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Abstract— A D-band waveguide diplexer, implemented by
silicon micromachining using releasable filling structure (RFS)
technique to obtain high-precision geometries, is presented here
for the first time. Prototype devices using this RFS technique are
compared with devices using the conventional microfabrication
process. The RFS technique allows etching large waveguide
structures with nearly 90◦ sidewall angles for the 400-µm-tall
waveguides. The diplexer consists of two direct-coupled cavity
six-pole bandpass filters, with the lower and the upper band
at 130–134 and 141–148.5 GHz, respectively. The measured
insertion loss of the two bands is 1.2 and 0.8 dB, respectively,
and the measured return loss is 20 and 18 dB, respectively,
across 85% of the passbands. The worst case adjacent channel
rejection is better than 59 dB. The unloaded quality factors of
a single cavity resonator are estimated from the measurements
to reach 1400. Furthermore, for the RFS-based micromachined
diplexer, an excellent agreement between measured and simulated
data was observed, with a center frequency shift of only 0.8%
and a bandwidth deviation of only 8%. In contrast to that, for the
conventionally micromachined diplexer of this high complexity,
the filter poles are not well controllable, resulting in a large
center frequency shift of 3.5%, a huge bandwidth expanding of
over 60%, a poor return loss of 6 and 10 dB for the lower and
the upper band, respectively, and an adjacent channel rejection
of only 22 dB.

Index Terms— Diplexer, fabrication tolerance, high-Q res-
onators, microwave engineering, releasable filling structure
(RFS), silicon micromachining, sub-terahertz, waveguide filter.

I. INTRODUCTION

W
ITH increasing data rates, high-speed broadband wire-

less communication links are in large demand, such

as 5G or beyond mobile communication, wireless local area

networks (WLANs), satellite communication, or autonomous

vehicles. The sub-terahertz (sub-THz) frequency spectrum

offers the best possibility to reach wireless transmission rates
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over 100 Gb/s [1], [2], being promising for broadband fixed

wireless links over short/medium ranges [3].

The D-band, comprising frequencies between 110 and

170 GHz, has a large available bandwidth to attain a higher

wireless transmission data rate while offering a relatively

low attenuation, even in rainy conditions, making this

band suitable for short-/medium-distance backhaul gigabit

communications [3]. With the W-band already commercially

exploited for this application, the D-band is promising to be

allocated to a fixed wireless system within the next decade [4].

A system demonstration with a data rate of up to 48 Gb/s has

been reported [5], and higher data rate in this band is expected

and investigated [6], [7]. Combining microwave-photonics

millimeter-wave frequency generation, an ultrabroadband

D-band wireless signal delivery system with over 100-Gb/s

wireless transmission capacity has been demonstrated

experimentally [1]. All these efforts are aiming to facilitate

the deployment of fixed services links in this frequency

range.

Filters and diplexers are important elements in frequency-

multiplexed telecommunication transceiver front ends, where

Rx and Tx circuits are using the same antenna port to

complete channel selection and isolation is facilitated by the

diplexer [8]. For sub-THz systems, rectangular waveguides

are the best choice of transmission media and for microwave

components of larger electrical dimensions. Silicon microma-

chined waveguides were demonstrated with very low losses,

for instance 0.02 dB/mm in the 220–330-GHz band [9].

The authors have already proposed a sub-THz microma-

chined integration platform for telecommunication links [10]

