained via cascaded lumped-capacitances and inductances [110]. According to the Floquet’s theorem, the two-dimensional (2-D) spectral-domain method of moments (MoM) was developed without including complicated 3-D effects to calculate the only phase constant of the two modes in PNCML [111]. Recently, the finite-difference time-domain (FDTD) method was employed to obtain the even- and odd-mode phase constants of PNCML [112]. But, to our knowledge, no research work to date has been reported to directly model the characteristic impedances of these two propagating modes in any PNCML structure with the 3-D full-wave approaches [112]. Following the description in [12], these impedances are in fact referred as to the characteristic impedances of the forward or backward Bloch waves and they are usually defined via ABCD-matrix parameters or terminal currents/voltages of a single periodical unit cell. In this chapter, the finite-cell PNCML driven by the uniform CML lines at its two sides is characterized in the full-wave MoM platform and further the effective perunit-wavelength transmission parameters of even- and odd-mode propagating along the PNCML are extracted via short-open calibration (SOC) technique [87]. In the past, this hybrid technique has been utilized in accurate characterization of microstrip circuits with single and multiple propagating modes at each single physical port [87], [93], [113]. Moreover, this technique has been very recently applied to extract the characteristic impedances and propagation constants of periodically inductive-loaded coplanar waveguide (CPW) [101], microstrip line [99] as well as even- and odd-mode of the uniform CPW [114]. This MoM-SOC is extended here to characterize various PNCML structures, as shown in Fig. 5.1(b-d),
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Guided-Wave Characteristics of PNCML -75targeting the numerical extraction of both characteristic impedances and phase constants for the two dominant modes. Extensive results are obtained to demonstrate the frequency- and periodicity-dependent guided-wave characteristics of these PNCML via impedance and phase constant. To validate our derived per-unit-length parameters, S-parameters of a 3-cell PNCML circuit are calculated via transmission line theorem and are then compared with those from the Agilent Momentum simulator [115] for both even- and odd-mode cases.



5.2 MOM-SOC CHARACTERIZATION OF PNCML Fig. 5.2(a) describes the physical layout arranged for MoM-SOC modeling of a PNCML structure with finite cells (N), which is driven by the two uniform CML feed lines. In order to formulate a determinant admittance-type MoM scheme, the



(a)



(b)



(c)



Fig. 5.2. Physical layouts of the N-cell PNCML under de-embedding and the two sets of short-open-calibration (SOC) standards. (a) PNCML under de-embedding. (b) Short-circuit standards. (c) Open-circuit standards.



two pairs of delta-gap sources backed by vertical electric wall (E.W.) are
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Guided-Wave Characteristics of PNCML -76simultaneously introduced at the two strip terminals of the left- and right-side CML feed line, i.e. V1a , V1b at port 1 and V2 a , V2b at port 2. As long as the two feed lines are selected electrically long, only the dominant even- and odd-mode can reach to the central PNCML section under consideration while the other excited higher-order modes at each port quickly attenuate and disappear at the reference planes, P1 and P2 , due to their frequency regions of operation below cutoff frequencies [87]. Following our previous work in modeling the even- and odd-mode guided-wave characteristics of the uniform coplanar waveguide [114], the even- and odd-mode in the uniform CML and PNCML can also be separately excited in the full-wave MoM platform. In this way, the even or odd modes can be generated by simultaneously enforcing that V1a = V1b = V1e



and V2 a = V2b = V2e



or V1a = −V1b = V1o 2



and



V2 a = −V2b = V2o 2 . Herein, V1e and V2e are the port voltages at port 1 and 2 under even excitation, whereas V1o and V2o are the counterpart voltages under odd excitation. As detailed in [87], the port currents at each port for both even- and oddmode can be explicitly solved as the solution of a MoM matrix equation with voltage sources via numerical discretization of current densities over the strip conductors. In order to de-embed the network parameters of the core PNCML at center in Fig. 5.2(a), the SOC technique [87] is employed here relying on the even- and odd-mode SOC calibration standards defined in the MoM. Fig. 5.2(b) and Fig. 5.2(c) describe the physical formulation of these two sets of SOC standards in the MoM format. Regardless of varied standards, the total length of each PNCML section in Fig. 5.2(b) and Fig. 5.2(c) must be at first selected twice the port-to-reference distance of
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Guided-Wave Characteristics of PNCML -77the considered PNCML feed line in Fig. 5.2(a). By enforcing that V1e = −V2e or V1o = −V2o , the central plane of the uniform PNCML of 2 L f indicates the perfect E.W. as marked in Fig. 5.2(b), thereby constructing the ideal even- or odd-mode short-circuit standard. Similarly, the even- or odd-mode open-circuit standards can be established with central magnetic wall (M.W.) by exciting the two ports in an anti-parallel way, i.e. V1e = +V2e or V1o = +V2o , as demonstrated in Fig. 5.2(c). As these SOC standards are characterized in the MoM, the ABCD matrix of the two-port PNCML section with finite length of L p = NT can be numerically de-



embedded by calibrating out those of feed line sections or error boxes at the two sides as discussed in [87, [99], [101], [114]. Similarly to [101], [99], the core PNCML is then equivalently perceived as a uniform CML section with effective phase constant ( β e or β o ) and characteristic impedance ( Z 0e or Z 0o ), that are frequency-dispersive and periodicity-dependent, in conjunction with even- or oddmode cases. As a consequence, these effective per-unit-length parameters can be explicitly derived in terms of the four elements of the de-embedded finite-cell PNCML section above, i.e. Ae,o , B e,o , C e,o and D e ,o , in which the subscript e or o corresponds with the even- or odd-mode.



Z 0 e ,o



B e ,o = C e ,o



cos ( βe,o Lp ) =



Ae,o + De,o 2



(5.1)



(5.2)



In comparison to the other numerical de-embedding techniques, there exist the two advantageous features of this SOC scheme used here: (i) no pre-requirement in
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knowing the even- and odd-mode per-unit-length parameters of the uniform PNCML feed lines in the whole de-embedding procedure; (ii) complete removal of any non-ideal source effects caused by impressed voltages in the source-type MoM.



5.3 UNIFORM CML FOR NUMERICAL VALIDATION Traditionally, half a cross-section of a symmetrical CML has been taken into account, e.g., [6], in order to realize the impedance matching between either of coupled lines and its corresponding feed line for design of microstrip directional couplers. But, herein, the characteristic impedances of even- and odd-mode are defined through its whole cross-section for more general consideration of wave propagation along these three-conductor transmission lines under even and odd excitations, respectively. Fig. 5.3(a) and Fig. 5.3(b) depict the cross-section of the whole and half a symmetrical CML transmission line and their relevant definitions of equivalent current and voltage quantities of two dominant modes. For the case of even-mode excitation, the symmetrical plane exactly operates as a perfect magnetic wall (M. W.). In this way, the current at both left- and right-side strip conductors flow in with



(a)



(b)



(c)



(d)



Fig. 5.3. The whole and half a symmetrical cross-section of CML structure and their distinctive definitions of equivalent current and voltage quantities for even- and odd-mode. (a) Even-mode: whole. (b) Odd-mode: whole. (c) Even-mode: half. (d) Odd-mode: half.
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the same amplitude + I e , thus resulting that the current at the ground plane flows out becomes −2 I e . In general, the equivalent even-mode current quantity may be defined as the total current flowing along the two upper strip conductors, i.e. 2 I e , while its related voltage quantity can be simply expressed by the voltage between the strip conductor and ground, i.e. Ve . On the contrary, in the case of odd-mode, the odd-symmetrical field distribution may be excited with a perfect electric wall (E. W.) at the central plane, in which the current flowing on the ground plane is canceled by two currents with opposite polarity, i.e. − I o and + I o . In this case, the odd-mode current quantity is defined as the current at a single strip conductor, i.e. I o , while the voltage between the two strip conductors, 2Vo , is the relevant voltage quantity. As compared to the above definitions, the current and voltage quantities of half a CML structure can be simply defined as I o and Vo , relevant to either of the upper strip conductors, as expressed in Fig. 5.3(c) and Fig. 5.3(d). By looking at Fig. 5.3(a) with Fig. 5.3(c) and Fig. 5.3(b) with Fig. 5.3(d) together, one can figure out the relation between these two sets of even- and odd-mode characteristic impedances, that is, Z 0 e = Z 0he / 2



(5.3)



Z 0 o = 2Z 0ho



(5.4)



where the superscript, h, indicates half a CML case. In the following, the former sets of impedance definitions, i.e. Z 0e and Z 0o , are thoroughly utilized to describe the even- and odd-mode characteristic impedances.
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Guided-Wave Characteristics of PNCML -80TABLE 5.1 CONVERGENCE BEHAVIOR & COMPARATIVE VERIFICATION OF DERIVED Z 0e (Ω) OF A UNIFORM CML MoM-SOC Freq. (GHz) ∆x=0.3mm ∆x=0.2mm ∆x=0.1mm 2 29.794 29.375 28.996 4 29.706 29.287 28.907 6 29.674 29.255 28.874 8 29.691 29.271 28.891 10 29.816 29.395 29.013 12 29.956 29.535 29.151 14 30.183 29.761 29.376 16 30.596 30.174 29.787 18 31.360 30.937 30.549 20 32.706 32.282 31.890 W=0.6mm, S=0.6mm, ∆y=0.2mm



LineCalc [115] 28.124 28.128 28.208 28.362 28.585 28.868 29.202 29.574 29.974 30.391



Table 5.1 shows the convergence behavior of uniform CML Z 0e versus different transverse mesh size ( Δx ) in MoM in the frequency range of 2.0 to 20.0 GHz, in which the longitudinal mesh size ( Δy ) is fixed as 0.2mm. As Δx decreases from 0.3 to 0.2 and 0.1mm, the values at different frequencies gradually become small and close to the results from the two-dimensional (2-D) ADS-LineCalc software [115] with the maximum discrepancy of about 2.4%, as can be observed from Table 5.1.



