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Abstract—For sub-terahertz band applications, two compact 

and low-loss on-chip substrate integrated waveguide (SIW) 

cavities are designed in CMOS technology. Compact size cavity is 

achieved by utilizing the folded ridge structure in the quarter 

mode SIW (QMSIW) structure which is loaded with 

complementary split-ring resonators (CSRRs). Two prototypes of 

the proposed QMSIW cavities with and without CSRR are 

fabricated in 1P6M CMOS technology. From the measurement, 

both cavities present return losses higher than 27 dB and external 

Q-factors higher than 140. The proposed work shows that even at 

such high frequencies, compact and low-loss SIWs can be 

fabricated in commercial CMOS technology and opens a window 

to utilizing such cavities for other low-loss components such as 

oscillators, on-chip bandpass filters and on-chip antennas for sub-

terahertz band applications. 

 

Keywords— cavity, CMOS technology, substrate integrated 

waveguide (SIW), sub-terahertz. 

I. INTRODUCTION 

5G has successfully launched with sub-6 GHz and quasi-

millimeter wave bands. Now, researchers are targeting 

millimeter and sub-terahertz waves. For such high-frequency 

applications, one growing demand is to design integrated 

active-passive systems in the same process to minimize the 

effect of active-passive interconnection losses [1]–[2]. Due to 

inherent low attenuation and planar integration capabilities, a 

low-profile substrate integrated waveguide (SIW) has been an 

attractive solution for low-loss designs, even at high 

frequencies. The only demerit of the SIW topology is its 

broadside width which depends on the cut-off frequency but 

remains still significantly large even at frequencies in the 

millimeter and above bands. 

Several attractive works on compact-size high-quality (Q-) 

SIW-based RF and microwave components have been reported 

ranging from filters to active devices and antennas in printed 

circuit board (PCB) technology [3]–[7]. For on-chip SIW 

designs, the major disadvantages of the SIW-based designs are 

its wide broadside width and the predetermined constraints, 

including available via sizes and dielectric thicknesses, and 

metal density rules. The sub-mode SIW structures significantly 

reduce the size in both on-chip and off-chip designs, but due to 

open boundaries, undesired radiation leakage appears, resulting 

in Q-factor degradation [3]–[4], [6]–[10]. Besides, performance 

can also degrade due to dielectric losses and added dummy 

metal fills. Therefore, designing on-chip compact low-loss 

SIW-based components at high frequencies is still challenging. 

This work presents on-chip 200 GHz band cavities based on 

compact quarter-mode SIW (QMSIW) designed using a 

commercial CMOS technology. The effect of predetermined 

via size and via spacing in the design is also discussed in this 

paper. Two prototypes of folded ridge QMSIW cavities with 

and without complementary split-ring resonators (CSRR) 

loading are fabricated and verified. Measurements results of 

both designs are in good agreement with simulation results. 

 

 
(a)                           (b)                 (c)                (d) 

Fig. 1. SIW cavity: (a) standard mode; (b) QMSIW; (c) folded ridge QMSIW; 

(d) folded ridge QMSIW with CSRR loadings. *ARR = Area Reduction Ratio 

compared to standard SIW at the same resonance. 

II. 200 GHZ FOLDED RIDGE QMSIW CAVITIES 

A. Folded Ridge QMSIW Cavity Design 

In the fundamental TE10 mode, the standard SIW cavity has 

electric field distribution with several perfect symmetry planes 

(magnetic walls), and sub-mode cavities can be obtained by 

making cuts along these symmetry planes, ideally without 

affecting its resonance. The QMSIW cavity is designed by 

taking a quarter of the standard SIW cavity design by making 

two symmetric cuts as shown in Figs. 1(a) and (b). An area 

reduction of 75% is achieved but due to two sideways openings, 

different losses start to appear, and it is difficult to prevent 

resulting return loss and the quality factor degradation. 

By introducing a capacitive ridge as folded structure inside 

the cavity as shown in Fig. 1(c), the performance can be 

improved due to the stronger electric field inside the cavity [4], 

[6], [8]–[9]. The resonant frequency becomes lower due to the 
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added capacitance achieving substantial miniaturization. The 

variation of the frequency and the reflection coefficient with 

respect to the ridge width (𝑊𝑟) is shown in Fig. 2, which shows 

that wider ridge width will result in lower frequency. This is 

because additional capacitance appears due to the closeness of 

the edge of the folded ridge to the sidewall of the main SIW 

cavity [4], [6]. This added capacitance of the folded ridge 

depends on ridge width dimensions, blind via position, and 

ridge height. Therefore, by proper selection of these parameters, 

maximum miniaturization of folded ridge SIW cavity resonator 

can be achieved.  

 

 

Fig. 2. A 200 GHz folded ridge QMSIW frequency and reflection coefficient 

magnitude by varying folded ridge width.  

 

Fig. 3. Folded ridge QMSIW cavity with CSRR loading: (a) electromagnetic 

model; (b) equivalent circuit.  

 

Fig. 4. Reflection coefficient of QMSIW cavities all designed at 200 GHz 

resonance frequency. 