with integrated SiGe microwave monolithic integrated cir-

cuits (MMICs), but no filtering function has been shown

in this technology platform yet. Frequency diplexers ful-

filling their specifications in terms of insertion loss (IL),

in-band flatness, selectivity, and rejection are one of the most

challenging components to fabricate in the THz frequency

range due to the stringent requirements on the accuracy

of the geometrical features, which, for higher complex-

ity filters, requires high precision in micro level even at

the relatively low D-band frequencies. In addition to the

geometrical accuracy, the very low loss of micromachined

waveguides and cavities offers high-Q resonators and, thus,

low ILs.
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TABLE I

PERFORMANCES OF DIPLEXERS ABOVE 100 GHZ, FABRICATED IN DIFFERENT FABRICATION TECHNOLOGIES

At D-band frequencies, very few examples of waveguide

components, including filters and diplexers, have been demon-

strated so far. In [15], the first D-band waveguide filter based

on deep reactive ion etching (DRIE) technology was reported

with the lowest IL of 0.45 dB in passband, although for a

15% (three-pole) or 11.5% (five-pole) fractional bandwidth,

the unloaded quality factor Qu of the fabricated filter was

estimated to reach 163 (five-pole), and the return losses

were not characterized, which demonstrates to some extent

the huge potential capability of DRIE to fabricate sub-THz

frequency waveguide devices. A micromachined waveguide

filter based on ultralow-loss silicon waveguide technology has

been presented recently by Campion et al. [16] with an average

IL in the passband of only 0.5 dB for a designed fractional

bandwidth of 5.2%, and Qu of a single cavity resonator is

expected to reach 1600, but the fabricated filter had a center

frequency shift by 4.75 GHz and a bandwidth increase by

61.5% due to fabrication inaccuracies.

Diplexers are very complex filtering structures, and their

fabrication remains challenging at sub-THz frequencies.

At frequencies above 100 GHz, only very few diplexers are

reported. A WR-3 (220-325 GHz) waveguide diplexer based

on SU-8 technology was presented in [11], which had a

high IL, a significant center frequency shift and a bandwidth

shrinking. In [12], a photonic-crystal diplexer with about 3-

dB IL was reported. A milled 275–500-GHz ultrawideband

frequency splitter based on two couplers and individual high-

and low-pass filters had an IL of 1.5–3.8 dB [13] and an

adjacent channel rejection of 35 dB, requiring feature sizes

for which 30-µm-diameter milling tools had to be used.

A CNC-milled G-band (170–260 GHz) diplexer reported with

an IL of only 1.5 dB, but the center frequencies of its

passbands shifted downward by 3 GHz and the bandwidths

expanded by 30% due to fabrication errors [14]. A comparison

of previous diplexer works is summarized in Table I.

In this work, the first D-band waveguide diplexer to date is

presented, which is implemented by silicon micromachining.

Also, a releasable filling structure (RFS)-based microfabri-

cation process is presented for the first time, which enables

accurate fabrication. An RFS-based microfabricated prototype

is implemented and compared experimentally to a convention-

ally microfabricated diplexer, and the influence of fabrication

tolerances on filter performance is investigated, proving the

Fig. 1. Functional diagram of the diplexer with input I and outputs A and B.
Highlighted parts, namely the extended splitter, channels A and B are used to
simplify the description of the design procedure. Blocks “Line” and “BPF”
represent waveguide sections and bandpass filters for channels A and B,
respectively.

advantages of this process which even allow for scaling such

high-complexity diplexers higher up to THz frequencies.

II. DIPLEXER AND CHANNEL FILTERS DESIGN

This section explains the procedure to design a diplexer

with a frequency response, which fulfills the following design

specifications worked out for a D-band communication link in

the European Commission-funded M3TERA project [17].

1) Channel A Passband: fmin A . . . fmaxA = 130 . . .

134 GHz.

2) Channel B Passband: fminB . . . fmaxB = 141 . . .

148.5 GHz.

3) Maximum Return Loss in Passbands: RL = 20 dB.

4) Adjacent Channel Rejection: AR = 65 dB.

Fig. 1 shows a functional diagram of the designed diplexer.

The diplexer consists of two channel filters connected through

a splitter with waveguide sections attached to its outputs,

which acts as a nonresonating star junction. Synthesis and

design techniques for diplexers/multiplexers with star junc-

tions are described in detail in [18]–[20]. It has been deter-

mined that the specifications can be satisfied by the sixth-order

all-pole filters for each channel; the corresponding coupling

scheme is shown in Fig. 2. The final layout of the diplexer,

containing two chips with dimensions, is shown in Fig. 3. The

algorithm we utilized for finding the final design parameters

is outlined as follows.

