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Abstract

:

This article demonstrates the design and development of WR-15 transition using an antipodal microstrip dipole antenna at a frequency of 60 GHz for space applications. An inline microstrip line to rectangular waveguide (MS-to-RWG) transition is proposed for the V-band (50–75 GHz) functioning. The RF energy is coupled and launched through an antipodal dipole microstrip antenna. Impedance matching and mode matching between the MS line and dipole are achieved by a quarter wave impedance transformer. This results in the better performance of transitions in terms of insertion loss (IL > −0.50 dB) and return loss (RL < −10 dB) for a 40.76% relative bandwidth from 55.57 GHz to 65.76 GHz. The lowest values of IL and RL at 60 GHz are −0.09 dB and −32.05 dB, respectively. A 50 μm thick double-sided etched InP substrate material is used for microstrip antipodal dipole antenna design. A back-to-back designed transition has IL > −0.70 dB and RL < −10 dB from 54.29 GHz to 64.07 GHz. The inline transition design is simple in structure, easy to fabricate, robust, compact, and economic; occupies less space because the transition size is exactly equal to the WR-15 length; and is prepared using an InP substrate with high permittivity of 12.4 and thickness of 50 μm. Thus, the devices have the lowest insertion loss value and lowest return loss (RL) value, of <−31 dB, as compared to earlier designs in the literature. Therefore, the proposed design has the lowest radiation loss (because of thickness) and highest transmission (about 97% power). Easy impedance matching using only a single-step quarter-wave transformer between the antipodal dipole antenna and 50 Ω microstrip line (avoiding the multi-sections’ demand and microstrip line’s tedious complexity) is needed. Since, when the InP dielectric substrate is inserted in WR-15, the waveguide becomes a dielectric-filled waveguide (DFWG), and its characteristics impedance reduces to 143 Ω from 505 Ω at an operating frequency of 60 GHz. In the proposed transition, no ridge waveguide or waveguide back-short is utilized in WR-15. The microstrip line did not contain any via, fence, window, screw, galvanic structure, post, etc. Hence, the transition is suitable for high-data-rate 5G communications, satellite remote sensing, missile navigation, MIC/MMIC circuits’ characterization, and mm-wave applications. The electrical equivalent model of the proposed design has been generated and validated using an RF circuit simulator and was found to have excellent matching.
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1. Introduction


