

  electronics-09-00547




electronics-09-00547







Electronics 2020, 9(4), 547; doi:10.3390/electronics9040547




Article



Differential Bi-Level Microstrip Directional Coupler with Equalized Coupling Coefficients for Directivity Improvement



Slawomir Gruszczynski *[image: Orcid], Robert Smolarz[image: Orcid] and Krzysztof Wincza





Department of Electronics, AGH University of Science and Technology, 30-059 Krakow, Poland









*



Correspondence: slawomir.gruszczynski@agh.edu.pl; Tel.: +48-12 617-30-21; Fax: +48-12-633-23-98







Received: 10 March 2020 / Accepted: 23 March 2020 / Published: 25 March 2020



Abstract

:

In this paper, a bi-level microstrip differential directional coupler has been investigated. It has been shown that the equalization of coupling coefficients can be successfully made with the use of appropriate dielectric stack-up and conductor geometry. The application of additional top dielectric layer can ensure proper equalization of coupling coefficients by lowering the value of capacitive coupling coefficient to the value of the inductive one. The theoretically investigated coupled-line section has been used for the design of a 3-dB differential directional coupler. The measurement results are compared with the theoretical ones.
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1. Introduction


Recently differential directional couplers are of interest of microwave engineering community, and find applications, e.g., in mixer or VCO design [1,2]. One can find the examples of branch-line differential directional couplers [3,4,5,6,7,8]. Such couplers are known as being narrow-band networks having simultaneously large size. In contrary, coupled-line directional couplers feature larger bandwidths with smaller sizes, and recently it was shown that such couplers can also be designed as differential ones [9,10,11,12]. Until now the differential coupled-line directional couplers have been designed in homogeneous dielectric media in which the capacitive and inductive coupling coefficients are balanced, and hence good directive properties can be obtained [11]. It was also shown in [12] that a coupled-line directional coupler can be designed in inhomogeneous dielectric medium and can be compensated with the quasi-lumped element approach. Furthermore, a method for compensation of modal phase velocities has been shown for the special case of symmetric directional couplers in inhomogeneous stripline technique [13].



In this paper, we show for the first time the possibility of coupling coefficients’ equalization in multilayer-microstrip coupled-line geometry using the technique known for single-ended directional couplers, i.e., by the utilization of appropriate dielectric stratification. We show in the paper that the additional top dielectric layer can provide the required coupling coefficients’ equalization by lowering the capacitive coupling coefficient, while not influencing the inductive one. The theoretical investigation has been supported with the measurements of a 3-dB differential directional coupler designed for the center frequency of 1.4 GHz.




2. Analysis and Design


The investigation on the design of a differentially-fed coupled-line directional coupler has been carried out, based on the previously published work on the design of such directional couplers in homogeneous dielectric medium [11]. Here, we took the effort to verify the possibility of designing such directional couplers in inhomogeneous dielectric media, which is in particular useful, when microstrip structures are considered. A conceptual view of a four-strip coupled-line system is shown in Figure 1, whereas, proposed coupled-line geometry is presented in Figure 2, and consists of a base substrate, having thickness h4, a substrate having thickness h2 on which the traces of the coupler are etched. Moreover, two additional layers are present, among which the layer having thickness h3 is purely technological layer bonding the two layers h4 and h2 together, while the top layer is a compensating layer.



In the directional coupler’s design, the following procedure has been utilized:




	
The coupled-line geometry, shown in Figure 2, has been numerically analyzed, in our research the Linpar software has been used [14].



	
From the numerical analysis the 4 × 4 per-unit-length inductive and capacitive matrices of a coupled-line system have been found.



	
The 4 × 4 matrices have been reduced to 2 × 2 matrices of the equivalent two conductor coupled-line section with the formulas derived in [11].








The geometry has been iteratively optimized in order to obtain the required coupling coefficients and impedances of the conductor pairs.



In the first step of the design a coupled-line geometry has to be found for which the inductive coupling coefficient and characteristic impedances of the lines are as desired for the final coupler. Since the overlay dielectric layer h1 will be used for the compensation, the inductive coupling coefficient will not be modified. Additionally, when selecting an initial geometry without top compensating layer the capacitive coupling coefficient has to be greater than the inductive one, since the dielectric overlay will lower the capacitive coupling coefficient to be equal to inductive one. For our analysis the following parameters of the coupled line geometry have been found: h4 = 0.76 mm, εr4 = 4.5, h3 = 0.09 mm, εr3 =3.38, h2 = 0.05 mm, εr2 = 3.4, for which the above mentioned criteria are met.



In the second step the process of described iterative calculations is applied. In our calculations the following geometrical parameters have been found: the strip widths and the spacing for the top balanced line equal w1 = 0.345 mm, s1 = 1 mm, and the strip widths and spacing for the bottom balanced line are w2 = 0.315 mm, s2 = 0.6 mm. Furthermore, the top dielectric layer has been optimized in order to equalize capacitive and inductive coupling coefficients and the following values have been obtained: h1 = 0.787 mm, εr1 = 2.5. The optimized geometry features differential characteristic impedance Z0 = 100 Ω and coupling coefficients kL = kC = 0.705.



