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  Abstract—A review of the design criteria for magnetostatic volume wave band-pass resonating filters will be presented. The prediction of the radiation resistance and of the reactance of microstrip lines coupled to magnetic films in grounded configurations will be used to model straight edge resonators by means of lumped elements As an application, the performances of tunable single and multiple stage narrow-band filters working at X-band will be evaluated.








I.  INTRODUCTION





Magnetostatic wave (MSW) straight edge resonators (SERs) obtained by liquid phase epitaxy of magnetic yttrium iron garnet (YIG) films are powerful and reliable media for tunable microwave narrow-band filtering [1]. The resonance properties of the SER depend upon its finite dimensions (few mm2 area and tens of (m in thickness, typically). Actually, if lx and ly are the planar dimensions of the SER in the (x,y)-plane, the resonance wavevector will be k=kn,m=([(n/lx)2+(m/ly)2]1/2, where n, m = 1, 3, 5, ... are odd numbers. The values (n, m) describe the resonances series, while the thickness contribution is not effective for the usual excited k values, ranging between few tens of cm-1 and 100 cm-1. MSW SERs can be used for both, band-pass and band-stop filtering with narrow-band response (from 10 to 20 MHz at 3 dB). A typical arrangement for the band-pass configuration is shown in Fig.1.
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Fig. 1. Band-pass configuration of a MSW SER.
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The geometry of the device and the SER intrinsic properties (linewidth and magnetization) are critical quantities to define the electrical performances of the filter.


In this paper, the computer aided design procedure for predicting the scattering parameters S11 and S21 of volume MSW band-pass resonating filters will be presented by means of: (i) ferromagnetic resonance (FMR) data, (ii) the computation of the radiation resistance Rm and of the radiation reactance Xm of a YIG film, and (iii) the simulation of a lumped element equivalent configuration of the SER by means of the Hewlett Packard Microwave Design System (HP MDS) software package. Since MSWs are magnetically dominated waves, multi-stage configurations including a number N of identical SERs can be designed by using data of one SER only and an inductive coupling between the SERs.








II. FERROMAGNETIC RESONANCE LINEWIDTH, RADIATION RESISTANCE AND RADIATION REACTANCE





  The basic information for predicting the filter response is to measure the FMR response of the SER, from which the unloaded quality factor Q0 can be calculated as Q0=f0/((H, f0 being the resonance frequency, (=2.8 MHz/Oe the gyromagnetic ratio and (H the magnetic full linewidth. Because of the slow frequency dependence of (H, its measurement at the center of the frequency band gives a value which can be reasonably assumed constant over the entire band. For this purpose, the main mode (n=1, m=1) FMR response in a TE102 cavity at 9.23 GHz of a normally biased YIG SER having length lx=0.94 mm, width ly=2.9 mm, and thickness d=45 (m has been measured. For typical SER dimensions, 1/lx2 >> 1/ly2, the excited wavevector, k, can be calculated as k1,1((/lx(33 cm-1. A DC magnetic bias normal with respect to the film plane provides the excitation of a forward volume MSW (FVMSW). In this case, a magnetic full linewidth (H(1.0 Oe has been inferred from the half-power bandwidth measurement. The radiation resistance of such a SER can be calculated by modeling a configuration in which a 50 ( microstrip deposited onto a dielectric substrate is top-coupled to the sample, thus obtaining a Rm behavior vs the frequency, or vs the excited wavevector k [2-6]. From the SER point of view, the role of the matched microstrip is assumed to be equal to that of a FMR cavity in which the critical coupling condition is fulfilled. The radiation reactance Xm is the Hilbert integral of Rm calculated over the entire MSW frequency band [7].


A number of theoretical results are available in literature for the computation of single-grounded and double-grounded MSW devices, also accounting for peculiar effects like the current distribution in microstrip [5] and the non-uniform magnetization within the SER [8,9]. New equivalent circuits for modeling MSW devices have been also proposed in [10] and in [11].