The high data rates necessary for MMIC, HMIC, MIC, MIMO, and massive MIMO require new types of inline (0°) [1,2,3,4,5,6,7,8,9,10] and vertical (90°) [11,12,13,14,15,16,17,18,19,20] interconnects between dissimilar transmissions lines [21,22]. Previously, most of the MS-to-RWG hybrid transitions have been designed using a ridge waveguide structure [7,8] or using a waveguide back-short [16,18] or multi-layered [3,22] complex microstrip lines in the microwave L-band, S-band, C-band, X-band, Ku-band, K-band, Ka-band, Q-band, and W-band. Very little information in the literature is available regarding V-band and U-band MS-to-RWG transitions for mm-wave applications [18,23,24]. This motivates and attracts the researchers’ focus to work in this 50–75 GHz range of MS-to-RWG transitions. Previously designed V-band transitions use the costly Roger/RT Duroid 5880 as the substrate, with a thickness between 5 mils (0.127 mm) and 10 mils (0.254 mm) and a low permittivity value of 2.2 [18,23]. Thus, these transitions are costlier, are bigger in size, and have high radiation losses, poor transmission, and reflection coefficient values. In 1988, Shih, Y. C. et al. invented the first V-band transverse MS-to-RWG transition for mm-wave and MMIC applications. The microstrip is inserted into the waveguide by aperture cut, and the microstrip probe is used as the launching element. The invented transition has IL > −1.0dB and RL < −12 dB over a relative bandwidth of 40% [18]. Aliakbarian et al. have presented an end wall inserted transverse double-slot MS-to-RWG transition. The microstrip uses double-sided etched RT droid 5880 substrates. The fabricated transition has better RL over a wide fractional bandwidth (FBW) of 37.7%, but it has a poor IL of −4.0 dB [23]. Zhou, I. and Robert, J. R. have designed and validated an inline narrow-wall MSL-to-RW transition B2B configuration. The designed transition can work for both the top side and bottom side simultaneously without increased manufacturing complexity. The transition consists of an MS line that feeds an array of three overlapped transversal patches from the narrow wall of the RWG, offering an FBW of 21.2% for the top-side design and 23% for the bottom-side design, with IL from 0.40 dB to 0.70 dB for filling the Local Multipoint Distribution Service (LMDS) and Ka-band operations [25]. Kyu, Y.H. and Pao, C. have designed an inline E-plane probe wideband, low loss V-band MS-to-WR15 transition using a quartz substrate using a five-step ridge waveguide. The ridge waveguide and the microstrip lines are fully integrated into the same housing. The transition has IL < 0.7dB (B2B) over the 50 GHz to 72 GHz band [26]. Mozharovskiy, A. V. et al. have designed and investigated a 60 GHz transverse low-loss wideband probe type MSL-to-RWG transition using the CPS SIW section surrounding the probe. The transition results in IL > −1.1dB (RO4350B) for FBW 11.2% and IL > −0.70 dB (RT Duroid 5880) for FBW 20% [27]. Xu, Z. et al. have demonstrated an E-plane probe-fed T-junction structure using an inline W-band MS-to-RWG back-to-back transition for mm-wave applications. The MS line is fabricated on a quartz substrate, and a two-step transformer is used between the 50 Ω MS feed and MS probe with symmetric wings structure for impedance and field-matching purposes. The transition has 1.0dB IL and RL better than −10dB over the entire W-band [28]. Henderson, J. R. and Walden, M. C. have demonstrated a PCB edge transition to feed an H-plane sectoral horn array for 3D-printed mm-wave beam-forming devices. The transition is designed at 64 GHz having IL > −1.0dB over FBW 21.87% [29,30].



The main objective of this work is to achieve low radiation losses, an excellent impedance match, and a mode match between two dissimilar transmission lines (quasiTEM mode and TE mode). The purpose of doing so is to get a better return loss of <−10 dB and insertion loss >−1 dB for a good range of fractional/relative bandwidth. Another objective of this work is to design an economic, simple, compact, robust, waveguide back-short without via, fence, and ridge waveguide MS-to-RWG interconnects for the front end of an mm-wave transmitter and receiver that could operate sharply at the center frequency of 60 GHz for the V-Band.



This paper describes the design and development of an economic, simple structured, easy-to-fabricate microstrip line and a microstrip line to rectangular waveguide transition for V-band (50 GHz–75 GHz) space applications. This transition consists of a microstrip antipodal dipole antenna as an RF energy launcher. IL and RL performance parameters are achieved at a center frequency of 60 GHz with a single impedance transformer.




2. Materials and Methods


An inline microstrip to rectangular waveguide (MS-to-RWG) transition is designed at an operating frequency of 60 GHz for V-band operations. A compact piece of perfect electric conductor (PEC) rectangular waveguide WR-15 with dimensions 3760 μm × 1880 μm of length 5000 μm is chosen at an operating frequency of 60 GHz. A metal pedestal of dimensions 1880 μm × 1880 μm × 2500 μm is placed inside WR-15 at one end of the waveguide to support a 50 μm thick Indium Phosphide (InP) substrate. The two arms (80 μm × 676 μm) of the dipole antenna are printed on the opposite sides of the substrate. A quarter wave (λ/4) impedance-matching transformer is used between the 50 Ω microstrip line and the dipole arms to match the impedance. No waveguide back-short or ridge waveguide structure with other dielectrics is filled within the RWG. A low-loss high-frequency InP substrate of thickness 50 μm is selected for the microstrip patch antenna. The InP substrate has a permittivity of 12.4 and a loss tangent of 0.0001 at 60 GHz. The width of the substrate is just kept at 80 μm less than the width of the waveguide, and the length of the substrate is the sum of the lengths of the 50 Ω microstrip line (MSL) and the length of the quarter-wave impedance transformer. The microstrip dipole antenna is used for RF energy coupling in a waveguide (WR-15). No ground layer is printed on the substrate bottom; thus, the metal pedestal plays the role of ground for microstrip quasi-TEM mode. The mode matching between the microstrip line and the waveguide transverse electric dominating mode TE10 is achieved by symmetrically adjusting the length and width of arms of the antipodal dipole microstrip antenna. The dipole arm dimensions of the antenna are evaluated using a rectangular patch by the general equations [31]. The following design Equations (1)–(16) are used for the proposed transition design using a dipole antenna as a launcher.



