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A compact 60-GHz on-chip bandpass filter (BPF) is presented using gallium arsenide (GaAs) technology. The miniaturization is achieved by the half-mode substrate-integrated waveguide (HMSIW) structure. Finally, a prototype of the BPF is fabricated and tested to validate the proposed idea, whose simulated and measured results are in good agreement. The measurements show that it has a center frequency at 58.6 GHz with a bandwidth of 17.9%, and the minimum insertion loss within the passband is 1.2 dB. The chip, excluding the feedings, is only about 0.38[image: image] × 0.58[image: image], where [image: image] is the guided wavelength at the center frequency.
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INTRODUCTION
Recent developments in semiconductor technology have enabled the pursuit of miniaturized applications based on on-chip millimeter-wave (mmW) devices and systems to become popular, such as automotive mmW radar. The on-chip bandpass filter (BPF) design for millimeter-wave transceivers has, thus, attracted more attention and has made numerous breakthroughs. Abundant investigations have been oriented based on the conventional silicon-based semiconductor technology–integrated circuit process (e.g., CMOS, SiGe, etc.) pursuing low cost with compact physical occupation [1–9]. But meanwhile, the low loss of BPF is also very demanding. The Gallium arsenide (GaAs) process is a desirable candidate for lower in-band insertion loss and higher steep edge with high-operating frequency. Consequently, some works on GaAs–based BPFs have been reported in recent years [10–14]. However, the design of GaAs–based BPFs that consider both size and loss has still not been proposed. In our previous work [13], the proposed BPF achieves bandwidth of over 50% based on the spoof surface plasmon polaritons transmission line theory, but the size is bulky, reaching [image: image]×[image: image]. In [14], the BPF structure is based on planar resonant circuits with metal strips, and the LC equivalent circuit model theory is used for the design. The miniaturized size is achieved but at the expense of insertion loss, larger than 2.4 dB.
Considering compatibility with the integrated circuit system, a BPF based on substrate-integrated waveguide (SIW) technology is introduced with high-Q factor, low loss, and easy fabrication [15]. Furthermore, half-mode SIW (HMSIW) saves about half of the SIW dimension with almost same performance for the design of BPFs. The HMSIW BPF implemented based on GaAs technology is expected to balance the size and loss. However, few BPF works are explored using HMSIW in GaAs technology at the millimeter-wave frequencies.
In this article, for the first time, we implement the HMSIW structure based on the GaAs standard process. A compact 60-GHz on-chip BPF is proposed based on HMSIW with the 0.15-[image: image] GaAs pHEMT process, and the stack-up is shown in Figure 1. Two metal layers M1 and M2 are thinned to 2 [image: image] and 1 [image: image], respectively, with a conductivity of 4 × 107 S/m. The thicknesses of GaAs and polyimide are 75 [image: image] and 1.8 [image: image], respectively, and their relative permittivity are 12.9 and 2.9, respectively. A 5-[image: image] metal layer beneath the GaAs substrate is coated as the ground. The proposed BPF circuit is designed on the M1 layer having square vias to the ground. By optimizing the dimensions of the aligned component on the M1 layer, the BPF can be adjusted to achieve the desired values of the passband and insertion loss. Compared with the previous SIW/HMSIW BPFs [16–23], this design has relatively small insertion loss and size.
[image: Figure 1]FIGURE 1 | Stack-up of the employed 0.15-[image: image] GaAs pHEMT technology.
