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Abstract The rapid evolution of sixth-generation (6G) wireless comm unication is driving the development of compact, low-loss, and
highly integrated front-end modules operating in the terah ertz frequency range. However, conventional substrate-ba sed (printed-circuit)
and metallic waveguide-based solutions face inherent trad e-0s among structural compactness, radiation e ciency, a nd chip-integration
complexity at such high frequencies. To overcome these limi tations, this paper proposes a silicon-based MEMS (micro-e lectro-mechanical
systems) hybrid packaging approach, which combines the adv antages of substrate- and waveguide-based solutions, feat uring compact
structure, high radiation e ciency, and exible chip integ ration. The proposed approach is implemented on multilayer silicon wafers,
integrating a waveguide slot array antenna, ground-signal -ground (GSG)-waveguide transversal transition, RF inter connection, and active
chips within a uni ed MEMS framework. The waveguide antenna is co-designed with the GSG-waveguide transition, exhibit ing a pro le
of 0.75 mm and achieving a peak gain of 25.3 dBi at 151 GHz with a radiation e ciency of 83.2%. A proof-of-concept prototype
operating in D-band (110{170 GHz) is developed and characte rized, validating e ective front-end integration. This hy brid packaging
approach establishes a scalable foundation for future 6G te rahertz front-end systems, enabling compact, low-loss, an d highly integrated
implementations.
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transition
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1 Introduction

The evolution toward sixth-generation (6G) wireless networks is exending communication systems into the terahertz
frequency range, where abundant spectrum resources can quprt data rates beyond 100 Gb/s and ultra-low latency
for real-time, intelligent connectivity [ 1,2]. To fully exploit these opportunities, the development of compact, low-
loss, and highly integrated terahertz front-end modules has beane a crucial enabler for future transceivers 3, 4].
Within the terahertz spectrum, the D-band (110{170 GHz) has energed as a practical and strategic frequency
window for near-term 6G realization, o ering a favorable balance béween spectrum availability, propagation char-
acteristics, and fabrication feasibility [5,6]. Continuous research e orts on D-band front-end modules, angnnas,
and packaging technologies are thus paving the way toward scalablend high-performance terahertz system inte-
gration [7, 8].

Various substrate-based packaging solutions have been exploréd the D-band, employing high-density inter-
connection (HDI) [9], low-temperature co- red ceramic (LTCC) [ 10], benzocyclobutene (BCB) [L1], and glass 12]
technologies. These implementations feature a planar con guratia that allows exible signal routing for direct cur-
rent (DC), intermediate frequency (IF), local oscillator (LO), serial peripheral interface (SPI), and radio frequency
(RF) paths. To achieve high-gain radiation, array antennas with can gurations such as 2 2 [13] and 4 4 [14] are
commonly adopted, where the feeding network is required to distrinte power among individual elements. However,
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at D-band frequencies, the feeding network exhibits considerabléoss (0.19 dB/mm and 0.6 dB/mm for the mi-
crostrip lines, as reported in P,15]). Such high loss degrades the achievable gain and radiation e ciencyand severely
limits the array scalability of substrate-based antennas. To mitigate this problem, auxiliary architectures such as
transmitarrays [16], re ectarrays [17], and Cassegrain systemslp] have been employed, where substrate-based an-
tennas act as feed sources. Nevertheless, these approachgsidally involve complex post-assembly processes and
result in relatively high-pro le con gurations, which hinder compact system integration.

In contrast, waveguide-based solutions exhibit remarkably low insgion loss in the D-, G-, and even H-bands,
which makes them particularly suitable for high-e ciency antenna designs [L9]. As a representative example, horn
antennas are widely used because of their high gain and wide operagirbandwidth [20]. Alternatively, waveguide slot
array antennas o er a planar alternative to achieve high gain while preserving high e ciency [21,22]. For instance,
a D-band gap-waveguide slot array antenna achieved a measureaig of 26.2 dBi at 137.6 GHz and a peak aperture
e ciency of 86.2% at 115.3 GHz [23]. Despite these advantages, conventional metallic waveguide stotures are
typically fabricated by computer numerical control (CNC) machinin g [23] or di usion bonding of laminated thin
copper plates (DBLTCP) technologies P1], which remain bulky and costly. More importantly, integrating metallic
waveguide modules with active chips requires additional transitions ad precise alignment steps, resulting in complex
post-assembly procedures and limited compatibility with compact sysem-level packaging P4{ 26].