Total Length of the dipole antenna


   L d  =  λ d  =   0.468 λ      ε  eff        



(1)




where


    ε  eff   =    ε r  + 1  2  +    ε r  − 1  2  [     1 + 12  h w      − 0.5     + 0.04     1 −  w h     2  ]   



(2)







Length of each arm of the dipole antenna


   L  D 1   =  L  D 2   =    λ d   2   



(3)







Width of each arm of the dipole antenna


   W  D 1   =  W  D 2   = 0.01 λ  



(4)







Length of the impedance transformer


   L t  =  λ 4   



(5)







Substrate width


   W  sub   = b − 80  



(6)







Substrate length


   L  sub   =  L  MS   +  L t   



(7)







50 Ω microstrip line (MSL) length and width


   L  MS   =  L F  =  λ 2   



(8)






   W f  =   7.48 h    e  (  Z 0         ε r  + 1.41       87   )     − 1.25 t  



(9)







Half-wave dipole antenna impedance    Z  dipole   = 73.4   Ω  



Impedance of impedance transformer [32]


   Z t  =    Z  MS   ·  Z  dipole      



(10)







Width of the impedance transformer [33]


   W t  =   7.48 h    e  (  Z  dipole          ε r  + 1.41       87   )     − 1.25 t  



(11)







Length of waveguide


   L  WG   ≥ λ  



(12)







Height of metal pedestal


   H  gnd   =  a 2   



(13)







Length of metal pedestal


   L  gnd   =  λ 2   



(14)







Width of metal pedestal


   w  gnd   = b  



(15)







Impedance of air-filled WR-15 (RWG) for TE10 mode [34]


   Z  WG   =  η    1 −        f c     f 0       2       



(16)







The design structure of the inline transition of the MSL-to-RWG transition is shown in Figure 1. The RF energy is launched by the microstrip line. For this purpose, the mm-wave microstrip antenna was designed to operate within the frequency band (V-band, 50 GHz to 75 GHz). The microstrip antenna in this transition is an essential part to launch RF energy into the RWG (WR-15). The designed microstrip antipodal antenna structure, at a frequency of 60 GHz, is shown in Figure 2. The dimensional description of the design has been depicted in Table 1. All dimensions are measured in micrometers (μm).



2.1. Substrate-Width Variations of V-Band Inline Transitions


Initially, the substrate width was kept equal to the waveguide width, and then the substrate width is varied in a step of 80 μm. It is observed in this process that if the substrate width reduces, then it results in a shift in frequency toward the right, and return loss becomes reduced without affecting the relative bandwidth and vice versa, as illustrated in Figure 3 and displayed in Table 2.




2.2. Length Variations of Dipole Antenna Arms


The initial evaluated arms’ length of the dipole antenna using Equations (1)–(3) is 431.68 μm; with this value for the dipole’s arms, no significant results in terms of RL, IL, and FBW were obtained. The best IL of −0.09 dB and RL of −32.05 dB were obtained at frequency 60 GHz with dipole arms of width 676 μm. Thus, all other dimensions of the MS-to-WG transition were kept constant (with substrate width 1800 μm), and the arms’ length of the dipole was varied in a step size of 80 μm. The dipole length is varied in 626 μm, 676 μm, and 726 μm steps. It is observed in this process that if the dipole antenna arms’ length reduces, then the resonant frequency shifts toward the right. The lowest return loss of −32.05 dB and insertion loss of −0.09 dB were obtained at the designed frequency of 60 GHz, as illustrated in Figure 4 and displayed in Table 3.