The overlay dielectric layer h1 provides for capacitive and inductive coupling coefficients’ equalization, which is a necessary condition for the realization of an ideal coupled line section [15], and hence it is a necessary condition to obtain good isolation and impedance match of the coupled-line section. To illustrate the compensating effects of the top dielectric layer on the chosen coupled-line geometry the influence of the layer’s thickness and dielectric constant have been calculated and the results are shown in Figure 3.



As it is seen both the thickness and the dielectric constant of the top layer influence the capacitive coupling coefficient. The inductive coupling coefficient is not influenced, since it depends on conductor geometry only, and can be calculated from the capacitive matrix of the homogeneous air filled geometry (not depending on any dielectric properties). The application of additional dielectric layer lowers the capacitive coupling coefficient and it is required to adjust the parameters h1 and εr1 to obtain equity of both inductive and capacitive coefficients.



The designed coupled-line geometry has been further investigated and scattering parameters of a coupled line section have been calculated electromagnetically with the AWR Microwave Office software. The results are shown in Figure 4 with comparison to the equivalent section with removed compensating top dielectric layer. As it is seen, the application of the compensating layer improves the isolation and impedance match by about 20 dB. Further, the scattering parameters of the complete directional coupler with transitions between coupled and uncoupled lines have been calculated electromagnetically, and are shown in Figure 5. The designed directional coupler features equal power split between direct and coupled ports (k ≅ 0.7), the return losses and isolation are better than 40 dB at the center frequency.



Finally, the directional coupler has been fabricated and measured with the Keysight PNA-X N5224 four port vector network analyzer. The analyzer has been calibrated at the male connector planes with the Short-Open-Load-Through calibration technique and Keysight 85052D manual calibration kit. The single-ended measurement results have been recalculated to the differential ones and are presented in Figure 6. The obtained return losses are not worse than 22 dB, whereas the isolation is better than 20 dB. The coupler features equal power split. The conversion losses between differential and common modes are better that 25 dB at the center frequency and the total losses do not exceed 0.4 dB at the center frequency. The difference between measured and simulated results, especially in terms of return loss and isolation levels may result from the fact that additional transmission line sections have been added to the fabricated model to allow for connector attachment. The lines have been de-embedded from the measured results. Further, the connector-microstrip line transitions were not included in the simulations, which can introduce additional mismatch seen in the measured results, and also the limited accuracy of lithography process can have impact on the coupled-line geometry modifying the characteristic impedances of the coupled lines. The picture of the fabricated model is shown in Figure 7.




3. Conclusions


A novel differential bi-level microstrip directional coupler has been investigated. It was shown that such coupled-line sections can be successfully compensated, and capacitive and inductive coupling coefficients can be equalized with additional dielectric layer. The application of the additional layer lowers the capacitive coupling coefficient and the parameters of this layer can be selected for proper equalization. The theoretically investigated directional coupler has been fabricated and measured. The obtained measurement results are in agreement with the calculated ones. A noticeable deterioration of isolation and return losses is related to the mismatch at the coaxial-microstrip transitions and the limited manufacturing accuracy of the directional coupler.
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Figure 1. A conceptual view of a four-strip coupled-line system which can operate as differentially-fed coupled-line directional coupler, having differential excitation provided between the appropriate balanced ports: #1 and #2, #3 and #4, #5 and #6, #7 and #8. 
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Figure 2. Cross-sectional view of a multilayer dielectric structure used for the design of differential bi-level microstrip 3-dB directional coupler. 
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Figure 3. Calculated inductive kL (dashed lines) and capacitive kC (solid lines) coupling coefficients for the coupled line geometry in which the following parameters have been chosen: h4 = 0.76 mm, εr4 = 4.5, h3 = 0.09 mm, εr3 =3.38, h2 = 0.05 mm, εr2 = 3.4, w1 = 0.345 mm, s1 = 1mm, w2 = 0.315 mm, s2 = 0.6. Analysis of the geometry vs. the thickness h1 of the top layer assuming dielectric constant εr1 = 2.5, and similar analysis vs. the dielectric constant εr1 of the top layer for the thickness h1 = 0.787. 
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Figure 4. Electromagnetically calculated differential S-parameters of the four strip coupled-line section operating in a differential mode: the compensated section is represented by solid lines and uncompensated one by dashed lines. 
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Figure 5. Electromagnetically calculated differential S-parameters of the compensated differential coupled-line directional coupler. 
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Figure 6. Measured magnitudes of differential S-parameters (solid lines) and phase characteristic (dashed line) (a), differential-to-common mode S-parameters (b) and the measured total losses (c) of the manufactured compensated differential coupled-line directional coupler. 






Figure 6. Measured magnitudes of differential S-parameters (solid lines) and phase characteristic (dashed line) (a), differential-to-common mode S-parameters (b) and the measured total losses (c) of the manufactured compensated differential coupled-line directional coupler.



[image: Electronics 09 00547 g006]







[image: Electronics 09 00547 g007 550] 





Figure 7. Photograph of the manufactured 3-dB differentially-fed directional coupler (a), and the coupler with the top compensating dielectric layer removed, showing the coupled traces and ports’ labeling (b). 
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