Silicon-based MEMS technology has recently emerged as an advanmtpackaging approach for miniaturized and
lightweight terahertz systems 27{30]. Several silicon-based MEMS waveguide and antenna structuresalte been
reported, demonstrating radiation e ciencies comparable to conwentional metallic waveguide designs while main-
taining a planar con guration similar to substrate-based implementations [31{ 33]. In addition, silicon-based MEMS
technology supports multilayer stacking and diversi ed signal routing [34,35]. Despite these advantages, a key chal-
lenge remains in realizing exible and compact RF chip interconnections[27, 28, 35, 36]. Conventional waveguide
transition structures typically exhibit bulky form factors and requ ire complex post-assembly procedures3[{ 40],
making them unsuitable for compact and highly integrated system-leel packaging. Aimed at this issue, we have
developed a ground-signal-ground (GSG)-waveguide transversaransition, exhibiting the averaged insertion loss
of 0.355 dB across the entire D-band41]. Building on this transition structure, further development has led to a
silicon-based MEMS hybrid packaging approach that enables e cientand compact terahertz front-end integration.

In this article, a silicon-based MEMS waveguide-substrate hybrid pakaging approach is proposed, which combines
the advantages of both waveguide-based and substrate-basewlutions. The proposed approach not only achieves
high radiation e ciency, but also maintains a planar pro le and suppor ts exible chip integration. The remainder
is organized as follows. Section 2 introduces the overall architecta. Section 3 presents the design, fabrication, and
measurement of the co-designed antenna, including an 8 waveguide slot array antenna and a GSG-waveguide
transversal transition. Section 4 demonstrates a proof-of-cacept hybrid packaging prototype incorporating a CMOS
chip. Section 5 concludes the paper.

2 Overall architecture

Figure 1 illustrates the proposed silicon-based MEMS hybrid packagig approach, which combines the key ad-
vantages of both substrate-based and waveguide-based solutis. The hybrid architecture is implemented using
multilayer silicon wafers, resulting in a planar con guration comparable to conventional substrate-based designs.
Within the silicon stack, an air- lled waveguide slot-array antenna is incorporated to achieve high radiation e -
ciency, similar to that of traditional metallic waveguide-based antemas.

To enable seamless chip integration, a GSG-waveguide transversahnsition is co-designed with the waveguide
slot-array antenna, providing a standardized GSG interface for drect chip interconnection. The air- lled waveguides
formed inside the silicon wafers ensure low-loss RF signal propagaticacross the entire terahertz front-end module.

More importantly, the proposed silicon-based MEMS hybrid packagirg architecture enables a miniaturized and
lightweight terahertz front-end platform suitable for system-level integration. First, precisely etched cavities within
the silicon wafers are used to accommodate RF chips with accuratelignment and robust mechanical stability.
Second, e cient RF interconnection can be directly realized using eiher wire-bonding or ip-chip techniques.
Third, exible routing of DC, IF, LO, and SPI signals is achieved throu gh patterned metallization layers within
the silicon stack. In this manner, a fully integrated on-wafer platform is established, simultaneously o ering high
radiation e ciency, compact form factor, and exible chip integrat ion capability.
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Figure 1 (Color online) Architecture of the proposed silicon-based MEMS hybrid packaging approach for terahertz front-end int egration.

3 Co-designed antenna

In this section, a D-band co-designed antenna is presented, whichonsists of an 8 8 waveguide slot array an-
tenna and a GSG-waveguide transversal transition. The fabricaibn process, measurement results, and performance
comparison are discussed to verify the proposed design.