Fig. 5.4(a) and Fig. 5.4(b) depict the numerical



convergence with aspect to the feed line length ( L f ) for the uniform CML characteristic impedance ( Z 0e & Z 0o ) and normalized phase constant ( β e / k0 ,



β o / k0 ) at the minimum and maximum frequencies of our considered wide range, i.e. f = 2.0 and 20.0 GHz. As the length ( L f ) is extended beyond 3.0 mm, it can be seen that all of quantities seem to converge to their corresponding eventual values. Furthermore, Fig. 5.5(a) and Fig. 5.5(b) are prepared to give a quantitative comparison among our 3-D extracted per-unit-length parameters and those from the
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(a)



(b) Fig. 5.4. Numerical convergence versus feed line length (Lf) of the uniform CML.



ADS-LineCalc over the frequency range (2.0 to 20.0GHz). Both results are well matched with each other for the even-mode case. However, the odd-mode parameters have the visible discrepancy of about 2.7% for Z 0o and 0.5% for β o / k0 .



5.4 PNCML: EVEN- AND ODD-MODE Fig. 5.1(b) to Fig. 5.1(d) describe the three PNCML structures that are periodically loaded by the outer slits with the depth of d1 , inner slits with the depth
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(a)



(b) Fig. 5.5. Frequency-dependent per-unit-length transmission parameters of the uniform CML transmission lines as comparison to those derived from the Agilent LineCalc. (a) Characteristic impedance. (b) Phase constant.



of d 2 and bilateral slits of the parallel-coupled strip conductors, namely, PNCML (A), (B) and (C), respectively. T is the periodicity of a single unit cell and t is the width of each slit. Based on the above-described MoM-SOC technique, the per-unitlength parameters of these PNCML transmission lines and their corresponding uniform CML are extracted so as to exhibit the distinctive guided-wave
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(a)



(b) Fig. 5.6. Frequency-dependent per-unit-length transmission parameters of the three PNCML and uniform CML transmission lines: even-mode case. (a) Characteristic impedance. (b) Phase constant.



characteristics of even- and odd-mode propagating along the infinite-extended PNCML. Fig. 5.6 and Fig. 5.7 depict the frequency-dependent normalized phase constant ( β e / k0 , β o / k0 ) and characteristic impedance ( Z 0e , Z 0o ) of these three PNCML against those of the uniform CML for the even and odd modes, respectively.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Guided-Wave Characteristics of PNCML -84-



(a)



(b) Fig. 5.7. Frequency-dependent per-unit-length transmission parameters of the three PNCML and uniform CML transmission lines: odd-mode case. (a) Characteristic impedance. (b) Phase constant.



From Fig. 5.6(a), among the four curves, Z 0e of the PNCML (A) with the outer slits is found to achieve the maximum value of about 36.8 Ω at 2 GHz. Meanwhile, Z 0o of the PNCML (B) with the inner slits has the largest value of about 91.4 Ω at 2



GHz as seen in Fig. 5.7(a). These results imply that the PNCML (A) and (B) have the weakest coupling extent between the strip-to-ground and strip-to-strip, respectively. Moreover, the actual coupling coefficient between the two coupled
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(a)



(b) Fig. 5.8. Periodicity-dependent per-unit-length transmission parameters of the three PNCML and uniform CML transmission lines: even-mode case. (a) Characteristic impedance. (b) Phase constant.



microstrip lines can be quantitatively evaluated via ( Z 0he − Z 0ho ) / ( Z 0he + Z 0ho ) [6], thus illustrating that the PNCML (A) has the tightest coupling. On the other hand, the even-mode β e / k0 is seen from Fig. 5.6(b) to shift up from 2.75, 2.89, 2.90 to 3.05 as the slit loading is changed from disappearance (uniform CML), bilateral, inner to outer sides of coupled strips. It implies that the even-mode
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(a)



(b) Fig. 5.9. Periodicity-dependent per-unit-length transmission parameters of the three PNCML and uniform CML transmission lines: odd-mode case. (a) Characteristic impedance. (b) Phase constant.



of the PNCML (A) has the largest slow-wave factor. In parallel, Fig. 5.7(b) shows that the PNCML (B) achieves the maximum slow-wave factor, i.e. β o / k0 = 2.96 . From the study here, we figure out that the propagating velocities of the even and odd modes in the CML can be adjusted by periodically loading the inner and/or outer slits. In order to explore the high-directivity directional coupler [46] and harmonic suppressed bandpass filter [47], these two velocities may be equalized by
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(a)



(b) Fig. 5.10. Comparison between S-parameter magnitudes, |S11| and |S21|, of the 3-cell PNCML circuit from the extracted per-unit-length parameters via transmission line theorem and the Momentum simulator. (a) Even-mode case. (b) Odd-mode case.



utilizing the PNCML (B) with inner slits. Looking at Fig. 5.6(b) and Fig. 5.7(b) together, this condition can be easily realized if the slit depth ( d 2 ) is slightly reduced. Fig. 5.8 and Fig. 5.9 describe the periodicity-dependent per-unit-length parameters of the uniform CML and the three PNCML transmission lines under the fixed slit depths as discussed in Fig. 5.6 and Fig. 5.7. As the periodicity (T) is reduced, all the
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parameters tend to rise up consistently in an accelerated manner. Otherwise, they gradually converge to the stable values. Again, the even-mode Z 0 e of the PNCML (A) is much larger than that of the other two PNCML while the odd-mode Z 0 o of the PNCML (B) exceeds others. Quick increment of both β e / k0 and β o / k0 with the reduced T brings out an attractive feature in building up the size-miniaturized CML circuit blocks such as filters and couplers. In order to make an evident validation of the extracted even- and odd-mode perunit-length parameters as illustrated in Fig. 5.6 to Fig. 5.9, the PNCML circuit with the three unit cells are constructed and connected with the two uniform CML feed lines at the two sides. Its S-parameters for both even- and odd-mode can be calculated via cascaded transmission line theorem. It should be particularly emphasized in our analysis that only Z 0 e and Z 0 o of the uniform CML feed lines, and β e , β o , Z 0 e , Z 0 o plus the total length L p = 3T of the finite-cell PNCML under consideration are required. In the Momentum-based simulation, the S-parameters at the two excited ports are simulated and then transferred to those defined at the two terminals of the three-cell PNCML, as shown at the central schematic of Fig. 5.10(b), for quantitative comparison. Fig. 5.10 and Fig. 5.11 illustrate the simulated even- and odd-mode S-parameters of the PNCML circuit with outer slits, i.e. PNCML (A), together with those obtained from the Momentum simulator. They are found in good agreement with each other in both magnitude and phase over the frequency range of 2.0 to 20.0 GHz for both even- and odd-mode cases. As compared with the CPU time of a few seconds via equivalent transmission line model with the known per-unit-length parameters, the Momentum simulation takes about 20 minutes to derive the results in Fig. 5.10 and Fig. 5.11 with the choice of
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(a)



(b) Fig. 5.11. Comparison between S-parameter phases, Φ11 and Φ21, of the 3-cell PNCML circuit from the extracted per-unit-length parameters via transmission line theorem and the Momentum simulator. (a) Even-mode case. (b) Odd-mode case.



30 unit cells per wavelength at the maximum frequency of 20.0 GHz. As a result, this design example not only provides us with comparative validation, but also shows us the usefulness of the extracted per-unit-length parameters in efficiently designing the PNCML-based circuit blocks.
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5.5 CONCLUSION In this chapter, periodically nonuniform coupled microstrip lines (PNCML) are thoroughly characterized as an equivalent uniform coupled transmission line via self-calibrated MoM-SOC technique. For the first time, both two effective per-unitlength transmission parameters, i.e. phase constants and characteristic impedances, are extracted to demonstrate the frequency-dispersive and periodicity-dependent guided-wave characteristics of the two dominant propagating modes. These results may be very useful for accurate design of advanced microstrip couplers and filters with the use of such PNCML structures. SOC-extracted parameters are evidently validated by comparing the transmission-line-simulated S-parameters with those from the Momentum simulator for both even- and odd-mode.
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CHAPTER 6 Periodically Nonuniform Coupled Microstrip Line Filters with Harmonic Suppression 6.1 INTRODUCTION Coupled microstrip line has been widely used as a promising coupling element in the design of bandpass filters due to its several attractive features, such as compact size, low profile and tightened capacitive coupling [13], [104]. However, these microstrip bandpass filters with uniform coupled microstrip line sections usually suffer from the spurious passband at the 2nd resonant frequency of the microstrip line resonator. Consequently, it makes the upper stopband performance worse. As well known today, it is predominantly caused by the non-synchronous feature of even- and odd-mode velocities of propagation in the inhomogeneous dielectric medium. To circumvent this problem, much effort has been made so far to equalize the phase velocities of even- and odd-modes by differentiating their traveling routes [47]–[54], [116]–[118], [122]–[124]. Initially, a simple over-coupled coupled
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microstrip line section is formed in [48] to compensate the difference in phase velocity between these two dominant modes. The over-coupling is then introduced to the end stages only [122] and the capacitive termination is realized at each end stages for the harmonic suppression [123]. Alternatively, the nonuniform coupled microstrip line with multiple cascaded sections [116] is made, the meandered parallel coupled line is designed [124] and the dielectric substrate is mechanically suspended above the ground plane [52], [53] to achieve phase compensation. In recent years, much more interest has been aroused to utilize the periodically nonuniform coupled microstrip line (PNCML), with various unit-cell configurations as a simple and effective approach to address this problematic issue. The sinusoidal modulation on the widths of two strip conductors [49] and the corrugated coupledslot structure [47], [117] are formulated to extend the actual odd-mode traveling path towards its even-mode counterpart at the 1st harmonic passband. Similarly, the squared grooves are periodically and symmetrically etched out at the both sides of coupled lines [50]. Also the split ring resonators are periodically placed in the proximity of the parallel strip conductors [118]. In [51], the meander coupled microstrip line is constructed with reduced size. In addition, the aperture is periodically formed on the ground plane to equalize the even/odd-mode phase velocities in the design of the wide-band bandpass filters by making use of its tight coupling [54]. As detailed in Chapter 2 and 5, our developed hybrid method of moments (MoM) and short-open calibration (SOC) technique namely, “MoM-SOC”, is extended to directly extract the two per-unit-length transmission parameters (characteristic impedance and phase constant) of PNCML from the full-wave modeling of these
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PNCML with finite length. Obtained results of the uniform coupled lines are at first confirmed with the quasi-static ones [125]. These parameters are extracted to expose the basic guided-wave characteristics of the PNCML loaded with transverse slit in a wide frequency range. As such, the exhibited frequency dispersion of these two perunit-length parameters allows one not only to understand the operating principle of these filters but also to optimize their bandpass filtering behavior via simple and efficient synthesis procedure [45].