For the diplexer design, a hybrid multifidelity optimiza-

tion approach was used [21]–[23], which allows avoiding
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Fig. 2. Coupling scheme of each individual channel filter.

computationally expensive optimization of the full structure

with many design variables. Instead, each of the channel

filters and the splitter with the attached waveguide sections

are optimized separately while being connected to the entire

circuit.

The algorithm exploits several models of various parts of

the diplexer, as shown in Fig. 1. The responses of low-fidelity

(or coarse) models of all the blocks are denoted as R
c (x) and

the responses of high-fidelity (or fine) models are denoted as

R
f (x), where x is a vector of design parameters correspond-

ing to the block evaluated in their coarse and fine models,

respectively. The coarse models are composed of cascaded

waveguide sections and irises represented as analytical models

and evaluated in MATLAB. In contrast, the fine models use

full-wave simulations in CST Studio Suite with a dense mesh.

In order to simplify the evaluation of the coarse models,

a fine response surface model of the splitter was created,

which depends on a single design parameter: R
f

S (L p). Taking

this into account, all the models of diplexer’s parts containing

the splitter cascaded with other blocks represented as coarse

models are denoted as hybrid models with responses R
h(x).

The design algorithm operates with the following set of

models.

1) Response Surface Fine Model of the Splitter: R
f

S (L p).

2) Hybrid and Fine Models of the Extended Splitter:

R
h
ES(L p, L A, L B) and R

f

ES(L p, L A, L B).

3) Coarse and Fine Models of the Both Bandpass Filters:

R
c
BPFA(L Ak , W An,n+1), R

c
BPFB(LBk , W Bn,n+1),

R
f

BPFA(L Ak , W An,n+1), and R
f

BPFB(LBk , W Bn,n+1),

where k = 1 . . . 6 and n = 0 . . . 6.

4) Hybrid and Fine Models of the Channels: R
h
ChA(x),

R
h
ChB (x), R

f

ChA(x), and R
f

ChB(x).

The design algorithm contains the following steps.

Step 1: Design a response surface model of the splitter

R
f

S (L p).

Step 2: Design and optimize both filters using coarse models

R
c
BPFA(L Ak , W An,n+1) and R

c
BPFB (LBk , W Bn,n+1).

Step 3: Find L p, L A, and L B by optimizing hybrid model

R
h
ES(L p, L A, L B) with respect to design specifications with

attached channel filters.

Step 4: Optimize R
h
ChA(x) by varying design parameters of

and BPF A only.

Step 5: Optimize R
h
ChB(x) by varying design parameters of

and BPF B only.

Step 6: If the specifications are satisfied, go to 7. If not,

go back to 3.

Step 7: Adjust L A and L B to match responses of extended

splitters in coarse and fine models by aggressive space

TABLE II

FINAL DIMENSIONS OF THE PRESENTED DIPLEXER

mapping (ASM): [L A, L B ] = arg{min||R
f

ES(L p, L A, L B)–

R
h
ES(L p, L A, L B)||}.

Step 8: Find design parameters L Ak and W An,n+1 of

BPF A by minimizing ||R
f

BPFA(L Ak , W An,n+1)–R
c
BPFA(L Ak ,

W An,n+1)|| through ASM.

Step 9: Find design parameters LBk and W Bn,n+1 of

BPF B by minimizing ||R
f

BPFB(L Bk , W Bn,n+1)–R
c
BPFB(L Bk ,

W Bn,n+1)|| through ASM.

Step 10: Fine-tune channel filters of the diplexer, repeating

steps 4 and 5 for the fine models R
f

ChA (x) and R
f

ChB (x).

The presented algorithm can be used for designing diplexers

of the same configuration with various specifications, i.e., the

parameters of the passbands can be adjusted. Moreover, the

procedure can be generalized to enable designs with various

filter orders in each passband. The final dimensions of the

diplexer designed by the procedure listed earlier are presented

in Table II.