3.1 8 8 waveguide slot array antenna

Figure 2 illustrates the con guration of the 8 8 waveguide slot array antenna, with detailed dimensions given in
Table 1. Three silicon wafers, each with a thickness of 0.25 mm, are gioyed, resulting in a total antenna height
of 0.75 mm, i.e., 0.35¢ at 140 GHz. These silicon wafers are characterized by a resistivityfo6000 cm and
a dielectric constant (";) of 11.9. Regarding the loss tangent (tan) in D-band, it is estimated at 0.004, as per
empirical predictions. Cavities are etched within the silicon wafers usg a DRIE process and subsequently plated
with gold to a thickness of 3.5 m, forming the air- lled waveguide. From bottom to top, four main pa rts are
included: corporate-feed network, coupling slot, resonant cavit, and radiating slot.

Speci cally, the corporate-feed network adopts a compact wavguide cross-section of 1.5 mm 0.15 mm, which
is smaller than the standard D-band waveguide of 1.651 mm 0.8255 mm. The wide-side dimension is slightly
reduced to decrease the Il factor, thereby improving fabrication robustness. Figure 3 compares the transmission
losses of the standard and compact waveguides fabricated withinleon wafers. Across 120{160 GHz, the compact
waveguide exhibits an average transmission loss increase of appimately 0.025 dB/mm compared to the standard
con guration. This slight increase is considered acceptable given tb signi cant reduction in overall waveguide
volume.
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Figure 2 (Color online) 8 8 waveguide slot array antenna. (a) Exploded view; (b) side v iew.

Table 1 Dimensions of the waveguide slot array antenna (unit: mm).

h ho hq hz hs I1 I2 I3 l4 Is le 7
0.75 0.15 0.10 0.30 0.10 0.70 3.20 1.62 0.27 0.79 1.05 0.87
lg lo Px = Py Wi W2 W3 Wy Ws We Wy Wg Wg
0.65 0.77 1.77 1.43 2.47 0.11 0.14 0.33 0.12 0.32 0.13 0.14

Full-wave simulations are conducted to evaluate the performance fothe 8 8 waveguide slot array antenna.
Figure 4 presents the simulated results, which demonstrate good ipedance matching and high radiation gain. The

10 dB re ection coe cient bandwidth spans from 124.4 to 157.1 GHz, corresponding to a fractional bandwidth
(FBW) of 23.2%. Within this range, the realized gain remains above 24.81Bi. The realized gain closely tracks the
simulated directivity across the entire operating band, indicating excellent radiation e ciency. The peak realized
gain reaches 26.4 dBi at 147 GHz. Furthermore, to evaluate the imact of fabrication tolerances on antenna
performance, a tolerance analysis is conducted on several keyayeetric parameters that are sensitive to processing
variations. As shown in Figure 5, dimensional variations of the antema radiating aperture (width w; and length I;),
the coupling slot (width w3 and length I3), and the input matching stub (width wg and length |g) are investigated.
For each parameter, a variation range of 5% relative to the nominal design value is considered to assess its
in uence on impedance matching. The simulated results indicate thatthe proposed antenna maintains robust
impedance-matching performance within the considered dimensionaariations.
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Figure 5 Simulated processing tolerance analysis of the proposed an tenna with respect to 5% dimensional variations of key geometric
parameters, including the radiating aperture ( w1, |1), coupling slot ( ws, I3), and input matching stub ( wo, lg).

3.2 GSG-waveguide transversal transition

A GSG-waveguide transversal transition is introduced to provide astandard GSG interface for chip interconnection.
The transition is seamlessly co-designed with the waveguide slot-aaly antenna described above, enabling a uni ed
single-process realization within the proposed silicon-based MEMS ahitecture. Since this transition structure
has been comprehensively investigated in our previous work [41], inalling its operating principle, electromagnetic
performance, and fabrication characteristics, only a concise desiption is provided here for completeness.

Figure 6(a) illustrates the con guration of the GSG-waveguide transversal transition, which consists of two silicon
wafers and three metal layers. Silicon wafer #B2 utilizes a standardhickness ofh;, = 0:25 mm, while the thickness
of silicon wafer #B1 is reduced to h;; = 0:15 mm. This reduction is intentionally adopted to mitigate substrate
loss and suppress unwanted high-order modes. As shown in Figuréa, Port 1 is located on the grounded coplanar
waveguide (GCPW) transmission line and is modeled as a lumped port baed by a perfect electric conductor to
emulate a GSG interface. Port 2 is con gured as a wave port and diretly connects to the subsequent waveguide
slot array antenna.