6.2 EQUALIZATION OF THE EVEN/ODD-MODE PHASE VELOCITIES In this section, our effort is primarily made to accurately predict the location of transmission zero for the finitely-extended PNCML section (Type-B in Chapter 5) and further allocate it suitably to suppress the 1st-harmonic passband in the design of microstrip bandpass filters. One- and two-stage PNCML filter design examples are firstly constructed on the RT/duroid 6010LM microwave laminates (εr=10.8, h=0.635mm). The predicted S-parameters are evidently confirmed by the experimental results.



6.2.1 EXTRACTED PER-UNIT-LENGTH TRANSMISSION PARAMETERS Based on the above MoM-SOC technique in chapter 5, the finite-extended PNCML line with varied depth (d) of transverse slits in periodical interval is characterized again here for the design of bandpass filter. Fig. 6.1(a) depicts the cross-section of the uniform coupled microstrip line (CML), in which the two parallel-strip conductors are transversely spaced by the gap width (s). Fig. 6.1(b) indicates the geometrical sketch of the finite-extended PNCML loaded with transverse slits in periodical interval. This PNCML is fed at two sides by the two
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(a)



(b)



Fig. 6.1. (a) Cross-section of uniform coupled microstrip line (CML). (b) Top-view of periodically nonuniform coupled microstrip line (PNCML) with finite length.



uniform coupled-line feeders The two per-unit-length transmission parameters are numerically extracted to expose its guided-wave characteristics in comparison to those of the uniform coupled microstrip line (CML). Fig. 6.2(a) and Fig. 6.2(b) depict the extracted characteristic impedance and normalized phase constant of the finite-length CML with d=0mm and the PNCML line with d=0.4mm under the fixed periodicity of T=1.0mm, respectively. As shown in Fig. 6.2(a), the even- and odd-mode characteristic impedances of this PNCML rise up from 62.4 to 67.9Ω and from 34.5 to 44.2Ω in the non-synchronous way, respectively, as d increases from 0.0mm (uniform) to 0.4mm. Meanwhile, it can be observed in Fig. 6.2(b) that the normalized odd-mode phase constant (βo/k0) increases significantly from 2.48 to 3.02 at 2.0 GHz, whereas its even-mode counterpart (βe/k0) slightly rises up from 2.82 to 2.98. In fact, for the uniform CML, a large portion of energy is mainly concentrated in the central gap region for the odd-mode and moves to be distributed in the dielectric layer underneath the two strips for the even-mode [47]. Thus, in PNCML, as the odd-mode traveling path is enlarged, the effective phase velocity of the odd-mode becomes low and its corresponding effective phase constant increases more dramatically while the even-
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mode phase constant is almost stably unchanged. In addition, the results with circle markers, in Fig. 6.2, are derived in [125] for the uniform CML case (d=0.0mm) and they are found well matched to those from our MoM-SOC.



(a)



(b)



Fig. 6.2. Extracted even- and odd-mode per-unit-length transmission parameters of uniform CML and PNCML (εr=10.8, h=0.635mm, w=0.6mm, s=0.2mm T=1.0mm, t=0.2mm). (a) Characteristic impedances. (b) Normalized phase constants.



6.2.2 TRANSMISSION ZERO OF PNCML Following the pioneered work [48], the coupling zero between the two coupled lines with the finite length (L) in the uniform CML or PNCML may be produced at a
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certain frequency, i.e. transmission zero. Its location can be explicitly determined in the closed-form equation (6.1), in which the two sets of per-unit-length parameters for even and odd modes are extracted above.



Z 0 e sin β e L = Z 0 o sin β o L



(6.1)



Fig. 6.3 plots the frequency-dependent graphs of the two functions, Z0osinβeL and Z0esinβoL, for adaptive allocation of the transmission zero by adjusting the



periodicity (T) and/or slit depth (d). Graphically, the transmission zero can be solved as the intersection point of the two relevant curves. As d increases from 0.0 (uniform CML) to 0.4mm, the transmission zero is found to reduce from 9.92 to 6.95GHz to a great extent. This property will be utilized later on to effectively cancel the 1stharmonic passband of the CML filter by properly allocating the transmission zero towards the 2nd-resonance of a half-wavelength ML resonator [47]–[51].



Fig. 6.3. Frequency-dependent graphs for adaptive allocation of the transmission zero to the desired frequency. (εr=10.8, h=0.635mm, w=0.6mm, s=0.2mm, L=7.0mm, T=1.0mm, t=0.2mm).
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Fig. 6.4. Normalized phase constants versus ratio t/T. (εr=10.8, h=0.635mm, w=0.6mm, s=0.2mm, f=6.95GHz).



Fig. 6.4 shows the normalized phase constants as a function of the aspect ratio t/T at the frequency of f=6.95GHz that is the intersected point of the two solid curves in Fig. 6.3. As the slit with d=0.4mm is periodically etched out, both phase constants are simultaneously raised due to the well-known slow-wave property. As shown in Fig. 6.4, the odd-mode βo/k0 rises up with t/T much more quickly than its even-mode



βe/k0, thereby producing the intersection point of these two curves or equalizing these two phase constants around t/T=0.2.



6.2.3 FILTER DESIGN EXAMPLES In this section, the above transmission-zero allocation technique is implemented to explore the harmonic-rejected PNCML bandpass filter. It is realized by suitably allocating the transmission zero to the 1st-harmonic passband as demonstrated in the above sections. Fig. 6.5(a) and 6.5(b) show the layouts of the one-stage CML/PNCML bandpass filters, which are made up of the two cascaded CML/PNCML sections. Relevant S-parameters of these filters are simply calculated via cascaded transmission line theorem, as shown in Fig. 6.6. In the uniform CML
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(a)



(b)



Fig. 6.5. Layouts of the two one-stage bandpass filters. (a) Uniform CML filter. (b) PNCML filter. (εr=10.8, h=0.635mm, w=0.6mm, s=0.2mm, L=7.0mm, T=1.0mm and t=0.2mm).



Fig. 6.6. Predicted S-parameters of the one-stage CML and PNCML filters (εr=10.8, h=0.635mm, w=0.6mm, s=0.2mm, L=7.0mm, T=1.0mm and t=0.2mm).



filter, the transmission zero of fb0 =9.92GHz is higher than its 2nd transmission pole of f bh =8.15GHz, thus suffering from the 1st-harmonic passband. But, the 1stharmonic passband of the PNCML filter is completely canceled since the transmission zero ( f a0 ) and 2nd pole ( f ah ) are tuned to the same frequency, i.e. 7.15GHz. Next, the one- and two-stage bandpass filters are optimally designed to have the same fundamental passband at the frequency of 3.6GHz. Fig. 6.7 illustrates the photograph and frequency responses of the fabricated one-stage filter. The measured
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(a)



(b) Fig. 6.7. Comparison between the predicted and measured S-parameters of the one-stage PNCML filter. (a) Photograph. (b) S-parameters (εr=10.8, h=0.635mm, w=0.6mm, s=0.2mm, T=1.0mm and t=0.2mm, d=0.38mm, L=7.0mm).



results are in good agreement with the network-derived results, thus evidently verifying that the proposed technique can really suppress the 1st-harmonic passband that harmfully existed in the traditional parallel-coupled microstrip line bandpass filter [45]. Finally, a two-stage bandpass filter example is further designed and fabricated. Fig. 6.8(a) is the photograph of this filter and Fig. 6.8(b) shows the comparison between the predicted and measured results over a wide frequency range. Again, both them are well matched with each other. In particular, the measured insertion loss is really raised beyond 45 dB at the 1st harmonic passband around 7.20GHz that is existed in the traditional uniform CML filter.
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(a)



(b) Fig. 6.8. Comparison between the predicted and measured S-parameters of the two-stage PNCML filter. (a) Photograph. (b) S-parameters. (εr=10.8, h=0.635mm, 1st-stage PNCML: w=0.6mm, s=0.2mm, T=1.0mm, t=0.2mm, d=0.375mm and L=7.0mm, 2nd-stage PNCML: w=1.0mm, s=0.6mm, T=1.0mm, t=0.2mm, d=0.665mm and L=7.0mm ).



6.2.4 CONCLUSION In this work, guide-wave characteristics of the PNCML structure with multiple transverse slits in periodical intervals are thoroughly investigated in terms of two effective per-unit-length transmission parameters. Our effort is primarily made to predict the location of transmission zero of the finitely-extended PNCML section and further allocate it to suppress the 1st-harmonic passband in the design of microstrip bandpass filters. Optimized results with good harmonic suppression are evidently verified over a wide frequency range. Moreover, this PNCML filter has the compact size due to slow-wave propagation of PNCML even and odd-modes.
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6. 3 EQUIVALENT J-INVERTER NETWORK FOR PNCML BANDPASS FILTERS WITH HARMONIC SUPPRESSION Without knowing the even- and odd-mode characteristic impedances and phase velocities of these periodically nonuniform coupled microstrip lines, all the above filters can only be designed optimally. This is done by executing the direct electromagnetic simulation of these electrically large overall layouts at the cost of intensive CPU time and huge memory. In fact, if the frequency-dispersive coupling performance of these periodically nonuniform coupled microstrip lines is comprehensively investigated, the task of designing these filters may be easily accomplished using the efficiently networkbased synthesis approach [13], [104]. In Chapter 5, the effective per-unit-length transmission parameters of infinite-extended periodically nonuniform coupled microstrip lines have been extracted to demonstrate the frequency-dispersive and slow-wave behavior of even and odd dominant modes via MoM-SOC. As an application, the optimized BPF design examples with good harmonic suppression are implemented in Section 6.2. In this section, the two-port periodically nonuniform coupled microstrip line with finite length is characterized as an equivalent J-inverter network, showing its frequency-dispersive coupling performance and reallocating the transmission zero towards suppressing the 1st-harmonic passband of coupled microstrip line filters. On a basis of J-inverter technique, two one-stage bandpass filters are designed, fabricated and measured to quantitatively demonstrate that the 1st-harmonic resonance can be fully suppressed for both tight and weak coupling cases. From a designed example, a three-stage bandpass filter is built and predicted S-parameters are well assured by our experiment over a frequency range.
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6.3.1 ONE-STAGE BANDPASS FILTER Fig. 6.9(a) depicts the geometry of a one-stage bandpass filter, which is constructed by cascading the two identical quarter-wavelength periodically nonuniform coupled microstrip line sections at the central interface (#2). In this aspect, a number of rectangular slits or notches are periodically etched out in the inner edges of the two strip conductors. By adjusting the number and dimension of these slits properly, the even- and odd-mode phase velocities may be equalized at the second resonance of the middle resonator. As shown in Fig. 6.9(a), each length (LP=NT) consists of finite periodical cells (N) with the periodicity (T) and slit width/depth (t & d), whereas W and S are the widths of the two strips and coupling gap. Its equivalent circuit network is described in Fig. 6.9(b). Each section is



(a)



(b) Fig. 6.9. (a) Cross-section of uniform coupled microstrip line (CML). (b) Top-view of periodically nonuniform coupled microstrip line (PNCML) with finite length.



modeled as a J-inverter network with the susceptance (J) at center and two equal electrical lengths (θ/2) at the two sides.