III. EFFECTS OF FABRICATION TOLERANCES

ON FILTER PERFORMANCE

The absence of a high-efficiency, low-cost and high-

accuracy fabrication method limits the implementation of

complex waveguide filters, in particular multiport components,

at frequencies over 100 GHz. DRIE is the most promising

micromachining technique to fabricate high-aspect-ratio and

high-precision silicon structures to date [32]–[34]. However,

at some sub-THz frequencies, where the cross section of rec-

tangular waveguides ranges from 0.254 × 0.127 mm2 (WR-1)

to 2.032 × 1.016 mm2 (WR-8), it has been always challenging

to use DRIE to realize high-quality sidewalls, especially when

etching superdeep (larger than 300 µm) and large-opening

(wider than 500 µm) trenches [35], [36]. DRIE is an inher-

ently geometry-dependent technology: different underetching

for different cavities and feature sizes, as well as etching

depths, seriously affects etching accuracy and verticality of

the sidewalls [37], [38]. At submillimeter/THz frequencies,

very high-precision machining is required for the device

fabrication [36], [39], [40]. Fabrication tolerances and sidewall

slope significantly degrade the desired RF performance of the

final devices [27], [28]. Many researchers suffered from these
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Fig. 3. Layouts of the two chips making up a complete diplexer chip with dimensions. Extended splitter containing a splitter with a perturbation and two
waveguide sections, as well as two bandpass filters are highlighted for comparison with the functional diagram in Fig. 1.

TABLE III

PERFORMANCE COMPARISON OF DRIE MICROMACHINED H -PLANE WAVEGUIDE FILTERS ABOVE 100 GHZ

problems [16], [32], [41]–[43] and started to be aware of the

gravity of these problems [42], [44].

Table III summarizes the key performance metrics of typical

reported rectangular waveguide filters based on the DRIE

technique at frequencies above 100 GHz. Although these show

that DRIE is capable of achieving good etching results by

using an optimized fabrication process, different processes and

different geometries have different sidewall angles ranging

from 0.5◦ to 4.2◦ and geometrical tolerance (GT) varying

from 2 to 20 µm, which resulted in very large fluctuation

on the RF performances. DRIE is a very demanding process,

which usually requires significant optimization of its etching

parameters in order to obtain the desired etching quality.

Furthermore, for complex filter designs, the center fre-

quency and bandwidth are highly sensitive to the verticality of

sidewalls, which mainly determines the actual size and shape

of the resonating cavities. In our work, using the RFS-based

method, less than 1◦ tilting angles for all the sidewalls have

been achieved without any extra laborious optimization of the

DRIE process.

In this article, we introduce the critical dimension (CD) loss

and sidewall angle to quantify the fabrication tolerances. Fig. 4

shows the definitions of CD-loss 1d and sidewall angle θ

Fig. 4. Schematic cross section of an etched silicon trench.

in these simulations. The feature shape is quantified through

CD-loss 1d , the mismatch between the mask layout and the

actual silicon dimension, and the sidewall angle θ , the angle

between the feature sidewall and the etching direction. The

sidewall angle θ is positive when the sidewalls are reentrant
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Fig. 5. Simulation results on (a) center frequency shift 1 f0 and (b) bandwidth
deviation 1BW as a function of CD-loss 1d and sidewall angle θ . The
circle maker denotes the conventional microfabrication process without RFS
(w/o RFS), whereas the sphere maker denotes the RFS-based filter (w/ RFS).

(upper opening is smaller than the bottom opening) and

negative when the sidewalls are tapered (upper opening is

larger than the bottom opening).

In order to figure out the detailed effects of fabrication

tolerances on filter performance, an analysis has been car-

ried out based on electromagnetic (EM) simulation. Sidewall

angle θ ranging from −5◦ to 5◦ and CD-loss 1d ranging

from 0 to 10 µm are used in simulation and act as inde-

pendent variables, which are typical fabrication inaccuracy

values due to fabrication tolerances. Center frequency shift

1 f0 or bandwidth deviation 1BW is the dependent variable

here. The maximum point in both cases [see Fig. 5(a) and

(b)] appears at the coordinate position of 5◦ of the sidewall

angle θ and 10 µm of CD-loss 1d , which represents the

maximum geometric deformation to the resonating cavities

as well. Obviously, we can suppress the undesired 1 f0 or

1BW by decreasing the fabrication tolerances in terms of

the sidewall angles and CD-losses as small as possible to

obtain the designed structures. Furthermore, multiple zeros

or approximate zeros of 1 f0 or 1BW show up in specific

positions besides (0, 0) point in the coordinate system, which

bring us more opportunities to suppress the undesired 1 f0

or 1BW. Therefore, another possible approach can be to

counteract 1 f0 or 1BW by selecting the proper combination

of the tapered sidewall angle and the CD-loss, which needs

to adjust the design parameters to the processing parameters.