2.3. Width Variations of Dipole Antenna Arms


The initial evaluated arms’ width of the antipodal dipole antenna using Equation (4) is 50 μm. The best IL of −0.09 dB and RL of −32.05 dB were obtained at frequency 60 GHz with dipole arms’ width of 80 μm, as illustrated in Figure 5 and displayed in Table 4. Thus, all other dimensions of the MS-to-WG transition were kept constant (with substrate width 1800 μm), and the arms’ width of the dipole was varied in a step size of 30 μm. The dipole width is varied in 20 μm, 50 μm, 80 μm, and 110 μm steps. In this process, it is observed that if the dipole antenna arms’ width increased from 20 μm, then it improves the mode matching at frequency 6 GHz between the quasi-TEM mode of microstrip line and TE10 mode of rectangular waveguide. Resonant frequency does not very much affect the change in dipole width after 50 μm, but return loss becomes reduced. Change in dipole width does not affect the tuning frequency of the transition.





3. Results


A back-to-back transition for the MS line to the waveguide for the V-band is shown in Figure 6. The RL and IL plots of conventional and back-to-back (B2B) MS line-to-RWG transitions at the V-band are represented in Figure 7 and compared in Table 5. It is concluded from the comparison of the plot results that the conventional MS-to-WG transition has IL close to −0.1 dB that guarantees maximum transmission at 60 GHz and excellent impedance matching over −10 dB FBW (55.57–65.76 GHz). On the other hand, when this transition is connected B2B, the lowest IL of −0.13 dB, −0.12 dB, and −0.18 dB and RL og −39.77 dB, −67.53 dB, and −35.36 dB have been achieved at frequencies 55.25 GHz, 60.87 GHz, and 69.13 GHz, respectively. Therefore, B2B transition is triple-tuned in the dual band from 50 GHz to 75 GHz. The use of this technique could be generalized for the design and fabrication of microwave and mm-wave band MS-to-RWG Transitions for applications from 1 GHz to 325 GHz.



3.1. Power Flow in the Inline MS-to-WR-15 Transition


An electromagnetic RF signal is excited through the 50 Ω microstrip line at the microstrip port and captured by the other end of the waveguide and vice versa. First, the quasi-TEM wave starts moving from the microstrip, and then it is launched in WR-15. The impedance transformer in conjunction with the antipodal dipole antenna converts the quasi-TEM mode into the transverse electric mode (TE10) of the waveguide, and, finally, power is received at the waveguide port in conventional transition, as displayed in Figure 8a.



When two conventional transitions are connected by 180° out of phase, a back-to-back microstrip line to rectangular waveguide transition is formed. In this, the exchange of energy is between the two waveguide ports. The RF power applied at one waveguide port by exciting the dominant TE10 mode is converted to the quasi-TEM mode at the microstrip interface, and then the quasi-TEM mode of the microstrip line is converted back into the TE10 mode at the MS line-to-RWG interface and then received at WG port-2, as represented in Figure 8b.




3.2. Electric Field Mode Conversion MS Line-to-RWG Inline V-Band Transition


Initially, when the MS line is excited by the RF signal, the quasi-TEM mode will propagate through a 50 Ω microstrip feed line, and then this mode interacts with the antipodal impedance transformer and dipole antenna arms. The impedance transformer matches the impedance of the 50 Ω microstrip feed line and antipodal dipole antenna. Finally, the electric field falls in the air medium of the rectangular WG with an impedance of approximately 500 Ω. The impedance matching between the microstrip line and RWG is compensated by the metal pedestal, impedance transformer, and InP dielectric with high permittivity (εr = 12.4). When the InP dielectric is entered in the RWG, the impedance of the waveguide falls to 142 Ω from 500 Ω, and the WG behaves as dielectric-filled instead of air-filled. Thus, the quarter wave transformer length and width are adjusted so that impedance matching between the MS line (50 Ω) and dielectric-filled WG (142 Ω) is achieved. When excellent matching among the two lines is achieved, the quasi-TEM mode is converted into the TE10 mode of the waveguide and is field-received at the WG port-2. The electric field vector distribution in the MS line-to-WG transition is depicted in Figure 9a. The VSWR plots of this inline mode converter transition are depicted in Figure 9b. The two VSWR plots from either port are found to be in concordance and have the lowest VSWR magnitude of 1.05 at a frequency of 60 GHz, for an impedance bandwidth VSWR < 2 from 55.31 GHz-to-66.11 GHz.