As studied in the uniform coupled



microstrip line case [119], the distributed J-susceptance has been shown to vary as a quasi-periodical function of frequency. It reaches the peak and null values at the frequencies of θ/2=900 and θ/2=1800 respectively.
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6.3.2 EQUIVALENT J-INVERTER NETWORK As detailed in Chapter 5, the characteristic impedances (Z0e, Z0o) and phase constants (βe, βo) of the periodically nonuniform coupled microstrip line can be first effectively extracted using our developed full-wave MoM-SOC technique. As a result, this allows one to derive the two-port impedance (Z-) matrix of the opencircuited periodically nonuniform coupled microstrip line section with the length of Lp=NT in terms of even and odd-mode per-unit-length parameters of a generalized coupled transmission line in an inhomogeneous medium in such a closed form [120].



Z11 = Z22 =



−j h ( Z cot βe Lp + Z0ho cot βo Lp ) 2 0e



(6.2)



Z12 = Z21 =



−j h ( Z0e csc βe Lp − Z0ho csc βo Lp ) 2



(6.3)



The superscript, h, indicates half a symmetrical coupled microstrip line case in conjunction with the definition in [13], [104]. Due to the different definitions of wave current and voltage quantities in the modeling of the whole and half a symmetrical coupled microstrip line, the above two sets of even- and odd-mode characteristic impedances can be explicitly related as,



Z0he = 2Z0e



(6.4)



Z0ho = Z0o / 2



(6.5)



Equations (6.2) and (6.3) imply that each element in the Z-matrix is purely imaginary and they can be converted into the relevant admittance (Y-) matrix with
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the two independent susceptances of B11=B22 and B12=B21. Under the equivalence of two matrices or networks for the same periodically nonuniform coupled microstrip line block, the J-susceptance (J) and electrical length (θ) can be expressed as [119],



J=



tan(θ / 2) − B11 B12 tan(θ / 2)



⎧ ⎫⎪ 2 B11 θ = nπ + tan −1 ⎪⎨ 2 2 ⎬ ⎩⎪1 − B11 + B12 ⎭⎪



(6.6)



(6.7)



where J = J / Y0 , B11 = B11 / Y0 , B12 = B12 / Y0 , n is an integer number and Y0 is the characteristic admittance of the uniform lines that excite the open-circuited periodically nonuniform coupled microstrip line at the two sides.



6.3.3 FREQUENCY-DISPERSIVE J-INVERTER NETWORK PARAMETERS As the infinite-long periodically nonuniform coupled microstrip line is modeled via MoM-SOC, done in Chapter 5, the two J-inverter network parameters can be calculated using Equations (6.2) to (6.7). Fig. 6.10(a) and 6.10(b) describe the three sets of normalized J-inverter susceptance ( J ) and electrical line length (θ/2) versus frequency under three different depths of rectangular slits, i.e. d=0.00 (uniform case), 0.36, 0.50 mm. In comparison with the approximate assumption of no frequency dispersion, the dispersive coupling performance of this periodically nonuniform coupled microstrip line is characterized as a simple equivalent J-inverter network. As seen in Fig. 6.10(a), the parameter J increases quickly, reaches the peak, falls down to the null and then goes up again. It exhibits a non-monotonous and quasi-periodical coupling behavior as a function of frequency. The coupling degree at the frequency, fa0 , fb0 or fc0 , becomes null, thus it brings out the
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(a)



(b) Fig. 6.10. Comparison between the predicted and measured S-parameters of the one-stage PNCML filter. (a) Photograph. (b) S-parameters (εr=10.8, h=0.635mm, w=0.6mm, s=0.2mm, T=1.0mm and t=0.2mm, d=0.38mm, L=7.0mm).



transmission zero in the S-parameters. The electrical line length (θ/2) at the two sides of the J-susceptance is found to quasi-linearly go up from 33° to 273° as the frequency increases from 1.0 to 7.0 GHz. From Fig. 6.9, it can be figured out that the middle transmission line resonator is actually formed by cascading two identical electrical lengths (θ/2). Its overall length is equal to θ. Intuitively, the transmission line resonator resonates at the
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frequencies of θ =1800, 3600, 5400 and so on. The first resonance happened at θ =1800 is usually utilized to make up the dominant passband in the design of a



bandpass filter. The second resonance at θ =3600 (θ/2 =1800 in Fig. 6.10(b)) contributes to the 1st harmonic spurious passband with the central frequencies, i.e. fah , fbh or fch , in conjunction with the three different slit depths (d) as shown in Fig



6.10(b). In fact, these three depths (d) are simultaneously expressed in Fig. 6.10 to comparatively demonstrate the three distinctive cases about the relationships between the transmission zero and 1st-harmonic resonance frequencies, that is, ⎧ f a0 < ⎪ ⎪ 0 ⎨ fb = ⎪ 0 ⎪⎩ fc >



fah , d = 0.50 mm fbh , d = 0.36 mm fch , d = 0.00 mm



(6.8)



where the superscripts 0 and h indicate the transmission zero and 1st-harmonic resonance cases, respectively.



6.3.4 TRANSMISSION ZERO REALLOCATION To consider the tight and weak coupling cases as requested in the multiple-stage bandpass filter, both the transmission zeros and harmonic resonant frequencies, also the frequency quantities, f 0 and f h , are plotted in Fig. 6.11 with respect to the slit depth (d) for S=0.2 mm and 0.6 mm, respectively. By adjusting the slit depth (d) under the pre-selected periodicity (T), these two curves or lines are intercepted with each other at a certain frequency where f 0 = f h . Furthermore, as shown in Fig. 6.11, the intersection point occurs at d=0.36 mm for the tight coupling case with S=0.2 mm and T=1.2 mm, whereas it appears at d=0.39 mm for the weak coupling case with S=0.6 mm and T=0.68 mm.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



PNCML Filters with Harmonic Suppression -107-



(a)



(b)



Fig. 6.11. Frequency of transmission zero and harmonic resonance versus the depth of transverse slit. (a) Tight coupling with S=0.2 mm. (b) Weak coupling with S=0.6 mm.



Of course, this interception point may also be generated and then reallocated to the particular frequency by reducing the periodicity (T) or increasing the unit number (N) for a fixed coupled length (Lp) properly. Table 6.1 tabulates the two frequency quantities ( f 0 and f h ) with respect to unit number (N). The former one largely exceeds the latter one and decreases in a faster manner to meet up with the latter one at N=9, where f 0 = f h =4.9 GHz. As demonstrated later, these two
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Frequency unit: GHz; substrate: εr=10.8, h=1.27 mm; W=0.6 mm, S=0.2 mm, t=0.2 mm, LP=10.8 mm



equalized frequencies provide us with a direct and effective approach in canceling or suppressing the 1st-harmonic spurious passband in filter design.



6.3.5 HARMONIC-RESONANCE CANCELLATION Let’s study the frequency response of the one-stage bandpass filter in Fig. 6.9(a), as demonstrate whether the 1st-harmonic resonance can be cancelled via the transmission zero reallocation technique presented above. Fig. 6.12 depicts the frequency responses of transmission coefficient (|S21|) for the one-stage bandpass filter with the three different slit depths listed in Equation (6.8). As the transmission zero is exactly reallocated to its relevant resonant frequency, i.e. f 0 = f h (d = 0.36 mm), the transmission pole can be cancelled to a great extent. Otherwise, the transmission pole and zero appear separately at the two unequal frequencies in the other two cases in conjunction with d = 0 and 0.50 mm. As a result, the appearance of these transmission poles will damage the stopband performance as can be observed in Fig. 6.12.
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Fig. 6.12. Frequency responses of one-stage bandpass filters with different slit depths under the fixed coupled length (LP=10.8 mm) and periodicity (T=1.2 mm).



Fig. 6.13. Frequency responses of one-stage bandpass filters with different numbers of finite cells under the fixed coupled length (LP=10.8 mm).



Furthermore, the frequency response of this one-stage bandpass filter is investigated versus different slit number (N) under the fixed depth (d) and physical length (LP). The simulated results are illustrated in Fig. 6.13. On the basis of the derived parameters in Table 6.1, the finite cell number (N) is selected as 0, 5, 9 and 13. This will take into account all the three distinctive cases as summarized in Equation (6.8) as well as the uniform case with N=0. At N=0, the frequency at the
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minimum |S21| appears around 6.1 GHz. It is brought out by the transmission zero ( f 0 ) as given in Table 6.1. It is much higher than that at the maximum |S21|, i.e. 1stharmonic resonant frequency ( f h = 5.45 GHz).



As N enlarge to 5, the two



frequencies of transmission zero and pole is shifted downward in different extents. Thereby reducing their discrepancy ( f 0 − f h ) from 0.65 GHz to 0.28 GHz. At N=9, the zero is reallocated to its pole, i.e. f 0 − f h =0 GHz. So, the concerned pole or 1st-harmonic resonance is completely suppressed as illustrated in the solid line in Fig. 6.13. When N further increases to 13, the pole emerges again at the frequency ( f h =4.75 GHz) higher than its zero at f 0 =4.48 GHz. It can be observed in Fig. 6.13.