In Fig. 5, the noticeable “valley” in the plot represents the

lowest contour line where 1 f0 or 1BW is approximately equal

to zero due to the counteraction between the tapered sidewall

effect and the CD-loss effect on frequency shift or bandwidth

deviation. In other word, we can get better desired center

frequency and bandwidth if the locations that are decided

by sidewall angle and CD-loss together are closer to the

“valley.” Thus, this mechanism provides an alternative solution

to suppress the frequency shift and bandwidth deviation in the

practical fabrication by tuning the sidewall angle and CD-loss.

A simplified alternative has been preliminarily investigated in

our previous work [30], [42]. To maintain the specified center

frequency, the sidewall angle was predicted and considered in

the designs, which shows a certain impact on compensation of

frequency shift. Since the sidewall slope varies with the size

of the single cavity, the fabrication variations of different runs,

and the predicted errors, this method is of limited use.

IV. FABRICATION AND ASSEMBLY

A. Fabrication

The Bosch DRIE process alternates between etching and

sidewall passivation steps [45]. The commonly used etching

gas is SF6 and the passivation gas is C4F8 or CHF3. The

process can be characterized by many parameters, such as

etch rate, sidewall “scallop” size, etch anisotropy (sidewall

verticality), etch uniformity, undercut, loading effects, RIE-lag,

micrograss, and notching, all of which have been found and

proved to be trench width or aspect ratio-dependent directly

or indirectly [45]–[47]. Therefore, some of the toughest prob-

lems, such as etch anisotropy, underetching, and RIE-lag, can

be tempered simultaneously by introducing RFS technology

to control the trench width or etch area. After the features are

etched, the RFSs are completely released from the cavities.

Prototype devices are fabricated separately by the

conventional microfabrication process [see Fig. 6A(a)–(d)] and

the RFS-based microfabrication process [see Fig. 6B(a)–(f)]

on silicon-on-insulator (SOI) wafers. SOI wafers consist

of a device layer (DL) of 100 µm, a handle layer (HL)

of 400 µm, and a buried oxide layer (BOX) of 1 µm.

To achieve a high height (800 µm) of the waveguide for

minimizing losses while avoiding excessively deep etches,

the waveguide height is split into two pieces in the H -plane to

be etched separately [see Fig. 7(a)], and then, the two halves

are bonded together to form a complete, full-height rectangular

waveguide for both methods [see Fig. 7(b)].

In the RFS-based microfabrication process, the RFSs are

employed in the large etching areas for waveguide resonating

cavities to improve the sidewall verticality. The process flow

and scanning electron microscope (SEM) pictures are shown

in Figs. 6B(a)–(f) and 8, respectively. Both sides (DL and

HL) of the SOI wafer are thermally oxidized by 2-µm silicon
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Fig. 6. Schematic of key steps for conventional microfabrication process
(A) and RFS-based microfabrication process (B). (a) SOI wafer preparation.
(b) SiO2 thermal deposition. (c) Patterning for hard masks. (d) and (e) DRIE
of the DL and HL. (e) Release of filling structures. (f) Two H -plane-split
chips after DRIE.

oxide (SiO2) and then patterned by photoresist, and RIE

etching is used to etch SiO2 to form the hard masks for

the subsequent DRIE silicon etching. The HL is etched by

the standard Bosch process to obtain the waveguide cavities

with irises and transitions from the diplexer to the ports.