3.3. Equivalent Circuit of V-Band Transition Model


The electrical equivalent circuit model of the V-band MS line-to-WR15 transition has been generated using the basic resonance theory of the RLC series and parallel circuits. Since the S11/S22 plot of the transition has its lowest value of −31.26dB at a frequency of 60 GHz with a −10 dB fractional bandwidth of 10.18 GHz (55.53 GHz to 65.71 GHz), the transition is tuned at 60 GHz, showing that the perfectly matched inductance and capacitance values and the circuit approximately behave as a resistive circuit. The resistance of the circuit is evaluated using S11 (magnitude), i.e., 0.03 at 60 GHz. The quality factor of an RLC electrical resonance circuit is given by   Q =    f r    B W    , since the quality factor, Q, of the series resonance circuit is just the ratio of the inductive/capacitive reactance to the resistance value at resonance. Thus, the other parameter is evaluated using resonance condition XL = XC or L =    1   ω 2  C     [32,34]. The input is connected with a microstrip line with a terminal impedance of 50 Ω, and the output is connected with the WR-15 characteristics’ impedance of waveguide-dominant mode 505 Ω. The antipodal transformer and dipole antenna are replaced by parallel resistive inductive circuits. The equivalent circuit is plotted using the ADS RF circuit simulator, as shown in Figure 10a. The S11 result of the circuit simulator shows excellent agreement in terms of fractional bandwidth, return loss, and tuning frequency with the simulated results, as displayed in Figure 10b,c.




3.4. Performance Comparison of V-Band Transitions


The comparisons of the proposed design with the previously published work of the V-band have been listed in Table 6 in terms of the MS-to-RWG performance parameters. The proposed design is simple, compact, and easier to fabricate on double-etched layered PCB for microstrip lines. The RL, IL, and −10 dB FBW of the proposed design are better than the existing designs, and [18,23,27,29] show the −10 dB fractional bandwidths. The proposed design is well-resonated at the V-band center frequency of 60 GHz.





4. Discussion


Two microstrips to rectangular waveguide transitions are proposed: one conventional inline transition and another back-to-back transition. Both designs possess reflection coefficient (RL) values lower than −10 dB with maximum transmission coefficients (S21). The S21 value in back-to-back transitions is approximately double within the relative bandwidth of 40.76%. This ensures that the additional dielectric losses, waveguide-wall copper losses, and radiation losses may improve, and this may stop the wave from propagating along the two waveguide ports. Both transitions have IL better than −0.50 dB; thus, most transmission takes place with minimum reflections in the V-band. Therefore, the proposed inline V-band transition is suitable for MIC/MMIC circuit characterization.




5. Conclusions


An inline microstrip to rectangular waveguide transition has been presented in this paper for V-band applications. The electrical equivalent circuit of the model has been generated, and its reflection coefficients are found to be in agreement with simulated reflection coefficients. The design is simple and compact in structure, as no complicated ridge, stepped waveguide, or waveguide back-short were used in the design. This makes the design economic and easy to fabricate using micromachining methods. An antipodal dipole microstrip antenna is used for far-field energy coupling in the RWG. A high permittivity InP substrate of 50 μm thickness is used for the microstrip instead of the costly 127 μm or 254 μm thick Roger/RT Duroid 5880; this reduces the radiation and dielectric losses, and a metal pedestal is used to support the microstrip line inside the waveguide WR-15 and plays the role of the ground for the microstrip antenna. No external unit is needed for the proposed inline transition. Therefore, the transition length is equal to the WR-15 length. It can be noticed that by reducing the thickness, the substrate reduces the fractional bandwidth by small extents of the transition, improves the transmission, and reduces the reflections within the transition ports. The designed transition is most suitable for mm-wave communication, interconnects for front end in receivers/transmitters, MMIC/MIC circuits, unlicensed devices (59–64 GHz), the ISM band (61.25 GHz ± 0.25 GHz), Earth exploration satellites, Inter-SAT, fixed satellite locations, space research, and missile navigation applications. This method could be generalized to create any band of inline MS-to-WG Transitions.
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Figure 1. V-band inline transition of the MSL-to-RWG transition. 
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Figure 2. Microstrip antipodal dipole antenna as RF energy launcher for V-band transitions. (a) Front view, rear view, and side view; (b) microstrip line. 
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Figure 3. Effect of variations of substrate width on RL and IL plots. 
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Figure 4. Effect of variations of dipole antenna length on RL and IL plots. 