6.3.6 FILTER DESIGN: PREDICTED AND MEASURED RESULTS On the basis of the above discussion, the two extreme cases with tight and weak coupling are considered initially to make up the two one-stage bandpass filters with harmonic suppression at their 1st-order spurious passbands. Fig. 6.14(a) and 6.14(b) are the photographs of the two fabricated filters with narrow and wide coupling gap widths (S) respectively. Our design goal is to achieve identical dominant resonant frequencies at 2.45 GHz while canceling the 1st-harmonic resonance in both cases.



(a)



(b)



Fig. 6.14. Photographs of the two fabricated one-stage bandpass filters. (a) Tight coupling. (b) Weak coupling.
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(a)



(b)



Fig. 6.15. Predicted and measured S-parameters of the one-stage bandpass filters that are shown in Fig. 7.6. (a) Tight coupling with S=0.2 mm. (b) Weak coupling with S=0.6 mm.



We need to find the proper values for the periodicities and slit depths according to the results in Fig. 6.11 and Table 6.1. Measured results are plotted together with the predicted results in Fig. 6.15 giving an evident confirmation that the 1st-harmonic resonances are completely suppressed in both tight and weak coupling cases. With the innovative use of these periodically nonuniform coupled microstrip lines, a multi-stage bandpass filter with 1st-harmonic suppression will be able to be
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Fig. 6.16. Photograph of the fabricated three-stage bandpass filter.



Fig. 6.17. Predicted and measured S-parameters of the three-stage bandpass filter. (tightcoupling section: W=0.6 mm, S=0.2 mm, T=1.2 mm, d=0.38 mm and N=9; weak-coupling section: W=1.18 mm, S= 0.5 mm, T= 0.6 mm, d=0.45 mm and N=17).



constructed in reality. In a design example, a three-stage bandpass filter is designed optimally. The photograph of the fabricated sample is shown in Fig. 6.16. The tightly coupled section is arranged at the input and output. The weakly coupled one is put at the middle sections. In comparison with the symmetrical geometry of the second resonator, the first and third resonators are constructed by cascading the two dissimilar periodically nonuniform microstrip line sections. The predicted and measured S-parameters are plotted in Fig. 6.17, showing a good agreement with each other in the frequency region from 1.0 to 7.0 GHz. The measured results illustrate that the return loss achieves about 20 dB in the whole
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dominant passband at around 2.45 GHz. The insertion loss is higher than 40 dB at the 1st harmonic passband located at around 4.90 GHz.



6.3.7 CONCLUSION This work has studied the periodically nonuniform coupled microstrip lines with finite length in terms of a generalized coupling-oriented J-inverter network. It does exhibit the basic principle of suppressing the 1st-harmonic passband in filter design with the use of the transmission zero reallocation technique. Extensive results have demonstrated that the transmission zero or J-susceptance null of the periodically nonuniform coupled microstrip line can be reallocated to cancel the 1st-harmonic resonance. This is done by adjusting the periodicity and/or loaded slit dimension properly. The two one-stage bandpass filters are designed and fabricated to provide an initial support on the proposed technique for the periodically nonuniform coupled microstrip line with tight and weak coupling. Lastly, a three-stage bandpass filter is designed optimally and its predicted results are evidently assured from our experiment.
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CHAPTER 7 Coupling Dispersion of ParallelCoupled Microstrip Lines for DualBand Microstrip Bandpass Filters 7.1 INTRODUCTION Multi-band devices, such as multi-band antenna, multi-band filter and multi-band low-noise amplifier, have been recently receiving a tremendously increasing application in exploring many advanced wireless systems with simultaneous operations at multiple frequency bands [55]. As pointed out [56], multi-band passive circuits basically determine the multi-band operation quality, overall size and fabrication cost of a RF and wireless module in the integration technologies. Of them, bandpass filters with multiple passbands are considered as one of the most key components in these multi-band systems. Due to the shortage of matured design procedure, it becomes the most challenging issue for anyone to design the multiband filters with good passband performances even for a dual-band case.
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In [57], the two filtering circuits with different passbands are connected together to implement the initial type of a dual-band filter. But, this solution unfortunately increases the insertion loss and the overall size of a resultant filter block. In [126], [127], the transmission zeros are introduced at the middle passband of wide bandpass filters to enforce the existence of two separate passbands. Recently, the stepped-impedance resonator (SIR) is utilized to make up a filter with dual passbands [59], [60], where the central frequencies are determined by the aspect ratio of the two characteristic impedances. Further, to strengthen the Q factors or lower the insertion loss in both passbands, the two dual-band impedance transformers have to be additionally constructed at the two ports of the core cascaded-resonator section as implemented in [60], [61]. Thus, these dual-band distributed transformers not only significantly enlarge the overall size of the resultant filter block and also bring out the complexity in simultaneously achieving the two operating frequencies, reducing the insertion losses and adjusting their fractional bandwidths (FBWs) in both dual passbands. In this chapter, the parallel-coupled microstrip lines (PCMLs) with distributed capacitive coupling [119] are characterized and used to inter-link the microstrip SIRs [128] towards build up a miniaturized dual-band filter without needing external dual-band impedance transformers. In this context, each SIR is at first designed to produce the two preferred resonant frequencies and then coupling dispersion of these PCMLs is modeled to achieve the adjustable coupling degrees at these two frequencies by varying the overlapped coupling lengths at each section. After the theoretical investigation of the dual-band PCML and single dual-band SIR circuits, several two-stage dual-band filters are designed to demonstrate the
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controllable dual-band widths and predicted results are well conformed by our experiment.



(a)



(b) Fig. 7.1. Geometrical diagrams of the stepped-impedance resonator (SIR) and its constituted dual-band bandpass filter (BPF). (a) SIR ( RZ < 1 ). (b) One-stage SIR BPF (coupling length: LC1).



7.2 CHARACTERIZATION OF DUAL-BAND SIR AND PCML Fig. 7.1(a) depicts the geometry of a microstrip SIR. Its 1st two resonant frequencies, f0 and fs1, can be properly separated by varying the aspect ratio of the two impedances, i.e. RZ=Z2/Z1, under the pre-selected central and the two side sections in this SIR. Following the analysis given in [128], the two resonant frequencies can be solved as a function of impedance ratio (RZ) and length ratio (L1/L2) in terms of Equations (7.1) and (7.2). They are readily allocated to 2.4 and 5.2 GHz, respectively, in this work. Fig. 7.1(b) shows that such a SIR is launched at two sides by the two PCML sections with the overlapped length of LC1. In order to facilitate the design of these PCMLs with long length, the two side-section lengths are stretched as long as possible. RZ − tan θ1 tan θ2 = 0



(7.1)
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(7.2)



7.2.1 COUPLING DISPERSION OF PCML Fig. 7.2(a) depicts the geometry of the PCML with overlapped coupling length of LC1. Its equivalent circuit may be expressed as a J-inverter susceptance ( J ) and the two equal electrical lengths ( θ / 2 ) with characteristic admittance Y0 , as shown in Fig. 7.2(b).



(a)



(b) Fig. 7.2. Parallel-coupled microstrip line (PCML) to be characterized. (a) Geometry. (b) Equivalent J-inverter network.



As the characteristic impedances (Z0e, Z0o) and phase constants (βe, βo) of the even and odd dominant modes in the uniform PCML are characterized, the two-port impedance matrix can be deduced with the four elements as, Z11 = Z22 =



−j ( Z0 e cot βe LC1 + Z0 o cot βo LC1 ) 2



(7.3)



Z12 = Z21 =



−j ( Z0e csc βe LC1 − Z0o csc βo LC1 ) 2



(7.4)



Under the network equivalence, the two J-inverter network parameters can be obtained in terms of the two independent normalized susceptances, such that
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(7.5)



⎧ 2 B11 ⎫ θ = nπ + tan −1 ⎨ 2 2 ⎬ ⎩1 − B11 + B12 ⎭



(7.6)



J =



where B11 = B11 / Y0 , B12 = B12 / Y0 , n is an integer number. Fig. 7.3(a) and Fig. 7.3(b) illustrate the derived normalized J-inverter susceptance ( J ) and equivalent electrical length ( θ / 2 ) of our interest under different lengths (LC1). The parameter J is seen to increase, reach to the maxima and then decrease as a non-monotonic function of the frequency over 1.0 to 7.0 GHz for all the three cases. Further, as the length (LC1) is stretched, the coupling peak is gradually reduced to simultaneously enlarge and reduce the coupling degrees at the two operating frequencies, i.e. f0 =2.4GHz and fs1 =5.2GHz. As LC1 is shortened from 9.00, 7.30 to 5.60mm, J at 2.4GHz decreases from 0.30, 0.24 to 0.18 while J at 5.2 GHz increases from 0.27, 0.35 to 0.36. It implies that the coupling degree of this PCML becomes weaker at the first operating band and stronger at the second



(a)
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(b) Fig. 7.3. Extracted J-inverter network parameters of two-port PCML.



operating band. In other words, the fractional bandwidths of both bands may be freely tuned by adjusting the coupling length LC1. Fig. 7.3(b) shows the quasilinearly increased electrical lengths related to the two resonant frequencies of the dual-band SIR.



7.2.2 PCML-EXCITED DUAL-BAND SIR Using the above-modeled PCML section, a dual-band SIR circuit is constructed as



Fig. 7.4. S21-magnitude of a PCML-excited dual-band SIR with varied coupling length LC1.
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shown in Fig. 7.1(b). Its S21-magnitude under the three different coupling lengths is simulated by the Momentum simulator [115] and plotted in Fig. 7.4 to initially demonstrate the controllable dual-band pass bandwidths at 2.4 and 5.2 GHz. In this aspect, the fractional bandwidth (FBW) observes to be widened from 6.8%, 8.2% to 12% at 2.4GHz-band and narrowed from 10.5%, 8.2% to 5.2% at 5.2GHz-band, respectively. Of importance, these results illustrate that the bandwidths of the dual passbands can be freely adjusted to well realize the three distinctive dual-band cases, as listed in Equation (7.7), which have not yet been reported so far. ⎧ FBW f0 > FBW fs1 , LC1 = 9.00mm ⎪ ⎨ FBW f0 = FBW fs1 , LC1 = 7.30mm ⎪ FBW < FBW , L = 5.60mm f0 fs1 C1 ⎩



(7.7)



7.2.3 DUAL-BAND FILTER WITH CONTROLLABLE PASS FBWS Fig. 7.5 indicates the layout of the proposed two-stage dual-band filter. Its dualband performances, insertion losses and bandwidths, suppose to be effectively controlled with freedom by adjusting the two coupling lengths, LC1 and LC2,



Fig. 7.5. Layout of the proposed two-stage SIR dual-band filter with controllable fractional pass bandwidths.



between the feed line and SIR as well as two adjacent SIRs. Following the abovediscussed three cases, the three dual-band filters are optimally designed to realize the distinctive dual-band performances, i.e. (a) wide FBW at 2.4GHz and narrow
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Fig. 7.6. Photograph of the three dual-band SIR filters, type-A, type-B and type-C, with varied dual-passband fractional bandwidths.