Both etching processes stop at the interface with the BOX

layer, so the etching depth is accurately controlled. Therefore,

the complete waveguide with a total height of 800 µm can

be obtained by bonding two wafers with the HLs facing each

other. A photograph of two completed diplexer prototypes is

shown in Fig. 7(c). The RFS technique enables all the trenches

surrounding the sidewalls of the waveguide cavities and irises

to be of an uniform and well-controlled 100-µm width d ,

with a grid width w of 25 µm, as shown in Fig. 8(a). This

results in a very uniform, geometry-independent etching of the

waveguide cavities.

For the conventional process (see Fig. 6A), a 300-µm

underetching [see Fig. 9(a)] corresponding to a 4◦ sidewall

angle was induced for the 400-µm deep etching.

Fig. 7. Diplexer after DRIE etching. (a) Two H -plane-split chips after
DRIE. (b) Thermocompression bonding of two split chips. (c) Photograph
of fabricated diplexers.

Fig. 8. Waveguide with RFSs. (a) Layout of the RFS. (b) SEM image of
the waveguide with RFS. (c) SEM image of released RFS.

A significant sidewall slope in the iris window is observed

in Fig. 9(a) and (b). In contrast, Fig. 9(c) shows a nearly 90◦

vertical sidewall for the proposed RFS-based process.

Moreover, the shapes and dimensions of the irises are well

retained, as shown in Fig. 9(d). The CD-losses of irises

with RFS are only 2–4 µm comparing to 7–9 µm without

them. It is clear from Fig. 9 that the RFS-based process can

significantly improve the etching quality. After the DRIE

step, the RFSs are released by hydrofluoric (HF) acid etching

of the BOX layer. Etching holes in the DL allow the HF

solution to reach specific areas on the BOX layer where

the etching should be performed. The etching holes are

designed to be 10 µm × 10 µm squares with a pitch of 6 µm

(see Fig. 10), which are small enough (210 times smaller than

the wavelength) to avoid unnecessary radiation losses. After

HF releasing, the entire filling structure [see Fig. 8(b) and (c)]

can automatically fall out of the cavity without any residues.



3454 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 68, NO. 8, AUGUST 2020

Fig. 9. Visual comparison of DRIE processes for (a) sidewall of waveguide
and (b) irises inside waveguide without using RFSs to (c) sidewall and (d)
irises with using RFSs.

Fig. 10. SEM images of etch holes on DL of the diplexer for the RFS
geometries.

Subsequently, the chips are metallized by sputtering a 2-µm

gold layer on HL and a 1-µm gold layer on DL, both using

a 50-nm-thick titanium–tungsten (TiW) adhesion layer.

Although the RFS-based process mainly adds a few

additional steps to the manufacturing process, it has the

advantages of higher fabrication accuracy and reproducibility,

independent of the etched structures, and thus requires neither

geometry-dependent process optimization nor geometrical cor-

rections for designs with varying feature sizes.

B. Assembly

After the metallization, these two half chips are aligned

manually under a microscope. The alignment is facilitated via

alignment holes [see Fig. 7(a)] and Vernier scales (see Fig. 11)

in each piece. The final average alignment accuracy was found

to be 2–4 µm in any direction. The assembled waveguide

halves are then bonded together [see Fig. 7(b)] by using

the thermocompression bonding process [9], [10], [42], [44].

No differences in the mechanical stability when bonding

structures with or without RFS could be observed. The overall

Fig. 11. SEM images of Vernier scales on the chip used for accurate chip-
to-chip alignment.

Fig. 12. Setup for measurement of the three-port diplexer. Two ports are fed
by ZVA-Z170 frequency extenders, whereas the remaining port is terminated
with a waveguide load.

mechanical stability during bonding is ensured by the thick DL

(100 µm) and wide irises (200 µm).