Figure 4. Effect of variations of dipole antenna length on RL and IL plots.



[image: Electronics 11 03860 g004]







[image: Electronics 11 03860 g005 550] 





Figure 5. Effect of variations of dipole antenna length on RL and IL plots. 
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Figure 6. V-band back-to-back MS-to-WG transition. 
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Figure 7. RL and IL plots of the conventional and B2B designed transitions. 
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Figure 8. Power flow in the transition: (a) conventional transition and (b) back-to-back transition. 
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Figure 9. (a) Electric field mode conversion in the V-band inline MS line-to-WR-15 transition and (b) their VSWR plots. 
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Figure 10. Electrical equivalent circuit of the proposed MS line-to-waveguide transition model: (a) electrical equivalent circuit of the model, (b) HFSS reflection coefficient plot, and (c) validation of electrical equivalent circuit model using ADS RF circuit simulator. 
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Table 1. Dimensions of the designed MSL-to-RWG waveguide transition.
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	Parameter Name
	Parameter Designation
	Dimensions Values (μm)





	RWG
	WR-15 inner dimensions:

Breadth: a

Width: b

Length: LWG

Thickness: tWG
	WR-15 inner dimensions:

a: 3760

b: 1880

LWG: 5000

tWG: 1015



	PEC Metal

Pedestal

(Ground)
	Width: Wgnd

Height: Hgnd

Length: Lgnd
	   W gnd  :   b =   1880

   H gnd  :    a 2  =   1880

   L gnd  :      L  WG    2  = 2500  



	Substrate
	Width: Wsub

Length: Lsub

Height: Hsub
	Wsub: b-80 = 1800

   L sub  :    L  M S   +  L t  = 3000  

Hsub: 50



	50Ω

MSL
	Feed width: Wf

Feed length: Lf

Thickness: t
	Wf: 37.79

Lf: 2500

t: 400nm (gold)



	Impedance

Transformer
	TF width: Wt

TF length: Lt

Thickness: t
	Wt: 50

Lt: 500

t: 400 nm (gold)



	Microstrip

Dipole

Antipodal

Antenna
	Dipole arms:

Width: WD

Length: LD

Thickness: t
	Probe/dipole:

WD: 80

LD: 676

t: 400 nm (gold)
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Table 2. Substrate width variations.
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	Substrate Width, Wsub (μm)
	Tuning Frequency (GHz)
	RL (dB)
	IL (dB)
	−10dB Bandwidth (GHz)





	1720
	61.07
	−28.75
	−0.10
	56.48–66.79



	1800
	60
	−32.05
	−0.09
	55.54–65.72



	1880
	57.90
	−44.19
	−0.09
	53.73–63.64
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Table 3. Dipole antenna arms’ length variations.
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	Dipole Antenna Arms’ Length, LD (μm)
	Tuning Frequency (GHz)
	RL (dB)
	IL (dB)
	−10 dB Bandwidth (GHz)





	431.68
	----------
	----------
	----------
	----------



	626
	64.57
	−19.06
	−0.15
	59.90–70.79



	676
	60
	−32.05
	−0.09
	55.54–65.72



	726
	55.75
	−25.88
	−0.10
	52.06–61.22
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Table 4. Dipole antenna arms’ width variations.
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	Dipole Antenna Arms Width, WD (μm)
	Tuning Frequency (GHz)
	RL (dB)
	IL (dB)
	−10 dB Bandwidth (GHz)





	20
	58.82
	−20.08
	−0.13
	55.19–63.73



	50
	64.57
	−30.41
	−0.09
	55.33–65.40



	80
	60
	−32.05
	−0.09
	55.54–65.72



	110
	60
	−22.47
	−0.12
	55.74–65.35
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Table 5. Resultant performance parameters of the V-band-designed MS-to-RWG transitions.
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	MS-to-RWG Transition
	Res. Freq. f0 (GHz)
	IL (dB)
	RL (dB)
	FBW (%)