The key feature of this transversal transition is the shorting of the GCPW to ground through a coupling aperture.
Inspired by classical aperture-coupled antenna con gurations 42], this transition structure exploits same-layer
magnetic coupling to achieve e cient mode transformation from quasi-TEM to TE 1o over a wide frequency range.
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Figure 6 (Color online) GSG-waveguide transversal transition. (a) Con guration; (b) internal E- eld distribution.
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Figure 7 (Color online) Performance of the GSG-waveguide transvers al transition.

Figure 8 (Color online) (a) Co-designed antenna and (b) the internal waveguide routings, where 131 = 8:5mm, I, =7 :4mm, and chamfer
=1:05mm.

To provide further insight into the operating mechanism, Figure 6(b) presents the internal electric- eld distributions
when Port 1 is excited. It can be observed that the electric eld is wédl con ned along the designed transmission
path and smoothly propagates from Port 1 to Port 2. Figure 7 shovs the simulated performance of the transversal
transition, demonstrating excellent impedance matching across th entire D-band from 110 to 170 GHz, with a
minimum insertion loss of 0.27 dB at 128 GHz.

Thanks to the excellent port matching and consistent waveguide inérface, this transition can be directly co-
designed with the 8 8 waveguide slot array antenna via an extended waveguide. Figure Blustrates the proposed



Lu S, et al. Sci China Inf Sci May 2026, Vol. 69, Iss. 5, 150303:7

30 30
- AN = A o J
20 RN
™) 104 - -~ 8x8 waveguide slot array antenna ' L 10
= —_— Co-designed antenna
- - - - Directivity of co-designed antenna
B 04-. . O

)
Realized gain & Directivity (dBi)

-
o
1
1 )
h
. ]
y
>
=
~

-20 S NNV W E VA SR § A
110 120 130 140 150 160 170
Frequency (GHz)

Figure 9 (Color online) Performance comparison of the co-designed a ntenna and the 8 8 waveguide slot array antenna.

co-designed antenna, which consists of three silicon wafers, thame number as used in the array antenna. The
common waveguide ports of the transition and the array antenna a connected within silicon wafer #A3 via an
L-shaped extended waveguide. Notably, the L-shaped waveguidis adopted in the proposed design to mitigate
potential radiation from the GSG-waveguide transversal transition. Since the intrinsic cross-polarization level of
the antenna is inherently low, the L-shaped waveguide helps prevéiransition-related radiation from contaminating
the antenna'’s cross-polarized component, thereby preservinggtarization purity. Moreover, a chamfer is introduced
at the corner of the L-shaped waveguide to further improve impe@dnce matching.

Figure 9 presents the simulated performance of the co-designedi&nna, which shows good agreement with that
of the standalone 8 8 waveguide slot array antenna. The co-designed antenna achiewvea 10 dB impedance-
matching bandwidth from 124.1 to 156.3 GHz, with only a minor degraddion to  9:6 dB near 153 GHz. A slight
reduction in realized gain is observed, primarily due to the insertion los introduced by the transversal transition
and the extended waveguide section. Speci cally, at 140 GHz, theaalized gains are 25.79 dBi and 26.21 dBi for
the co-designed and standalone antennas, respectively. For exence, the simulated directivity of the co-designed
antenna is also plotted, reaching 26.23 dBi at 140 GHz, which corrgmnds to a radiation e ciency of 90.4%.

3.3 Fabrication and measurement

To validate the feasibility of the co-designed antenna, the prototype is fabricated and experimentally measured.
Figure 10 illustrates the step-by-step fabrication process usingicon-micromachined technology. As shown, the
process consists of six main steps: SiQdeposition, mask patterning, DRIE, mask removal, gold electroplaing, and
di usion bonding under high temperature and pressure.