DESIGN METHOD AND ANALYSIS
A pair of HMSIW cavity resonators is employed to realize BPF response and miniaturized size. The compact structure is constructed with transition from the microstrip line to HMSIW for further layout size saving. The detailed configuration of the slotted HMSIW BPF is demonstrated in Figure 2, which consists of an input/output microstrip line and slotted HMSIW structure. The HMSIW cavity is divided into two symmetrical cavity resonators, A and B, by the transversal slot. Therefore, each resonator’s boundary is constructed by one electric wall (EW) and three magnetic walls (MWs), as shown in Figure 3A. The EW is formed by rows of metal vias, as the tangential component of the electric field is almost zero near the surface of these via holes. In contrast, the other three side edges are used as MWs because the tangential component of the magnetic field is zero. Therefore, the resonator cavity can be approximately equivalent to a segment of the microstrip line propagating along the x-axis which is open-circuited at one end and short-circuited at the other end. Moreover, the resonator length along x-axis is [image: image] (where [image: image] is the guide wavelength), and [image: image] is approximately equal to [image: image] , where [image: image] is the relative permittivity of GaAs dielectric and [image: image] is the free-space wavelength at the operating frequency.
[image: Figure 2]FIGURE 2 | Configuration of the proposed HMSIW BPF (Only top view of the TM1 layer is shown).
[image: Figure 3]FIGURE 3 | (A) HMSIW resonator and (B) electric field distribution of the quasi-TEM mode of the HMSIW resonator.
The standard microstrip propagation mode is the quasi-transversal electromagnetic (TEM) wave. The TEM mode indicates that both the electric field and magnetic field are perpendicular to the direction of electromagnetic wave propagation. In the resonator cavity, the electric field is along y-axis, while the magnetic field is along z-axis. The fields are mostly within the GaAs dielectric of the cavity and partly in the air region adjacent to the edge of the cavity. The phase speed of TEM fields in the GaAs region would be [image: image] (where [image: image] is the light velocity in free-space), while the phase speed of TEM fields in the air region would be c. As a result, phase-mismatching conditions are unavoidable at the GaAs–air boundaries of the cavity. Therefore, the resonant mode of the cavity is referred as the quasi-TEM mode, as shown in Figure 3B. The color from blue to red represents the electric field intensity from weak to strong. The resonant frequency (fc) of the single cavity with the quasi-TEM mode can be evaluated based on classical transmission line theory:
[image: image]
where W2 is the width of the HMSIW shown in Figure 2.
The mutual coupling between two identical HMSIW resonators A and B is defined as inter-coupling. One more resonant frequency will be generated because of the inter-coupling scheme [24]. Therefore, the resonant frequency fc of the HMSIW cavity will be split into two resonant frequencies, represented by f1 and f2, respectively. Thus, these two frequencies are controlled by the inter-coupling between two HMSIW resonators. The inter-coupling coefficient k can be acquired by simulation from ANSYS HFSS and can be evaluated as [24]:
[image: image]
It can be seen that the coupling coefficient k is proportional to the separation between the resonant frequency points f1 and f2. As a result, the tighter the coupling is, the wider will be the separation of f1 and f2, and the bandwidth of the BPF is thus expanded. On the other hand, the coupling strength can be tuned by changing the length Ls and width Ws of the transversal slot inserted between the two HMSIW cavity resonators. When these values increase, the gap between HMSIW resonators will be increased, and the coupling strength will be reduced, resulting in decreased bandwidth and lower insertion loss. Figure 4 shows the simulated results using the Ansys HFSS simulator to verify the relationships between slot size variation and BPF frequency response. The S-parameters are used to evaluate the electromagnetic (EM) performance. S11 and S21 represent the reflection and transmission coefficients of the EM wave, respectively.
[image: Figure 4]FIGURE 4 | S21 of the HMSIW BPF with (A) varied Ls at Ws = 450 [image: image] and (B) varied Ws at Ls = 8 [image: image]
When choosing the final values of Ls and Ws, both bandwidth and loss requirements should be considered to make a balance. Usually, the value of |S11| should be lower than -10 dB in the passband, but the ultra-low |S11| value would result in bandwidth reduction. The value of |S21| represents the insertion loss (IL) within the passband of the filter and the suppression at the stopband. Considering the fringing field effect, the values 8 [image: image] and 450 [image: image] of Ls and Ws are chosen, respectively. The maximum |S11| is about -17 dB. The IL at the center frequency is less than 1.1 dB, and 10 GHz of bandwidth is achieved.