	Conventional
	60
	−0.09
	−32.05

(Port-1)

−31.45

(Port-2)
	17 (Port-1)

(55.57–65.76 GHz)

10.6 (Port-2)

(55.67–65.49 GHz)



	Back-to-Back
	55.25

60.87

69.13
	−0.13

−0.12

−0.18
	−39.77

−67.35

−35.36
	(54.49–63.53 GHz)

and

(68.25–69.83 GHz)
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Table 6. Performance comparison of proposed V-band (50 GHz–75 GHz) transitions with the existing literature.
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	Ref.
	Substrate Used for MSL
	RWG Type (‘a’ mm × ‘b’ mm) and WallThickness (t mm)
	RL < (dB)
	IL > (dB)
	FBW (%)
	Coupling Method and Features





	[18]

Shih, Y. C. et al. 1988
	RT-Duriod 5880

   ε r  = 2.2  

h = 0.127 mm

tanδ ≈ 0.0009 at 10 GHz
	WR-12

(3.10 × 1.55)

t = 1.015
	−12
	−1.0
	40

(relative BW)
	.Transverse (90°)

.Microstip probe as launcher

.Aperture cut



	[23]

Aliakbarian

et al. 2010
	Rogers RT/Duroid 5880

   ε r  = 2.2  

h = 0.254 mm

tanδ = 0.0009

10 GHz
	WR-15

(3.76 × 1.88)

t = 1.015
	−17
	−4.0
	37.7
	.End-wall

.Consists of an end-wall

.A double-sided etched substrate

.Slot coupling



	[25]

Zhou, I., and Robert, J. R. 2022
	RO4003

   ε r  = 3.55  

h = 0.81 mm

   tan δ  = 0.002  
	WR-34

(4.5 × 8.8)

t = 2.0
	−17,

−30
	−0.67,

−0.85
	21.2,

23
	.Inline

.LMDS, Ka-band operation for 5G applications



	[26]

Kyu, Y.H. and Pao, C. 2012
	Quartz

   ε r  = 3.8  

h = 0.127 mm

   tan δ  = 0.0009  
	WR-15

(3.76 × 1.88)

t = 1.015
	−37
	−0.7

(B2B)

−0.35

(conv.)
	35.2
	.Inline (E-plane)

.Five-step ridge waveguide

.Probe fed

.Broad band



	[27]

Mozharovskiy A. V., 2019
	RO4350B

   ε r  = 3.66  

H = 0.101 mm

   tan δ    = 0.0115  

at 60 GHz

RT/Duroid 5880

   ε r  = 2.2  

H = 0.127 mm

   tan δ  = 0.0024  

at 60 GHz
	WR-15

(3.76 × 1.88)

t = 1.015
	−10

−10
	−1.1

−0.4


	11.2

20
	.Transverse B2B

.Low loss

.Wideband

.Uses 25 via



	[28]

Xu, Z. et al. 2021
	Quartz

   ε r  = 3.78  

h = 0.127mm

   tan δ  = 0.0024  
	WR-10

(2.54 × 1.27)

t = 1.015
	−18
	−0.35

to

−0.5
	31.89
	.W-band inline B2B E-plane probe T-junction structure

.mm-wave applications



	[29]

Henderson, J. R. and Walden, M. C. 2022
	RT/Duroid 5880

   ε r  = 2.2  

h = 0.127mm

   tan δ  = 0.0024  
	WR-15

(3.76 × 1.88)

t = 1.015
	−10
	−1.0
	21.87
	.Inline

.PCB transition

.Highly integrated with mm-wave beam-forming devices

.3D-printed mm-wave sectoral horn array



	This work
	InP

   ε r  = 12.4  

h = 50 μm

   tan δ  = 0.0001  

at 60GHz
	WR-15

(3.76 × 1.88)

t = 1.015
	−30
	−0.09
	40.76

(relative BW)
	.Inline (0°)

.Dipole antipodal antenna as launcher

.Double-sided etched InP substrate
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