Rarely, the results of a distributed structure have been used for predicting the performances of a SER, like in [12], and, in particular, lumped elements and their frequency dependence have been calculated mainly for bulk configurations [13]. Actually, most of the results concerning MSW planar resonators are experimental, and a modeling in terms of distributed or lumped elements has not been given in detail. Recently, the coupling of resonators has been experimentally studied for application in multipole microwave filtering [14]. In this paper, the SER dimensions and its magnetic quality will be used to calculate electrical quantities to get a prediction of its potential performances in band-pass filtering. For this purpose, the SER dimensions have a critical role in achieving a purely resistive response, with no reactance contribution and with the proper electrical matching. In what follows, the prediction of the electrical performances of the SER is done by using the top coupling configuration, because we are interested to the intrinsic properties of the SER and to the quantities necessary for calculating its Q0. In this theoretical picture, the evaluation of the SER performances when the sample is displaced with respect to the top coupling configuration is accounted by introducing an exponential decrease of the coupling constant as a function of the distance of the film from the microstrip position. This approximation is analogous to the solution adopted in accounting for the spacer effect, already used in [2]. In Fig.2 and in Fig.3 the Rm and the Xm trend vs k have been theoretically predicted in the case of normal biasing (FVMSW) by imposing Hbias=5000 Oe, and by assuming that the YIG film is coupled to microstrips having different widths wm (60, 120 and 240 (m) realized onto a commercial alumina substrate 254 (m thick in a one-ground plane configuration. It is evident that larger is the wm value and more selective is the filter response, with an acceptable decrease in the Rm maximum value. On the other hand, narrow microstrips could be preferred if overcoupling of the SER is needed. wm=240 (m is the limit case, corresponding to a 50 (, perfectly matched microstrip. A vertical line has been drawn on the figures, corresponding to the excited k-value for the sample measured at FMR. In particular, if the excited wavevector is close to, but slightly lower than, the maximum of the Rm curve, no significative change of the SER resistance is obtained.
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Fig. 2. Radiation resistance Rm per unitary length of a YIG film having a thickness t=45 (m, and a length lx=0.94 mm coupled to a variable width wm of the microstrip (60, 120 and 240 (m). The DC magnetic field is Hbias=5000 Oe and the alumina substrate is 254 (m thick.
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Fig. 3. Radiation reactance Xm for YIG film data of Fig.2, obtained by the Hilbert integral of Rm shown in Fig. 2.





In Fig.4, the improvement in the filter selectivity obtained by means of a dielectric spacer placed in between the film plane and the microstrips is also shown. In that case, a significant decrease of Rm is obtained because of the decoupling induced by the spacer. Since the total electrical resistance R of the SER is proportional to Rm through the film width ly, the SER dimensions should be adjusted to avoid undercoupling conditions when the spacer is used.


The film thickness also plays an important role in the Rm prediction. In Fig. 5 such an effect is shown for three chosen thickness values. In this figure, the selectivity looks like a little bit improved for higher thicknesses, but in the frequency domain it corresponds to a higher selectivity for thin films. On the other hand, thick films present a better phase control than thin films because of their lower dispersion.
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Fig. 4. Rm vs k: effect of a dielectric spacer with variable thickness, from zero (no spacer) to 100 (m.
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Fig. 5. Rm dependence vs k for three values of the SER thickness. It was t = 20, 45 and 60 (m for the YIG film.





From the Rm vs k curve, the Rm(k=k1,1) can be obtained at different values of the DC magnetic bias field Hbias. The same result is valid for the prediction of the radiation reactance Xm. It turns out that in an extended Hbias range covering the entire X-band, Rm(k=k1,1) and Xm(k=k1,1) are linear with the frequency f. In the case of the presently exploited sample, excited by a 240 (m wide matched microstrip and by assuming a negligible dependence on (H, they fulfil the following relations:





Rm(k(33 cm-1) = 10.8416 + 0.02827(f(MHz) (/cm


						       (1)


Xm(k(33 cm-1) = 16.4808 + 0.01819(f(MHz) (/cm











III.  LUMPED ELEMENTS AND SCATTERING PARAMETERS OF A BAND-PASS SER





The electrical equivalent resistance, R, of the resistor of the YIG transmission line loaded by the microstrip is approximately given by R(Rm(k1,1)((ly/2), while the reactance is X(Xm(k1,1)((ly/2) [3]. In the present case, at f=9.23 GHz, the film resistance is R(38 ( and the corresponding reactance is X(26 (. Since the SER is a resonating structure, the reactance value at resonance should be zero, with possible contributions from parasitic components only. Actually, Rm data like those in Fig.5 and the previous ones, can be considered as the overlap between all the modes of a transmission line, which are so close to give a continuum response. On the other hand, a SER has a discrete behaviour, and for its main resonance and the high order modes it must be X=0 at f=f0, where f0 is the resonance frequency. Let’s imagine now to change the SER lx dimension continuously: it sounds like a sweep of all the possible k-values within the MSW band, and the continuum response will be obtained. In this picture, also the reactance of the transmission line shoud be considered as the “envelope” of the reactances of the discrete spectrum modes which collapse to the continuum when the sample planar dimensions become large enough.