V. MEASUREMENT RESULTS AND DISCUSSION

Characterization of the fabricated filters and diplexers is

implemented using Rohde & Schwarz ZVA-Z170 frequency

extenders driven by a ZVA-24 VNA. The measurement setup

uses a metal split block as in [16]. For the diplexers with

three ports, the characterization is more complex, the complete

details of which are out of the scope of this article. The

reference planes for measurement of the two-port filters are

shifted to 500 µm away from the first iris using an on-chip

line–reflect–line calibration kit [9]. An elliptical alignment

hole method is employed to improve the alignment accuracy

between waveguide ports on the chips and on the measurement

setup [48]. For measurement of the diplexers, the measurement

setup is shown in Fig. 12, and the reference plane at all three

ports is shifted to the outer surface of the chip (i.e., the effect

of the split blocks and feeding waveguides is removed) via

a series of one- and two-port calibrations. As only two

frequency extenders are available, the diplexer was measured

in three different configurations, in which the remaining port

was terminated with a waveguide load. Complete three-port

S-parameters of the diplexer were then reconstructed following

deembedding of the split blocks and feed waveguides.

A. Channel Filters

In order to characterize the processing effects of the

RFS-based technology, initially, two all-pole iris-coupled
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Fig. 13. Measured and simulated S-parameters of the filter with (w/) and
without (w/o) RFS at (a) 132 and (b) 145 GHz.

rectangular waveguide filters with center frequencies at

132 and 145 GHz are implemented, respectively, by a conven-

tional microfabrication process without RFS (w/o RFS) and

with RFS-based microfabrication process (w/ RFS), as shown

in Figs. 6 and 7.

Fig. 13(a) shows that the filter with using RFS at lower

band (130–134 GHz) has only 1 f0 1.1 GHz and 1BW 5%

compared with 1 f0 4 GHz and 1BW 66% of the filter

without using RFS. Fig. 13(b) shows the higher band filter

at 141–148.5 GHz. The filter with using RFS has only

1 f0 1.3 GHz and a negligible 1BW 7.7% compared with

1 f0 4.75 GHz and the 1BW 57.3% of the filter without

using RFS [16]. It is visible that the RFS-based filters have a

negligible 1BW (<10%) compared with the significant 1BW

more than 50% of the filters without RFS. The comparison of

the S-parameters in Fig. 13 clearly demonstrates that the filters

fabricated by the RFS technology have much better agreement

Fig. 14. Measured and simulated S-parameters of the diplexer without
(w/o) RFS on (a) transmission losses S21 and S31, (b) reflection responses
S22 and S33, and (c) reflection S11 and adjacent channel rejection S32.

with the expected results simulated by the 3-D EM simulation

software CST. The main specifications of the RFS-based

filters are listed in Table III to compare with other works
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Fig. 15. Measured and simulated S-parameters of the RFS-based micromachined diplexer on (a) transmission and reflection responses of port 2 or port 3 to
port 1. (b) Close-up view of S21. (c) Reflection of port 1 and adjacent channel rejection between ports 2 and 3. Also, the corresponding comparisons with
(d)–(f) results of the resimulated diplexer according to the measured geometries of the fabricated one.

based on the conventional DRIE technology. Qu of 1360 and

1490 has been achieved for these two RFS-based filters,

respectively.

In addition, we assessed the center frequency shift and

bandwidth deviation by applying the postprocess measured

fabrication inaccuracies to the model of Section III, which is

shown in Fig. 5. The sphere marker on this map approaches

considerably closer to the optimum “valley” compared with

the location of the circle marker, due to the proposed RFS

technology. For the frequency shift 1 f0, the predicted values

by the simulation model have 0.9- and 0.4-GHz difference

with respect to the measured values of the filter fabricated

without RFS and the filters with RFS, respectively. Similarly,

for the bandwidth deviation 1BW, the predicted values show

13% and 5% differences between the measured values of the

filters without RFS and with RFS.
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TABLE IV

COMPARISON OF SIMULATED AND MEASURED PERFORMANCE PARAMETERS OF THE DIPLEXERS IN THIS WORK

B. Diplexers

Fig. 14 shows the measured results of the diplexer fabricated

by the conventional method (w/o RFS) compared with the sim-

ulated performance. The measured results demonstrate around

1.9 dB of IL, less than 10 dB of return loss, and only 20 dB

of adjacent channel rejection; 5-GHz center frequency shifts

1 f0 are observed in both bands due to a large inclination of

up to 4◦ in the vertical walls. The bandwidth expansion 1BW

reaches 70% at the lower band and 64% at the upper band.