When a microwave structure is loaded with such loadings, 

additional losses start to appear because the frequency is very 

high, and the structures can radiate readily. To minimize such 

losses, external matching should be employed but that could 

introduce more losses. So, to improve by internal matching 

within folded ridge QMSIW cavity, a rectangular CSRR is 

loaded as shown in Fig. 1(d). CSRR loadings advantages (a) 

mode matching and (b) resonance frequency drop due to 

introduced couplings. The accumulated effect of the CSRR 

loadings is shown by couplings in Fig. 3(b) [11]–[12]. The 

effect of loading CSRR can be seen in the matching as shown 

in Fig. 4, which shows that a good matching is achieved by 

CSRR loadings in the folded ridge QMSIW structure. 

B. Effect of Via Size and Spacing on Frequency, Reflection 

Coefficient, and the Radiation Efficiency  

An array of vias in SIW structures acts as an electric wall so 

that the propagating signal is confined within the SIW cavity as 

in a conventional waveguide structure. The design of the via 

size (𝑑) and the via spacing (𝑝) is as in printed circuit board 

(PCB) technology [3]. However, the via size and the via spacing 

greatly affect the resonance and the reflection coefficient in on-

chip SIW design at very high frequencies. This is because the 

total effective inductance from the via wall changes a lot in the 

on-chip design than in the PCB counterpart. The foundry 

available square vias are employed in this work. The effects of 

the square via with size (𝑑 × 𝑑) and the via spacing are shown 

in Fig. 5. For our design, the optimal via size and spacing is 

selected as 4 µm × 4 µm and 25 µm, respectively.  

The total radiation efficiency of the proposed folded ridge 

QMSIW cavity with varying via spacing is presented in Fig. 6. 

The efficiency is very low, confirming that the proposed design 

does not radiate at the desired resonance frequency. 

 

(a)                                                                   (b) 

Fig. 5. Effect of square via size (side length) and via spacing of folded ridge 

QMSIW cavity on: (a) resonance frequency; (b) reflection coefficient. 

 

Fig. 6. Total radiation efficiency of folded ridge QMSIW cavity with CSRR 

loading with varying via spacing. 
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III. IMPLEMENTATION IN CMOS TECHNOLOGY 

C. Implementation and Fabrication 

The proposed SIW cavity resonators are implemented in a 

commercial 1P6M CMOS technology. The top plate, folded 

ridge, and bottom plate are implemented with metal layers M6, 

M3, and M1, respectively. The metal stacks were used to create 

vias: (i) blind via (M3 to M6 via) and (ii) SIW sidewalls (M1 to 

M6 via) for connecting ridge and top metal, and top and bottom 

plates, respectively. The optimized dimensions of the two 

cavities are embedded in Fig. 7 and Fig. 8. The micrographs of 

the fabricated prototypes are shown in Fig. 9. The chips are 

fabricated with dummy pads in opposite of feeding port to 

stabilize chips during measurement. 

 

 

Fig. 7. EM model of the proposed folded ridge QMSIW cavity. (a) 3D view; (b) 

top view; (c) side view. 

 

Fig. 8. EM model of the proposed folded ridge QMSIW cavity with CSRR 

loadings. (a) 3D view; (b) top view; (c) loaded CSRR dimensions. 

D. Fabrication and Measurement Results 

In Fig. 10, the measurement results of |S11| along with the 

simulated results are presented over the frequency range of 140 

to 220 GHz. The simulated results are presented without 

including pads, whereas measured results are presented before 

and after performing de-embedding using multiline thru-

reflect-line (m-TRL) structures [13]. After de-embedding, 

folded ridge QMSIW cavity resonator with and without CSRR 

loading shows resonance frequency of 207.2 GHz and 206.3 

GHz, respectively. The reason of frequency shift after de-

embedding is due to the removal of parasitic capacitance of the 

pads. The measured |S11| are –27.2 dB and –28.9 dB, 

respectively. Similarly, the computed external Q-factors are 

142 and 158, respectively. The shift in the resonance 

frequencies in both the designs is presumably due mainly to the 

change in the effective active areas of the fabricated prototypes 

owing to effects of dummy metal fills and predetermined 

foundry via layout that are not fully possible to be included in 

the simulation. However, the shift in each design is only less 

than 3%. 

 

 

Fig. 9. Fabricated cavities chips micrographs: (a) QMSIW; (b) QMSIW with 

CSRR. 

 
(a) 

 
(b) 

Fig. 10. Measurement |S11| of proposed folded ridge QMSIW cavities: (a) 

without CSRR loading; (b) with CSRR loading. 
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IV. CONCLUSION 

This work presents low-loss sub-terahertz band SIW-based 

cavities implemented using a commercial 1P6M CMOS 

technology. Two prototypes of miniaturized cavities using 

folded ridge QMSIW and folded ridge QMSIW with CSRR 

loading were fabricated and tested. Effects of the via size and 

the via spacing is discussed in this work. The experimental 

results of both the designs shows a good return loss of greater 

than 27 dB with the measured external Q-factor greater than 

140 at 200 GHz band resonance frequency. The cavity models 

presented in this work will be applicable to design components 

like filters, antennas, oscillators, and many more for sub-

terahertz applications. 
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