FBW at 5.2GHz; (b) equalized FBWs at 2.4 and 5.2GHz; and (c) narrow FBW at 2.4GHz and wide FBW at 5.2GHz. After optimization design is carried out to minimize the return losses in both passbands, the three dual-band filters are fabricated and their relevant photographs are shown in Fig. 7.6, respectively. As can be seen here, the coupling lengths, LC1 and LC2, are selected relatively long in the first filter to make up the PCML with tighter coupling at 2.4GHz and weaker at 5.2GHz as instructed in Fig. 7.2(a). In the second filter, LC1 and LC2 are properly shortened, aiming at allocate closely the two passband widths. At last, these two lengths are further reduced so as to realize the narrow FBW at 2.4GHz and wide FBW at 5.2GHz due to their weak and strong coupling degrees of the two PCML sections, respectively. Table 7.1 tabulates the measured dual FBWs at the low and high passbands, FBWf0 and FBWfs1, of these three filter samples. One can clearly see that FBWf0 is much wider than FBWfs1 in the type-A, gradually approaches and then exceeds the latter one in the type-C. It is for the first time confirmed in experiment that in
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type-A 9.3% 3.5%



type-B 6.5% 5.6%



type-C 4.7% 5.6%



addition to the two tunable dual passbands as realized using the SIR [60], the coupling dispersion of the PCML can be further utilized to tune and control the FBWs of the dual operating passbands. Fig. 7.7 plots the predicted and measured Sparameters. They are well matched with each other over a wide range, including the



(a)



(b)
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(c) Fig. 7.7. Predicted and measured results of the three dual-band SIR bandpass filters with varied FBWs.



dual passbands.



7.2.4 CONCLUSION In this work, a new dual-band filter with controllable fractional bandwidths is proposed and constructed by using the distributed PCML coupled-line and dualresonance SIR. After coupling dispersion of the PCML with varied lengths is studied in terms of explicit J-inverter susceptance, the three SIR circuits are modeled to exhibit the two tunable passbands. Further, the three SIR dual-band filters with two SIRs are optimally designed with varied dual-band FBWs as well verified by our experiment. This simple but effective design procedure provides us a powerful capacity in exploring the dual-band filter without needing any external dual-band matching network [60], [61], thus miniaturizing the overall size and reducing the design complexity.
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7.3 COMPACT DUAL-BAND FILTERS 7.3.1 INTRODUCTION Parallel-coupled microstrip dual-band bandpass filter without any external feeds is originally presented in Section 7.2 to realize the controllable dual-passband bandwidths at the two specified frequencies. To further minimize the overall size as usually requested, a novel compact dual-band microstrip bandpass filter is constructed and implemented in this chapter. In this aspect, a modified halfwavelength SIR resonator [128] with sinuous configuration is presented and designed with the dual passbands operating at 2.4 and 5.2 GHz. The parallel-coupled microstrip line is then characterized in terms of J-inverter network, as done in Chapter 6, to simultaneously allocate its first two coupling peaks at the above two resonant frequencies. As such, good transmission performances are achieved in both dual passbands. Finally, a two-stage dual-band filter is optimally designed and fabricated. Predicted dual-band frequency response is well confirmed by experiment of a fabricated filter block.



7.3.2 PROPOSED COMPACT DUAL-BAND MICROSTRIP FILTER Fig. 7.8 shows the geometrical schematic of the proposed dual-band microstrip bandpass filter. First of all, the sinuously-shaped SIR resonator is constructed by cascading a short-length high-impedance section in the center with the two longlength low-impedance sections in the two sides. In this design, the widths of those two distinctive sections, i.e. W1 and W2, are pre-selected at 0.2 and 0.4mm. Following the analysis in [128], the resonant conditions of the normal SIR resonator, as shown in Fig. 7.9, can be explicitly established. As a result, the two relevant
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Fig. 7.8. Schematic of the compact dual-band microstrip bandpass filter. Substrate: εr=10.8, thickness=0.635 mm. L1=7.6, L2=1.4, L3=3.05, L4=1.8, L5=1.2, L6=8.1, L7=1.55, W1=0.2, W2=0.4, S1=0.2, S2=0.64 and S3=0.9. All are in mm.



Fig. 7.9. Geometrical diagram of the stepped-impedance resonator (SIR).



resonant frequencies, f0 and fs1, can be determined as the two solutions of the following two transcendental equations, respectively. RZ − tan θ1 tan θ 2 = 0 (at f=f0)



(7.8)



RZ tan θ1 + tan θ 2 = 0 (at f= fs1)



(7.9)



and



where Rz is the ratio of the two characteristic impedances, i.e. Rz=Z2/Z1. Fig. 7.10 plots the ratio of the first two resonant frequencies, fs1/ f0, as a function of the impedance ratio (Rz) under three different ratios of the two line lengths in a SIR resonator, i.e. θ2=θ1, θ2, and θ3. Considering that f0=2.4 and fs1=5.2 GHz are
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Fig. 7.10. Frequency ratio (fs1/f0) with respect to impedance ratio (Rz=Z2/Z1) for a SIR resonator.



considered in this work, Rz can be explicitly determined from Fig. 7.10 if θ2/θ1 is specified. Next, the parallel-coupled microstrip lines are introduced between the feed line and its relevant SIR as well as between the two adjacent SIRs, as illustrated in Fig. 7.8. As discussed in Chapter 6, the coupling degree of this parallel-coupled line is exhibited to vary as a non-monotonic function of frequency. As such, the coupled spacing and lengths can be properly tuned to simultaneously satisfy the coupling degrees and minimize the return losses in both dual passbands without needing any external impedance transformers as inquired in the previous dual-band filters [60], [61]. In this way, the coupling dispersion of parallel-coupled microstrip line is characterized as done in Chapter 6 and then optimally characterized to allocate the first two coupling peaks towards the centers of dual passbands. To do it, the overlapped lengths (L1, L2) and coupled spacing (S1) need to be characterized to determine the coupling degree between the feed line and the SIR at the input and output. In the meantime, the coupled lengths (L6 and L7) and spacing (S2, S3) are
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adjusted to control the coupling behavior between the two sinuous SIR resonators. In the final stage, the proposed dual-band filter with the 50-Ω feed lines at two ports is optimally designed with the use of the Agilent Momentum simulator. The target here is to simultaneously achieve the satisfactory transmission performance in the dual passbands by suitably adjusting the above dimensions.



7.3.3 RESULTS AND DISCUSSION Fig. 7.11 and Fig. 7.12 show the frequency responses of the reflection coefficient |S11| under the different selected coupled spacing (S2 and S3) between the two sinuously-shaped SIRs. Herein, all the other dimensions of this filter are unchanged and they are given in Fig. 7.8. From Fig. 7.11, we can see that |S11| in the 2.4-GHz band keeps almost unchanged below -20 dB with two attenuation zeros regardless of varied S2. Meanwhile, |S11| in the 5.2-GHz band is immensely varied in shape. As S2



Fig. 7.11. Frequency responses of |S11| under different coupling spacing S2 between two sinuous SIR resonators.



is widened from 0.54, 0.64 to 0.74 mm, |S11| in the 2nd-band is suddenly changed in shape from a single attenuation zero to the double ones and the relevant maximum
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Fig. 7.12. Frequency responses of |S11| under different coupling spacing S3 between two sinuous SIR resonators.



value at center is then moved up because of deficient coupling degree. On the other hand, we can find from Fig. 7.12 that the variation in S3 from 0.8, 0.9 to 1.0 mm coincidently affects the bandpass performances in both dual bands. It implies that S2 only dominates the coupling degree in the 2nd-band while S3 controls the coupling degrees in both bands. Following the above discussion, our optimization design is carried out by taking into account strip thickness of 17μm. The design procedure is to at first determine S3 with satisfactory performance at the 1st-band and then to adjust S2 towards good transmission in the 2nd-band. The designed filter circuit occupies the overall size of about 10.2×12.3 mm2. The photograph of the fabricated filter is shown in Fig. 7.13 and its two-port frequency response is then measured using the universal substrate test fixture (WK-3000: supplied by the Inter-Continental Microwave, as shown in Fig. 4.11). Fig. 7.14 plots the predicted and measured S-parameters in the frequency range covering the concerned dual bands. Both them are found in very reasonable
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Fig. 7.13. Photograph of a fabricated dual-band microstrip bandpass filter.



Fig. 7.14. Simulated and measured frequency responses of the optimized dual-band microstrip bandpass filter.



agreement with each other. In the dual passbands, the fractional frequency bandwidths are about 7.0% and 4.0%. The measured return losses in both 2.4GHzand 5.2GHz-bands are higher than 20 dB while the measured insertion losses are 1.8 dB and 2.9 dB, respectively.