The SiO; layer serves two main purposes in the fabrication process: (1) it ds as a hard mask for the subsequent
DRIE step, enabling accurate pattern transfer and high-aspectratio cavity formation, and (2) it protects the silicon
surface during intermediate processing steps, thereby improvingrocess robustness and fabrication yield. The DRIE
process enables the formation of high-aspect-ratio cavities withirthe silicon wafers, while the gold electroplating
step provides a conformal metallic coating on the etched surfacegnsuring low surface resistance, which is critical
for minimizing waveguide loss in the D-band. Additionally, the gold etching process, if required, enables the
implementation of diverse circuit routings on the wafer, supporting a minimum line width and spacing of 20 m.
Finally, the stacked wafers are permanently bonded via silicon di usion bonding, which ensures strong interlayer
adhesion and excellent structural integrity. Precise alignment betveen layers is achieved using an infrared (IR)
vision-assisted bonding system in conjunction with dedicated lithogaphic alignment marks, yielding a layer-to-
layer alignment accuracy of 1 m.

Figure 11 shows the fabricated prototype of antenna, with a size ©19.8 mm 17.3 mm 0.75 mm. The total
footprint is approximately equivalent to that of a Chinese one-yuan coin, demonstrating the compactness of the
proposed design. A GSG interface is clearly exhibited on the silicon waf for probe feeding or chip interconnection.
In addition, as shown in Figure 11, a dedicated area is reserved forhgp placement and routing, which will be
detailed in Section 4. Multiple tiny holes are strategically placed aroundthe core structure to enhance structural
stability during manufacturing, thereby improving fabrication yield.

Regarding measurements, the S-parameters are assessed at fhrobe station, while the radiation characteristics
are evaluated in the far- eld chamber. Figure 12 outlines the on-wder far- eld test setup, where the DUT is probed
using a GSG probe as the transmitter, with a standard horn positiored in the far eld as the receiver. The receiving
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Figure 10 (Color online) Fabrication process based on silicon-based MEMS technology.

Figure 11 (Color online) Fabrication prototype of the co-designed Figure 12 (Color online) On-wafer far- eld test setup.
antenna.

horn, mounted on a mechanical arm, can be exibly scanned acrossoth the - and -planes in the far eld. The
realized gain is obtained using a relative gain-comparison method with @alibrated standard-gain horn antenna, by
comparing the measured S-parameters under identical test coritibns.

Figure 13 presents the measured and simulated performance of ¢hco-designed antenna. Overall, the measured
results show good agreement with the simulations in terms of port me&ching and realized gain. The 10 dB
measured port matching almost covers 124.5{156.3 GHz, correspding to a fractional bandwidth (FBW) of 22.7%,
with slight deterioration within the band. Within the frequency range of 126{159 GHz, the measured gain exceeds
21.5 dBi. The peak measured gain is 25.3 dBi at 151 GHz, where the sirated directivity is 26.1 dBi.
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Figure 13 (Color online) Measured and simulated results of the co-des igned antenna.
The radiation e ciency is estimated as [22]
— Gmeals . (1)

Dsim ’
where Gneas iS the measured realized gain and gy, is the simulated directivity. Accordingly, the peak radiation
e ciency is approximately 83.2%, which outperforms traditional sub strate-based antenna designs at such high
frequencies. Moreover, across the operating bandwidth, the diation e ciency remains higher than 41.5%. A
noticeable gain drop is observed around 139 GHz, which is primarily atibuted to lamination misalignments and
manufacturing tolerances during the initial prototype fabrication . These issues, however, can be e ectively mitigated
in large-scale manufacturing through more precise alignment and imgmved process control.
Another key performance metric is the aperture e ciency, calculated as P2
G 2
ap = H; (2)

where is the free-space wavelength andA is the physical aperture area of the antenna. When the additional
losses introduced by the transversal transition and the extende waveguide are considered, the aperture e ciency
is approximately 53.1%. However, when these losses are compensatusing the insertion loss values obtained from
the back-to-back transversal transition reported in [41], the aperture e ciency improves signi cantly to 75.8%,
indicating good radiation performance.

Figure 14 presents the measured and simulated radiation patternat three frequencies: 130, 140, and 150 GHz.
The results include both co-polarized and cross-polarized componés in the E-plane and H-plane, respectively. Due
to scanning limitations at the probe station, the measured scanningange in the E-plane is limited to 45, while
that in the H-plane extends to 90 . The measured co-polarized components agree well with the simulatl results,
demonstrating excellent beam directivity.