The return loss degrades to less than 10 dB due to detuning,

which can be explained by the underetching and CD-loss in

the areas of the coupling irises [27]. The adjacent channel

rejection degraded severely following the detuning of the

channels. The measured result has a nonnegligible offset with

the simulation in terms of center frequency, bandwidth, and

isolation. According to the analysis in Section III, the sidewall

verticality of the waveguide or irises is the first factor to induce

1 f0 and 1BW. Furthermore, H -plane waveguide devices,

especially with narrow bandwidths, are very sensitive to the

change of dimensions in the H -plane.

Another prototype of the diplexer is implemented by the

RFS-based process (w/ RFS). Fig. 15 shows the measured

performance of the diplexer compared with the simulations.

The center frequency shifts 1 f0 have been suppressed to only

1–1.4 GHz and the bandwidth deviations 1BW have been

induced to 7.5% at the lower band and 8% at the upper

band. Two channels have the ILs of 1.2 and 0.8 dB and the

return losses of 20 and 18 dB across 85% of the passbands,

respectively. The adjacent channel rejection is enhanced to be

better than 59 dB. In order to complete the self-consistency

analysis, resimulations based on the measured geometries of

the fabricated diplexer have been carried out using a reduced,

effective bulk gold conductivity of 1.2 × 107 S/m. The

resimulated model has a CD-loss 3 µm in dimensions, and the

sidewall angle is less than 1◦. The resimulated and measured

results match perfectly as shown in Fig. 15(d)–(f), which also

confirms that our simulation model can be used to accurately

predict the real results.

Table IV summarizes the simulated and measured perfor-

mances of the diplexers fabricated by these two techniques.

In order to characterize fabrication accuracy and the degree

of agreement of the measured data with the simulated results,

a performance factor “1” is defined here. The “w/o” refers

to the measurement from conventional method without RFS,

“w/” refers to the measurement from the RFS-based method.

It is clearly visible that “1. w” based on the RFS technology is

far smaller than “1. w/o” based on the conventional process

in terms of the IL, return loss, isolation, center frequency,

bandwidth, and unloaded quality factor Qu , meaning that the

RFS-based microfabricated diplexer is closer to the desired

performance (“Sim.” in Table IV). Furthermore, “1.w/” is

possible to further reduced by optimizing the initial DRIE

etching recipe for the fixed 100-µm-wide trench etching used

in this work in terms of the verticality of the sidewall and

surface roughness. The performance of the diplexer has been

improved significantly by enhancing the verticality of the side-

walls by the proposed RFS-based microfabrication method.

The Q-factor is affected by several parameters, including

surface roughness and the geometry of the resonator [42],

[49], [50]. The measured Qu of a single cavity reaches

1410 and 1200 for the lower and upper bands of the diplexer

with RFS technology, respectively.

VI. CONCLUSION

Micromachined high-Q waveguide diplexer and filters in

the D-band were implemented by the silicon-based DRIE

technology. The effect of fabrication inaccuracies, inducing

center frequency shift and bandwidth offset, has been inves-

tigated. The declination of vertical sidewalls is primarily

responsible for any performance degradation. The CD-loss is

an additional factor. To solve those problems, the RFS-based

microfabrication method to improve the verticality of sidewall

and fabrication precision is introduced and verified in this

article by comparing the performance deviations with expected

values. The RFS-based micromachined prototypes show very

good agreement between simulations and measurements in

return loss, IL, and isolation, and this has been compared

with devices fabricated by the conventional micromachining

processes. The measured results presented in this article set

the state of the art of D-band diplexers.

The RFS in the HL of the SOI wafer has been used

to protect the sidewalls, which allows obtaining almost

90◦-vertical sidewalls and good fabrication uniformity inde-

pendent on the opening sizes. To our knowledge, it is the first
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attempt to solve this problem for micromachined waveguide

devices from a different perspective compared with the con-

ventional parameter optimization method for ICP machines.

While the performance improvement of the RFS-based micro-

fabrication method is demonstrated in this work at D-band,

this will be even more important when scaling to higher fre-

quencies, as even higher geometrical confidentially is required

when approaching THz frequencies.
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