7.3.4 CONCLUSION A novel compact dual-band microstrip bandpass filter is proposed and constructed by using the sinuously-shaped dual-resonance SIR resonator and dual-band parallel-
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coupled microstrip lines. After a brief description is given on its distinct geometry and optimization design approach, this filter is designed, implemented and fabricated. Without needing any external dual-band impedance-transformer feeds, this proposed dual-band filter has not only significantly miniaturized the overall size, but also achieved the good dual-passband filtering performances at the two specified bands, i.e. 2.4 and 5.2 GHz. The predicted results are finally verified by our experiment of a fabricated dual-band filter.
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CHAPTER 8 Novel Dual-Band Filters with Controllable FBWs and Good InBetween Isolation 8.1 INTRODUCTION Dual-band bandpass filters have been receiving a great interest in the design of advanced wireless communication systems [55], [56], [59]–[62], [126], [127], [129]. To improve the stopband attenuation, coupled resonator pairs are proposed in [62] to generate two transmission zeros in the higher side of each passband. Unfortunately, the filtering performances in the dual passbands are found not so good because of the unexpected parasitic effects and approximate modeling. To minimize the overall size of circuit and improve the filtering performance in both dual passbands, parallel-coupled microstrip dual-band bandpass filter, as shown in Fig. 8.1(a), is originally presented in Chapter 7 without installing any external dual-band matching networks. The three sets of S21-magnitude are plotted
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(a)



(b) Fig. 8.1. Geometrical diagrams of the proposed dual-band parallel-coupled microstrip bandpass filters. (a) One-stage filter. (b) Two-stage filter.



in Fig. 7.2 to demonstrate that the dual bandwidths at 2.4 and 5.2 GHz are controllable with respect to the changed coupling lengths ( LC1 ). In this Chapter, the parallel and anti-parallel coupled microstrip lines [130] are thoroughly investigated and they are utilized to make up a novel microstrip dualband filter with miniaturized size, controllable dual-passband widths and good inbetween isolation. Fig. 8.1(b) shows the geometry of the proposed two-stage dualband filter. At first, these two coupled microstrip lines are characterized using the self-calibrated full-wave method of moments. Their unified equivalent J-inverter networks are extracted to show their frequency-distributed coupling behaviors [119]. Several two-stage dual-band filters are then designed to exhibit the controllable dual-band performances as demonstrated in both simple network-cascaded prediction and full-wave Momentum simulation. At last, a three-stage dual-band bandpass filter is optimally designed with the improved in-between isolation. The predicted results are further confirmed by experiment.
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8.2 COUPLING PROPERTIES OF COUPLED MICROSTRIP LINES Fig. 8.2(a) and 8.2(b) show the physical configurations of the two parallel-coupled microstrip lines, namely, Type-I and Type-II, to be considered in the modeling platform. These two coupling structures are characterized as the commonly unified equivalent J-inverter network, as shown in Fig. 8.2(c), including a susceptance ( J )



(a)



(b)



(c) Fig. 8.2. Geometrical diagrams and unified equivalent network of the two parallel-coupled microstrip lines to be characterized. (a) Anti-parallel coupled line: Type-I. (b) Pro-parallel coupled line: Type-II. (c) J-inverter network.



at center and two equal electrical line lengths ( θ / 2 ) at two sides. These so-called anti-parallel and parallel coupled lines are analyzed in [130] using the simple evenand odd-mode approach towards suppressing the harmonic passbands in the filter
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design. To more accurately investigate their coupling behaviors including the parasitic open-end effects, these two-port coupled lines are modeled here using the full-wave admittance-type method of moments (MoM) [86]. Then, the MoMsimulated Y-matrices at the two external ports with the impressed voltage sources are shifted to those at the two interested reference planes, R1 and R2. To do it, the numerical short-open calibration (SOC) procedure is executed to effectively calibrate out the numerical errors in the MoM as comprehensively discussed in [87]. Next, the J-inverter network parameters in Fig. 8.2(c) can be analytically derived under the equivalence of Y- and J-networks as explained in Chapter 7. The relevant formulas for the coupled line (Type-I) are reported in Chapter 7.2 and those for the coupled line (Type-II) are newly derived and given as below. As studied for the Type-I structure in Chapter 7.2, the distributed J-susceptance seems to vary as a quasi-periodical function of frequency. In particular, its value achieves the maximal peak at the frequency of θ / 2 = 90D and null at the frequency of θ / 2 = 180D . As discussed in [130], the coupling peak in the Type-II structure basically occurs at the frequencies of θ / 2 = 45D and θ / 2 = 135D while the coupling null J is placed at the frequency of θ / 2 = 90D . Fig. 8.3(a) and 8.3(b) illustrate the derived normalized J-inverter susceptance ( J ) and equivalent electrical length ( θ / 2 ) of the two considered coupling structures (Type-I and Type-II) over the frequency range covering the dual-band at 2.4 and 5.2 GHz. For a comparative study, the coupling lengths of these two structures are kept to be identical, i.e. LC1 = LC 2 , and they are separately selected as 5.60, 7.30, 9.00 mm in our numerical modeling. The results in Fig. 8.3(a) at first confirm the abovedescribed coupling properties that the two peaks are observed in the type-II
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(a)



(b) Fig. 8.3. Extracted J-inverter network parameters of the two coupled microstrip lines, namely, Type-I and Type-II. (a) Normalized J-susceptance. (b) Electrical lengths.



structure. Regardless of varied coupled lengths, the 2nd peak in the parameter ( J ) is almost located at the frequency of the three times of its 1st peak counterpart. In particular, the coupling null appears around the frequency of θ / 2 = 90D between the 1st and 2nd peaks, and this null can be utilized to achieve the good in-between
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isolation between the dual passbands in the dual-band filter design that will be implemented later on. Considering that the coupling degree in the lower band or 2.4GHz-band is always weaker than that in Type-I, this Type-II parallel coupled line seems to be better installed in the middle region between the adjacent resonators in the design of multi-stage dual-band filters. Fig. 8.1(b) shows the schematic of such a filter with the two stages. In order to achieve the high return losses within the dual passbands and control the dual bandwidths with freedom, the coupling degrees are further comprehensively studied at the central frequencies of the concerned dual bands, i.e. 2.4 and 5.2 GHz. The calculated J of the Type-II structure is plotted as a function of the coupling length ( LC 2 ) at 2.4 and 5.2 GHz under different coupling spacing (S2) as illustrated in Fig. 8.4(a) and 8.4(b). In the 2.4GHz-band, J seems to go up and then down with respect to LC 2 , and its maximum gradually rises up as the spacing (S2) becomes small. Meanwhile, in the 5.2GHz-band, J appears relatively weak in the short region of LC 2 , becomes null at a certain length and then increases quickly to the high peak as LC 2 is further stretched. In short, the results in Fig. 8.4 provide us with a great capability and flexibility in simultaneously adjusting and controlling the dual-passband response via proper selection of LC 2 and S2.
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(a)



(b) Fig. 8.4. Normalized J-susceptance of the anti-parallel coupled line (Type-II) versus the coupling length ( LC 2 ) under different coupled spacing (S2) at the centers of the dual passbands. (a) f=2.4 GHz. (b) f=5.2 GHz.
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8.3 RESONANT RESONATOR



PROPERTIES



OF



DUAL-BAND



Fig. 8.5(a) and 8.5(b) show the layout and equivalent circuit network of half a symmetrical structure of the two-stage dual-band bandpass filter in Fig. 8.1(b). Fig. 8.5(c) depicts the equivalent cascaded line network of the single stepped-impedance resonator (SIR) [59], [60], [129] that is not ideally isolated with any other line or circuit. Herein, Y1 and Y2 are the two unequal characteristic admittances and their aspect ratio can be properly determined to produce the two resonant frequencies at the centers of the specified dual passbands in the filter design. As illustrated in Fig. 8.5(a), the two distinctive coupled lines, i.e. Type-I and Type-II, are capacitively coupled to the single SIR resonator at the two terminals. Following the description given in the above section, the two reference planes ( #2 and #'2 ) are selected in Fig. 8.5(a) in order to derive the relevant equivalent network in Fig. 8.5(b). In this aspect, the overall electrical length Φ of this SIR resonator should be made up of the five



(a)



(b)
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(c) Fig. 8.5. Layout and equivalent circuit network of half a symmetrical structure of the proposed two-stage dual-band bandpass filter in Fig. 8.1(b). (a) Layout. (b) Equivalent network. (c) Equivalent SIR resonator.



distinct parts, i.e. Φ = θ2' + θ2" + θ1 + θ3" + θ3' , as shown in Fig. 8.5(b). Now, we’d like to establish the condition of dual-band resonances at 2.4 and 5.2 GHz with reference to Fig. 8.5(c). Herein, all the phase-related effects caused by the open-end discontinuity and coupled-line are taken into account in the electrical lengths, θ2' and θ3' . Thus, the resultant input admittance ( Yin ) at the left side of this SIR can be easily derived by gradually shifting the input admittance at the different connecting nodes of the two cascaded lines from the right side, such that



Yin = jY2



(



)



RZ Y * 1 − tan θ2' ⋅ tan θ2" + tan θ2' + tan θ2" 1 − tan θ2'



⋅ tan θ2"



(



− RZ Y tan θ2' + tan θ2" *



)



(8.1)



)



(8.2a)



where, *



Y =



(



)



RZ tan θ1 1 − tan θ3' ⋅ tan θ3" + tan θ3' + tan θ3"



(



)



(



RZ 1 − tan θ3' ⋅ tan θ3" − tan θ1 tan θ3' + tan θ3"



RZ = Y1 / Y2



(8.2b)



By enforcing Yin = 0 , the multiple resonant frequencies can be numerically solved and the first two ones are actually utilized for dual-band filter design in this work. In addition to the admittance ratio (Rz), the two resonant frequencies are also affected by the three separate lengths in the SIR.
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8.4 DUAL-BAND FILTER On a basis of the coupling behaviors and dual-band resonances discussed above, the two-stage bandpass filters as shown in Fig. 8.1(b) are initially constructed and designed. In this section, our effort is made to confirm that the dual-band passband response can be really tuned and controlled with freedom. In the design procedure, the SIR resonators are firstly characterized to simultaneously resonate at 2.4 GHz and 5.2 GHz. Secondly, the coupling length ( LC1 ) in the Type-I structure is properly adjusted to achieve the tight and/or weak coupling degrees in the dual passbands with wide and/or narrow bandwidths. Next, the coupling length ( LC 2 ) and the gap distance ( S2 ) in the Type-II structure are determined based on the results in Fig. 8.4 towards maximizing the return losses in the dual passbands. All the optimal design is carried out based on the simple transmission line cascaded network, as shown in Fig. 8.5(b) instead of the time-consuming full-wave simulation over the filter layouts as executed in [59]–[62], [62]. To realize the good in-between isolation of the dual passbands, the transmission zero with J =0, as shown in Fig. 8.3(a), in the Type-II coupling structure is preferably relocated at the center between the dual passbands at 2.4 and 5.2 GHz. With reference to the design curves in Fig. 8.4, the length ( LC 2 ) has to be selected in the following range in the considered case that the coupled spacing varies from 0.2 to 0.6 mm. 5.2mm < LC 2 < 9.4mm