As for the cross-polarized components, the discrepancies obsed between the simulated and measured results
are mainly attributed to practical measurement uncertainties as®ciated with the on-wafer far- eld setup, as well
as minor alignment errors during manual placement of the device uner test. Given the intrinsically low cross-
polarization level of the proposed antenna, these e ects becommore pronounced in measurement. Nevertheless,
the measured cross-polarized component remains below32 dB in the main-beam direction.

3.4 Comparison and discussion

Table 2 provides a comparison focusing on two key aspects: arrayngenna performance and array antenna imple-
mentation in packaging systems.

Array antenna performance: Typically, waveguide-based antennas are con gured with larger aray sizes than their
substrate-based counterparts, resulting in higher peak gain. Haever, large arrays require longer feeding networks,
which introduce increased path loss and consequently reduce ol radiation e ciency. Despite this drawback,
waveguide-based antennas often maintain higher peak radiation eciency due to their inherently low-loss waveguide
feeding networks. Compared with reported waveguide-based aahnas, the proposed antenna prototype achieves
comparable bandwidth, gain, and radiation e ciency, while signi cant ly reducing the overall pro le.

Array antenna implementation in packaging system:Conventional waveguide-based antennas are usually excited
through waveguide interfaces, which do not support direct interonnection with RF chips. Moreover, the bulky and
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Figure 14 (Color online) Measured and simulated radiation patterns a t (a) 130 GHz, (b) 140 GHz, and (c) 150 GHz.

non-planar nature of these components limits their compatibility with two-dimensional (2D) planar integration. In
contrast, the proposed antenna prototype supports exible chp interconnection and 2D planar integration, similar
to substrate-based antenna implementations.

In summary, the co-designed antenna exhibits high radiation e ciency, a planar prole, and exible chip-
integration capability, thereby enabling miniaturized and lightweight t erahertz RF front-end systems.

4 Silicon-based MEMS hybrid packaging prototype

In this section, a proof-of-concept silicon-based MEMS hybrid pakaging prototype is developed, in which a D-
band CMOS power amplier (PA) chip is integrated using the self-compensated half-wavelength bonding-wire
interconnection. Moreover, several potential directions for fuure development are discussed.
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Table 2 Comparison of di erent array antennas. a) Only the radiated antenna elements are included. b) Estimated value. c¢) Simul ated result.
d) Average value. e) The height of the design is not given. f) T he rst prototype in [ 32].

Array antenna performance Array antenna implementation in packaging system

Frequency Array Peak Peak radiation Size? Fabrication Flexible chip 2D planar
(FBW) scale gain (dBi) e ciency ( g) technology interconnection integration

Ref.

Substrate-based antenna
21 21

135{155 GHz

b) 0 0)
[9] (13.8%) 4 4 14.3 70.8% 018 HDI Yes Yes
143{153 GHz o o) 59 59
[10] (6.8% 0 ) 4 4 17.6 65% 024 LTCC Yes Yes
124{155 GHz o 15 1.2
[11] (22.2%) 2 2 11 65% 0.06 BCB Yes Yes
Waveguide-based antenna
21 58{65.2 GHz 16 16 33.3 89.1%" 138 138 DBLTCP No No
(11.7% ") 1.85
132{146.2 GHz o e
[22] (10.2%) 8 8 24.6 93.4% 52 6.1 CNC No No
320{400 GHz 13.4 13.4 Silicon
) 0 )
(321 (22.2%) 16 16 328 0% 1.32 micromachined No No
. 124.5{156.3 GHz o 6.6 6.6 Silicon
This work (22.7%) 8 8 25.3 83.2% 035 micromachined Yes Yes
Figure 15 (Color online) Micrograph of the D-band PA. Figure 16 (Color online) Simulated Psar and OP 145 of the PA.

4.1 D-band PA CMOS chip

The D-band CMOS PA chip, designed by other members of our reseah group, has been reported in43]. Detailed
circuit design, operating principles, and performance characteriation can be found in 43]. Therefore, only a brief
description of the PA is provided in this paper to avoid duplication. Figure 15 shows the micrograph of the PA
chip, which is fabricated using a 40-nm CMOS process. The PA chip oapies a total area of 0.34 mm, with a core
area of 0.11 mn3.