From the quality factors definitions related to the case of coupling between a series SER and cavity in the FMR measurement, it turns out that:





	(0L[((/(0) - ((0/()] = (R			        (2)





Eq.(2) can be applied to the half power points (3 dB) (1,2 and (0=2(f0. By using (1,2=2((Hbias(1,2) inferred from FMR data, and the relation (02((1(2, which is valid in the case of narrow band filters, the two equations R(((2-(1)L and (0L=1/(0C (X=0) can be used to evaluate L(2.16 (H, and C(1.38(10-16 F. The computed unloaded quality factor of such a SER is Q0=(0L/R(3295(Q0,measured=f0/(((H). The coincidence between the two values is due to the correlation between the Q0 definition and the electrical equivalent components. By using the three deduced R, L, C values an equivalent circuit has been modeled for the band-pass filter, where the SER is inductively coupled to the input and output ports of a network by means of inductances which simulate the coupling with two microstrip lines. This method is analogous to the inductive coupling between identical SERs, which is schematized by an inductance whose value is proportional to that of the resonator [13, p.162]. In Fig.6, the diagram of the equivalent circuit used for the single SER is shown, where k1=2/Qext(2/Q0 is the coupling factor in the case of electrical matching of input and output ports to the SER, and Qext is the external quality factor, measured by using the signal reflected on a port. In analogy with a transmission cavity, the total external quality factor is obtained by 2/Qext=1/Qext,1+1/Qext,2, where the two ports have been considered equal between them (reciprocal device), i.e. Qext,1=Qext,2=Qext. An exponential decrease of k1 with the distance d of the microstrip from the SER edge has been assumed, as in the case of a spacer contribution to the coupling [2], using the relation k1=(2/Qext)(exp(-kd), where k is the excited wavevector and Qext=Q0 when the electrical matching is fulfilled..


� INCLUDIIMMAGINE C:\\TEMP\\INTMAG96\\CIRCUIT.PLT \* UNISCIFORMATO ���Fig. 6. Equivalent circuit used for the lumped element model of the band-pass SER. k1 is the coupling factor, d is the distance of the film edge from the microstrip.





In Fig.7 and in Fig.8, the transmission parameter S21 and the reflection S11 of the SER, respectively, are shown vs the frequency, by using the distance d as a parameter. It is evident that losses increase when the spacing between microstrip and SER increases, too. A frequency shift is experienced by the filter because of the (1-k1)2-term which corrects the inductance contribution. From Fig.7, the curve d=0 is the S21 parameter of a perfectly matched SER The loaded quality factor in this case is 1/QL=2/Qext+1/Q0=3/Q0, and f2-f1 at 3 dB is about 8 MHz, which corresponds to (H=1 Oe, as expected for the transmission cavity in the case of electrical matching. The minimum insertion loss is -3.7 dB, in agreement with the predicted maximum for the transmission parameter [15]:





S21(max)=10Log10(4QL2/Qext2)=10Log10(4/9)=-3.5 dB      (3)





Because of the external quality factor increase when the spacing d is increased, the loaded quality factor increases too. On the other hand, a compromise between the needed QL value and the predicted increase in the losses level has to be obtained.


� INCLUDIIMMAGINE C:\\TEMP\\INTMAG96\\S21VSD.PLT \* UNISCIFORMATO ���Fig. 7. Effect of the spacing d between microstrip and SER on S21 for d from 0 to 200 (m. R, L and C have been calculated for a 240 wide microstrip and (H=1 Oe has been imposed.
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Fig. 8. Effect of the spacing d between microstrip and SER on the S11 parameter for the same data of Fig. 7.





An important feature of the SER is its out-of-band rejection. When the microstrips are too close each other and/or wide enough, a crosstalk effect lowers the filter performances. The limit case considered in this paper is that of a 240 (m wide matched microstrip (when the alumina is 254 (m thick). In Fig.9 it has been simulated the crosstalk for two matched microstrips separated by a distance dm=1140 (m=lx + 2(d=940 (m + 2(100 (m. From the analysis of Fig.7 (curve d=100) and Fig.9 it turns out that a rejection close to 20 dB should be expected at X band.
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Fig. 9. Predicted crosstalk of two coupled microstrips 240 (m wide deposited onto a 254 (m thick alumina substrate and shorted at their ends.





An important contribution to the SER performances is its magnetic quality, which dramatically increases the quality factor. In Fig. 10, the results for the simulation by changing the linewidth value are shown, which corresponds to different R, L, C obtained by using Eq.(2).
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Fig. 10. Band-pass response of a SER depending on its magnetic full linewidth. (H ranging between 0.5 Oe and 2 Oe have been imposed for the simulation. Again, a frequency shift is experienced by the SER because of the inductive coupling which modifies the L value. d=100 (m is the distance between the SER edges and the microstrips.








IV.  COUPLED RESONATORS





  An improvement in the flatness of the transmission parameter and a bandwidth enlargement is provided in the case of critical coupling between identical resonators [15]. Rejection and sharpness of the band shape are improved too.