(8.3)
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Following the above discussion, the optimization design is carried out to minimize the return losses in both two passbands with the dual passbands of the proposed dual-band filter in Fig. 8.1(b). Fig. 8.6(a) to 8.6(c) show the optimized dual-band frequency response based on the cascaded transmission line network which parameters are numerically de-embedded from the hybrid method of moments and short-open calibration technique, namely, MoM-SOC. The network-derived Sparameters of all the three dual-band filters are well verified by the direct full-wave Momentum simulation as illustrated in Fig. 8.6. We can see that the return losses within the dual passbands have been maximized above 20dB. The bandwidths of these dual passbands can be really controlled if the coupled lengths/widths ( LC1 , LC 2 , S2 ) of the Type-I and Type-II coupling structures are coincidently changed on



a basis of the design curves in Fig. 8.4. The fractional bandwidths (FBWs) in the 1st and 2nd passbands (f0 & fs1) of these filters are tabulated in Table 8.1. This table shows us that the FBW of the 1st passband is significantly reduced from 9.4% to 4.1% while that of the 2nd passband is slightly increased from 3.8% to 5.8%. Thus,



(a)
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(b)



(c) Fig. 8.6. Predicted results of the three dual-band bandpass filters with varied fractional bandwidths. (a) Type-A. (b) Type-B. (c) Type-C.



the proposed approach is confirmed to have an attractive capability in controlling the dual-band FBWs that is useful for different dual-band communication applications. Compared to the initial dual-band filters in Chapter 7.2, the proposed dual-band filters here have the excellent in-between isolation of these dual passbands. As shown in Fig. 8.6(a) to 8.6(c), the transmission zero introduced by the Type-II
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TABLE 8.1. MEASURED DUAL-BAND FBWS OF THREE FILTERS Filter FBWf0 FBWfs1



type-A 9.4% 3.8%



type-B 6.6% 5.6%



type-C 4.1% 5.8%



coupling structure actually significantly sharpens the in-between stopband, thus effectively suppressing the image signals as requested in the dual-band receiver link design [62]. To achieve the better dual-band performance with deepened in-between stopband, a three-stage dual-band filter is made up by placing an additional resonator in the center between the two resonators used above. Its dual-passband performance is optimally designed using the cascaded transmission line theorem and the predicted S-parameters are plotted in Fig.8.7 together with the full-wave Momentum-



Fig. 8.7. Predicted results of the three-stage dual-band bandpass filter.



simulated results. It can be seen that the return losses in both 2.4GHz- and 5.2GHzbands are higher than 20 dB. In the meantime, the maximum insertion losses in the in-between stopband exceed 90 dB in the MoM-SOC-derived network simulation
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Fig. 8.8. Photograph of the fabricated three-stage dual-band bandpass filter.



Fig. 8.9. Experimental results of the fabricated three-stage dual-band bandpass filter.



and 60 dB in the full-wave Momentum simulation, thereby exhibiting the very good in-between isolation of these dual passbands. Fig. 8.8 and Fig. 8.9 show the photograph and experimental frequency response of the fabricated three-stage filter circuit. The 3rd resonator in the middle is symmetrically coupled with the 1st and 2nd resonators at the two sides via the TypeII coupling structure. The measured S-parameters show that the stopband between 2.40 and 5.20 GHz passbands achieves the fractional bandwidth of 53% under the 40 dB insertion loss and the maximum insertion loss in this stopband exceeds 65 dB. The minimum insertion losses in the dual passbands achieve 2.44 and 3.52 dB and
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the central frequencies of these dual bands are located at 2.42 and 5.19 GHz, respectively.



8.5 CONCLUSION This work presents a novel dual-band bandpass filter with controllable fractional bandwidths and good in-between isolation in the middle stopband. The frequencydependent properties of the parallel and anti-parallel coupled microstrip lines are thoroughly investigated to quantitatively demonstrate their distributed coupling performance in terms of extracted J-inverter network parameters and carrying out the efficient optimization design of the whole filter structures based on the simple cascaded network topology. In particular, the parallel coupled line with null coupling at a certain frequency is utilized to produce a preferred transmission zero in the middle stopband, thus effectively isolating these dual passbands. Using these coupling structures and dual-band stepped-impedance resonators, the three dualband filters with two SIRs are designed and fabricated to exhibit that the dualpassband fractional bandwidths can be really tuned to a large extent. Finally, a threestage dual-band filter is designed, fabricated and measured to show the improved dual-band filtering performances with sharpened rejection skirt outside the dual passbands and deepened in-between stopband.
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Chapter 9 Conclusions and Recommendations 9.1 CONCLUSIONS In this dissertation, a modified microstrip line with the finite-width ground plane is investigated to construct the potential high-quality RF and microwave integrated circuits. The generalized finite-ground microstrip line (FGMSL) open-end discontinuities with different configurations are characterized by the self-calibrated MoM-SOC technique and the extracted results are provided to derive its dynamic circuit model parameters without any hypothesis in theory. It is exhibited here that the FGMSL open-end discontinuity can still be modeled as a simple static fringing capacitance and its value increases as the finite-ground dimension is enlarged. Then, a novel periodic electromagnetic bandgap structure is presented, characterized and implemented. Using the high-impedance property of the offset FGMSL, the bandwidth and attenuation depth of the concerned guided-wave bandgap are quantitatively confirmed to gain the significant enhancement. The two effective perunit-length parameters are derived to display the fundamental guided-wave
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characteristics of the FGMSL EBG with infinite-extended length. The scattering parameters of the finite-cell EBG circuits with varied feed-line impedances are further investigated to exhibit the bandstop behaviours as a two-port filtering circuit. Subsequently, the offset FGMSL with narrow strip/ground width is studied to show its enhanced characteristic impedance and applied as an improved series inductive element for harmonic-suppressed lowpass filter design. By forming the shortened offset-FGMSL with high impedance, a new class of lowpass filters with miniaturized-size and enhanced-stopband are then proposed, designed and realized. Their advantageous filter performance is quantitatively exhibited and discussed in comparison with the conventional MSL LPF. The periodically nonuniform coupled microstrip lines (PNCML) are thoroughly characterized as an equivalent uniform coupled transmission line via self-calibrated MoM-SOC technique. For the first time, both two effective per-unit-length transmission parameters, i.e. phase constants and characteristic impedances, are extracted to demonstrate the frequency-dispersive and periodicity-dependent guidedwave characteristics of the two dominant propagating modes. These results are believed to be useful for accurate design of advanced microstrip couplers and filters with the use of such PNCML structures. As an application, our effort is primarily made to predict the location of transmission zero of the finitely-extended PNCML section and further allocate it to suppress the 1st-harmonic passband in the design of microstrip bandpass filters. The PNCMLs with finite length is studied in terms of a generalized coupling-oriented J-inverter network. It does exhibit the basic principle of suppressing the 1st-harmonic passband in filter design with the use of the transmission zero reallocation technique. Extensive results have demonstrated that
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the transmission zero or J-susceptance null of the periodically nonuniform coupled microstrip line can be reallocated to cancel the 1st-harmonic resonance. This is done by adjusting the periodicity and/or loaded slit dimension properly. Dual-band filters have been recently arousing a booming attention as one of the most important circuit blocks in exploring the advanced dual-band wireless systems. A new dual-band filter with controllable fractional bandwidths is proposed and constructed by using the distributed PCML coupled-line and dual-resonance SIR. After coupling dispersion of the PCML with varied lengths is studied in terms of explicit J-inverter susceptance, the three SIR dual-band filters are modeled to exhibit the two tunable passbands. Further, a novel compact dual-band bandpass filter is proposed using the sinuous dual-resonance SIR and dual-band parallel-coupled lines. Without needing any external dual-band impedance-transformer feeds, this filter allows us not only to significantly miniaturize the overall size, but also to achieve the good dual passband responses at 2.4 and 5.2 GHz. Finally, a novel dualband bandpass filter is presented with controllable fractional bandwidths and good in-between isolation in the middle stopband. The frequency-dependent properties of the pro- and anti-parallel coupled microstrip lines are thoroughly investigated to originally demonstrate their distributed coupling performance and employ the extracted J-inverter network parameters for efficient network-oriented optimization design of the whole filter structures. In particular, the anti-parallel coupled line with null coupling at a certain frequency is utilized to produce a preferred transmission zero in the middle stopband, thus effectively isolating these dual passbands. Using these coupling structures and dual-band stepped-impedance resonators, the three
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dual-band filters with two SIRs are designed and fabricated to exhibit that the dualpassband fractional bandwidths can be tuned and controlled to a large extent.



9.2 FUTURE RECOMMENDATIONS •



Microstrip antennas usually have high input impedance at the resonant frequency. Due to the high-impedance property as exhibited here, the offset FGMSL EBG structure is a promising structure to match the microstrip antennas with the feed line in impedance.



•



The other FGMSL discontinuities and structures, such as finite-ground microstrip gap and right-angle bend, could be further investigated for establishing a useful library of FGMSL-based circuit elements. Similar to the CPS discontinuities [152], FGMSL series gap can be made up, which consists of an air gap along one of the strip conductors while the other line is kept intact. As derived in [88], the built series capacitance and inductance are put together to make up an equivalent series resonant circuit, where any potential radiation losses can be taken into account by a shunt conductance and a series resistance. In this way, this vivid behavior of radiating resonance may be utilized in the novel design of the advanced microwave antennas.



•



The coupling behaviors of PNCML (A) can be further used to make up an advanced microstrip line couplers with high directivity and wide bandwidth.
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In addition, the PNCML can be investigated with respect to varied finiteground plane widths and configurations so as to provide the more degree of freedom in the design of advanced microwave integrated circuits. As a trade-off of PNCML structures, the coupling between the two nonuniform strip lines is decreased as the depth of periodically transverse slits is increased. This drawback can be compensated by unitizing the advantages of the FGMSL, which is helpful to increase the coupling of PNCML, also in size compaction.



•



As discussed in Chapter 8, the coupling null of pro-parallel coupled line appears at the frequency with the electrical length of θ / 2 = 90D that is sandwiched between the 1st and 2nd peaks. This null characteristic may be further applied for parallel coupled line filters with harmonic suppression.
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