Figure 16 presents the simulated performance of the PA over the 20{160 GHz frequency range, including the
saturated output power (Psy) and the output 1-dB compression point (OPy4g). The Psy exceeds 10 dBm across
126{160 GHz, with a peak value of 13.4 dBm at 149 GHz. Throughout lis frequency range, the ORgqg remains
above 4.7 dBm, indicating good performance in the D-band.

4.2 Half-wavelength bonding-wire interconnection

RF interconnection plays a critical role in linking active chips with periph eral passive components. In this prototype,
the self-compensated half-wavelength bonding wire is employed toiicctly connect the PA chip to the co-designed
antenna. It should be noted that the bonding-wire interconnection adopted in this work is intended for proof-of-
concept prototype validation. For practical applications, ip-chip interconnection using solder bumps is considered
a more suitable solution, as it enables more precise interconnect geetry control and o ers improved long-term
performance stability and reliability.

In conventional designs, bonding wires must be kept extremely shibto minimize parasitic inductance, especially
at millimeter-wave frequencies #4]. To compensate for this inductance, additional matching structues are often
required, which increase design complexity and occupy extra spacét the D-band, these e ects become even more
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Figure 17 (Color online) Equivalent circuit model.

Figure 18 (Color online) Self-compensated half-wavelength bonding wire. (a) Con guration; (b) simulated performance.

critical, leading to intricate matching networks and reduced design exibility. To address this challenge, a self-
compensated half-wavelength bonding-wire approach is adoptedFigure 17 illustrates the ideal equivalent circuit
model, where the bonding wire serves as a transmission line conneagrthe silicon-micromachined antenna to the
active chip. Based on transmission-line theory (neglecting conducir loss), the input impedanceZj, of the bonding
wire can be expressed asip]|

Zo+ JZpy tan

Zin = .
" W Z ow + JZ 2 tan

; 3)
where Z, is the chip input impedance, Zy,, is the characteristic impedance of the bonding wire, and denotes the
electrical length of the bonding wire.

When the bonding wire has a half-wavelength electrical length, i.e., =180 , the input impedance reduces to

Zin = Zy: (4)

As shown in Figure 17, both the silicon-micromachined antennaZ;) and the active chip (Z,) are designed with a
50 input impedance. Therefore, the interconnection is theoretically well matched, demonstrating the feasibility
of the half-wavelength bonding-wire approach.

To provide further insight, the half-wavelength bonding wire in a GSG con guration is analyzed through elec-
tromagnetic simulation. As depicted in Figure 18, two 50 wave ports are connected via gold bonding wires for
electromagnetic evaluation. The gold bonding wire has a diameter ofl = 0:025 mm, a loop height ofh1p = 0:1 mm,
a wire spacing ofs;p = 0:1 mm, and a total electrical length approximately equal to half of the guided wave-
length at 140 GHz, calculated adig +211;. To ensure consistency between the simulated half-wavelength odition
and practical bonding-wire behavior, the bonding wire is modeled usig the built-in bonding-wire model in the
commercial electromagnetic simulation software HFSS, with geomeic parameters selected according to practical
wire-bonding assembly guidelines provided by experienced processgneers. The simulation results show an input
impedance close to 5040 at 140 GHz, accompanied by a deep resonance around this freq@ncy. The 10 dB
impedance-matching bandwidth spans 130{150.7 GHz, while the inséon loss remains below 0.96 dB over the
entire band.

Figure 19 presents the robustness analysis of the half-wavelertybonding wire with respect to variations in wire
length |10 and loop height hyp. When 13 varies within - 60 m or the loop height h;o varies within 50 m, the
impedance-matching pole shifts slightly around 140 GHz. Neverthelkes, under all considered tolerance conditions,
the insertion loss remains better than 0.7 dB at 140 GHz and better han 2.3 dB over the frequency range from 130
to 150 GHz, validating the suitability of the proposed bonding-wire interconnection for proof-of-concept prototype
demonstration.
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Figure 19 (Color online) Robustness analysis of the half-wavelength bonding wire with respect to (a) wire length parameter l10 and (b) loop
height hig.
Figure 20 (Color online) Experimental photograph of the proof-of-co ncept silicon-based MEMS hybrid packaging prototype.