The “magnetic” nature of the SERs allows for the modeling of their coupling with microstrips and between them in terms of inductances only. By using the experimental results in [14] on critical coupling between resonators, the previous modeling has been here improved accounting, as in the case of the single SER, for the inductances on the input and output ports. The equivalent circuits used for the simulation are shown in Fig.11 and in Fig.12 for the input and output stages, respectively. In the coupled SERs configuration, the resonator inductance is modified by the factor (1-k1)(1-k), calculated for a distance d=100 (m between SER and microstrips and for a factor k=2/Q0 as evaluated in the case of critically coupled resonators ((/2-coupling, Ref.[14]). The tuning between the two resonators allows the required coupling degree (overcoupling or critical coupling, typically). Experimentally, from the S21 measurement the k-value can be obtained as k=[(((2-(1)/(0)2+1/Qext2+1/Q02]1/2, where (1,2 are the peak values of the overcoupled response in the transmission parameter. The fractional bandwidth w=((2-(1)/(0 can be changed by tuning the coupling between the resonators depending on the available configuration. For instance, in the case of dielectric resonators the coupling is mechanically provided [15]. The new inductance is L’=L((1-k)((1-k1), while R and C are unchanged.
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Fig. 11. Input stage of the two coupled SERs simulated band-pass filter. Rser, Lser and Cser are the lumped element values in the case of the FMR measured sample (lx=0.94 mm, ly=2.9 mm, t=45 (m, (H=1 Oe). k=1/QL is the coupling factor between SERs, and k1=2/Qext the coupling with the input port. Lser(k1 is the input iinductive coupling. Because of the coupling with the input port and the following SER, L((1-k)((1-k1) is the new inductance. k1 has been evaluated for d=100 (m (distance between SER and microstrip).
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Fig. 12. Output stage of the two coupled SERs. Lser of the second SER is changed again by the factor (1-k1)((1-k), and this second SER is coupled to the first one by an inductance Lser(k, and to the output port by and inductance Lser(k1 (as for  the input).





The result is shown in Fig.13 for the scattering parameters of the structure. A less than 1 dB ripple has been obtained over a 3 dB band of about 7 MHz. As expected, a clear improvement in the sharpness of the band with respect to the single SER (curve d=100 in Fig.7) has been also achieved. Further improvements can be obtained by increasing the number of resonators, but the losses contribution becomes too severe, and the crosstalk effect has to be re-considered to get a reasonable out-of-band rejection by using narrow microstrips.
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Fig. 13. Simulated response of a band-pass MSW filter with two (/2-coupled SERs. The increase of the losses is balanced by the improvement in the filter sharpness, with a less than 1 dB in-band ripple.





In the case of Fig. 13, the fractional bandwidth measured from the S11 parameter is w(S11)(6(10-4. We have measured the FMR response of a two SER configuration with the resonators ((/2)-coupled to get a feeling of the quality of our predictions. Of course, the swept variable is now the field and not the frequency, but we measured two quantities which can be easily compared to the predicted behavior of Fig. 13: w(S11) and the ripple amplitude in the reflected response.
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Fig. 14. FMR spectrum of 2 ((/2)-coupled identical SERs, having the same dimensions of the single one used for the previous simulations. 





From the analysis of Fig. 13 and Fig. 14 it turns out that the experimental FMR w-value is wFMR(8(10-4 vs the 6(10-4 predicted w, where wFMR=(H2-H1)/H0; H2, H1 and H0 are magnetic fields but are defined as the (-quantities. The ripples are close to 3 dB vs the 2.5 dB predicted in Fig.13. The not perfect (but almost critical) coupling of the coupled SERs with the FMR cavity is responsible for the not symmetrical response in Fig. 14 and for the small difference in the w-values.








CONCLUSIONS





  The design of narrow band-pass magnetostatic volume wave filters has been discussed by using a hybrid model which accounts for distributed elements prediction for the evaluation of the radiation resistance and reactance, and the definition of lumped elements. The SER performances have been evaluated taking into account the magnetic material linewidth, the SER dimensions, the geometry and possible microstrip crosstalk contributions in order to obtain the potential performances of volume wave resonating filters. FMR data on an experimentally tested SER have been used to design a MSW filter inductively coupled to input and output ports. The quality factor predicted in the case of electrical matching perfectly agrees with the measured quality factor of the exploited sample. Coupling of resonators has been also calculated in the critical case ((/2-coupling) by using previous experimental results to improve the model of MSW coupled resonators. Bandwidth enlargement and sharpness improvement have been predicted with less than 1 dB in-band ripple for two-coupled resonators excited by 240 (m wide microstrips. A number N of identical resonators improves the sharpness of the transfer function of the filter, but the losses increase requires now narrow microstrips to conserve a high out-of-band rejection
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