The external coupling between the HMSIW resonator and input/output feed line can be defined by the external quality factor Qe, and its value can be calculated by the equation [25]:
[image: image]
where τS11 is the group delay of S11 at resonant frequency; f0 is the center frequency of the BPF passband.
In this work, the value of Qe is 7.8 which is extracted by the Ansys HFSS simulator. It can be tuned by changing the dimension of the structure which transfers from the microstrip line to HMSIW. To miniaturize the overall size, direct connection is proposed instead of the traditional gradual changing structure. The corresponding impedance matching can be performed by the slot between the feeding port and HMSIW. The length of the slot is Wt, while the width is L2. Therefore, the values of |S11| and |S21| can be also adjusted by Wt and L2, as shown in Figure 5. As discussed before, the |S11| is suggested to be about −17 dB, and the center frequency should be near 60 GHz. Consequently, Wt and L2 are selected as 300 [image: image] and 14 [image: image], respectively.
[image: Figure 5]FIGURE 5 | S-parameters of the HMSIW BPF with (A) varied Wt at L2 = 14 [image: image] and (B) varied L2 at Wt = 318 [image: image].
RESULTS
The prototype of the designed HMSIW BPF filter is fabricated as shown in the inset of Figure 6. The overall size excluding two Ground–Signal–Ground (GSG) pads is [image: image]. The detailed parameter information is shown in Table 1. The filter is measured through an on-wafer probe using the Keysight Vector Network Analyzer. Comparisons between the simulated and measured S-parameters are shown in Figure 6. The minimum insertion loss (IL) of the measured passband is about 1.2 dB, and the return loss is better than −10 dB. The center frequency is at 58.6 GHz, 3-dB passband is ranged from 53.3 to 63.8 GHz, and the relative bandwidth is 17.9%. The calculated unloaded quality factor Qu [24] is 135. The deviation of the measured and simulated passband loss is within 0.5 dB, whose error may be introduced by the GSG probe measurement system. It is noticed that there is a spurious transmission zero near 90 GHz which does not match with the simulation. This may be caused by the modeling deviation of via holes. The frequency response of the resonant cavity is sensitive to the row of these vias at higher frequency.
[image: Figure 6]FIGURE 6 | Simulated and measured results of the proposed GaAs–based BPF.
TABLE 1 | Configuration parameters of the HMSIW BPF.
[image: Table 1]Table 2 shows the characteristic comparisons with some other reported SIW/HMSIW BPFs. The results demonstrate that both IL and size of our proposed HMSIW filter are better than those of the SIW filter in [11] using the same GaAs technology. Compared with our previous work [14], the IL of 1.2 dB has been improved. The IL of the filter using LTCC in [23] is lower than the proposed work, but its size is bulky, increased by more than 6 times. Moreover, the solution in [23] is not too easy to integrate with other active devices which require to be designed on the same wafer.
TABLE 2 | Performance comparisons with some reported SIW/HMSIW BPFs.
[image: Table 2]CONCLUSION
The bandwidth and insertion loss of the passband can be easily tuned by adjusting the dimension of the slot between the two HMSIW cavity resonators. The center frequency can be evaluated by the single HMSIW resonator. The direct connection structure is deployed for the transition from the microstrip line to HMSIW considering size saving. The fabricated BPF prototype centered at 58.6 GHz has a broadband filtering response with very good insertion loss and return loss. The measurement results agree well with the simulation results. The HMSIW and compact feeding configuration for the design of the BPF are useful to improve the circuit occupation on the chip. At the same time, performance has been not deteriorated compared with other traditional SIW/HMSIW BPFs. It also illustrates that the energy leakage, bandgap effect, etc. of the HMSIW with the period square vias in the GaAs process is also applicable. Owing to these virtues, the proposed HMSIW BPF can be easily integrated with other GaAs components and circuits in mmW systems such as vehicle-mounted radar and 5G communications.
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