4.3 Proof-of-concept prototype

Based on the aforementioned components, a proof-of-conceptlicon-based MEMS hybrid packaging demonstration
is developed. Figure 20 shows the experimental prototype, whera peripheral PCB is used to supply the DC power
and is xed to the probe station. It is evident that the chip is embedded into the silicon wafer, with its DC pads
connected to the on-wafer DC routing through gold bonding wires. The chip is excited via a GSG probe, and the
output signal is delivered to the transversal transition through the bonding wire. The RF signal then propagates
through internal air- lled waveguide channels to the 8 8 slot-array antenna, achieving high radiation e ciency.
Figure 21 presents the EIRP measurement setup. Unlike conventital relative-gain measurement methods, a
direct measurement approach is adopted, where the prototype merates as the transmitter with the PA driven into
saturation to maximize output power. A standard horn antenna positioned in the far eld serves as the receiver,
collecting the transmitted signal, which is subsequently down-conveed and analyzed using a spectrum analyzer.
The EIRP is obtained by compensating for free-space path loss, waguide loss, and the known gain of the receiving
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Figure 21 (Color online) EIRP measurement setup of the proof-of-conc ept silicon-based MEMS hybrid packaging prototype.

Figure 22 (Color online) Measured EIRP of the proof-of-concept silic on-based MEMS hybrid packaging prototype, compared with th e measured
gain of the co-designed antenna.

horn antenna and downconverter.

Figure 22 compares the measured EIRP of the hybrid packaging ptotype with the measured realized gain
of the standalone co-designed antenna (from Figure 10). Acrosthe 120{160 GHz frequency band, the EIRP is
substantially enhanced due to PA ampli cation. At 145 GHz, the EIRP reaches 32.7 dBm, while the realized gain
is 24.4 dBi, corresponding to an improvement of 8.3 dB. This enhanceent is slightly lower than the simulated
Psat Of 13.3 dBm, primarily due to practical losses introduced by uncontolled bonding wires and chip performance
variations. Flip-chip interconnection and more robust chip designs vill be employed in subsequent system-level
integration to further improve e ciency and reliability.

4.4  Further development

The proposed silicon-based MEMS waveguide-substrate hybrid p&aging approach exhibits strong potential for
further system-level integration in terahertz front-end applications. Beyond the current proof-of-concept demon-
stration, several development directions can be pursued to enhmce integration functionality, integration density,
and overall scalability.

First, multiple heterogeneous chips can be integrated within a singleifcon-based MEMS stack, enabling a com-
pact system-in-package solution with reduced interconnection peasitics and improved reliability. This approach also
supports modular stacking of front-end components such as anigers, mixers, and frequency multipliers, paving
the way toward multifunctional transceiver subsystems. Secondthe GSG-waveguide transversal transition can be
redesigned and implemented on the wafer backside to support baslde chip integration. Such a con guration can
simplify the assembly process, reduce packaging volume, and imprexthermal management and electrical isolation,
which are particularly bene cial for large-scale RF front-end systems. Third, the proposed hybrid packaging ap-
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proach can be extended to higher-frequency terahertz bandsyhere achieving low-loss signal transmission and high
radiation e ciency becomes increasingly critical.

Overall, the proposed architecture provides a practical and scalale pathway toward compact, low-loss, and highly
integrated packaging solutions for future 6G terahertz systems

5 Conclusion

This paper proposes a silicon-based MEMS waveguide-substrate hgid packaging approach for terahertz front-end
applications. The proposed method combines the advantages of waguide-based and substrate-based architectures,
achieving high radiation e ciency, a planar pro le, and exible chip inte rconnection within a uni ed multilayer sili-
con framework. An 8 8 waveguide slot array antenna and a GSG-waveguide transversiansition are co-designed
and implemented, exhibiting excellent electromagnetic performancend strong compatibility with active chip inte-
gration. A proof-of-concept prototype integrating a CMOS power ampli er and the half-wavelength bonding-wire
interconnection is developed and characterized, con rming the eectiveness of the proposed hybrid packaging scheme
for D-band front-end integration. Overall, the proposed approach provides a practical and scalable pathway toward
compact, low-loss, and highly integrated packaging solutions for fture 6G terahertz systems.
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