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Featured Application: This work demonstrates significant potential for applications in
integrated circuits, attributed to its low loss and reduced power consumption.

Abstract: Power consumption in interconnects is a critical constraint on performance
improvements in integrated circuits. This paper proposes a novel design methodology to
minimize loss in interconnects and address this limitation. The approach incorporates air
cavities within the substrate to lower the equivalent loss tangent, thereby reducing dielectric
losses. Additionally, the inner conductor is engineered with a periodically nonuniform
width to maintain stable effective characteristic impedance. To validate the effectiveness
of the methodology, it is applied to both a substrate integrated coaxial line (SICL) and a
stripline. Simulation results reveal a 9.76% reduction in loss for the SICL and a 19.40%
reduction in loss for the stripline, demonstrating significant improvements with wide
tolerance. Furthermore, this design methodology can be generalized to other interconnect
types, offering the potential for additional power savings.
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1. Introduction
With the rapid advancement of integrated circuit technology and manufacturing

processes, circuit performance has significantly improved, benefiting a wide range of
industries [1]. However, as feature sizes shrink and operating frequencies rise, issues like
high power consumption and overheating have become more pronounced [2–5]. To tackle
these challenges, the demand for low-loss circuit components has grown [6]. Given the
increasing impact of interconnects in high-speed integrated circuits, researchers have been
actively exploring solutions in the area of creating low-loss interconnects [7–10].

Interconnect losses mainly consist of radiation loss, conductor loss, and dielectric loss.
To minimize radiation loss, quasi-shielded interconnects are preferred over open-structured
types like microstriplines and striplines. Substrate-integrated waveguide (SIW) and sub-
strate integrated coaxial line (SICL) are two common examples of such quasi-shielded
interconnects with effective anti-crosstalk performance [11–17]. Conductor loss is reduced
by suppressing the skin effect through the use of laminated lines, which provide a band-
width ranging from DC to 40 GHz [18]. Dielectric loss is mitigated using an empty SICL,
offering a bandwidth ranging from DC to 20 GHz [19]. A similar air-filled technology has
been applied to an SIW and a better than 20 dB return loss was measured with a total
back-to-back insertion loss of 0.5 ± 0.2 dB from the 57 to the 66 GHz band [20]. Using
laminate dielectrics on a glass substrate, air-filled SIWs have been fabricated, demonstrating
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a measured per-unit insertion loss of 0.13 dB/mm in the D-band (110 to 170 GHz) [21].
A hollow rectangular dielectric waveguide, composed of three dielectric layers with a
hollow structure created by cutting an air-filled slot in the middle layer, exhibits an av-
erage attenuation constant of 0.028 dB/mm across the 220–294 GHz frequency range, as
supported by measurement results [22]. For integrated circuits, a self-aligned air-gap inter-
connect process is proposed in [23]. A misalignment-free multilevel air-gap interconnect
with a via–base structure is fabricated using self-aligned gap formation and etch-back
processes [24]. Air-gap transmission lines can also be fabricated on organic substrates for
low-loss interconnects [25]. The modeling, optimization, and benchmarking of air-gap
interconnects are discussed in [26]. Furthermore, periodically introducing air cavities can
also reduce dielectric loss due to the low loss tangent of air. However, this approach may
introduce discontinuities and impedance mismatches, leading to increased return losses
and signal attenuation.

This work proposes a design methodology for low-loss interconnects featuring air
cavities and periodically nonuniform conductor widths. In this approach, the columnar
air cavities are utilized to reduce dielectric losses, while the nonuniform-width conductor
is designed to compensate for impedance mismatches introduced by the cavities. To
validate the effectiveness of the proposed methodology, it is applied to both an SICL and
a stripline. Simulation results demonstrate that the SICL and stripline incorporating the
proposed design exhibit reduced losses and improved impedance matching compared to
conventional designs.

2. Materials and Methods
2.1. Challenges in the Current State of the Art

A two-conductor transmission line facilitated the propagation of transverse electro-
magnetic (TEM) waves [27]. Typically, such a transmission line consists of a thin signal
line, a ground plane or two ground planes, and a dielectric material between them [28].
Introducing air cavities into the substrate is widely recognized as an effective strategy to
reduce the loss tangent and, consequently, dielectric losses [19–26,29].

The use of large cavities spanning almost the entire dielectric substrate introduces
additional challenges for integration processes and mechanical stress, whereas periodic
small cavities are more conducive to integration. However, periodic small cavities can
lead to impedance mismatches in the two-conductor transmission line. This challenge is
analyzed in detail in the subsequent sections, and a methodology to mitigate it is proposed.
To demonstrate the problem and its resolution, an SICL is utilized as a representative
example. The SICL consists of an inner conductor, an outer conductor, and a dielectric
material that separates them, as illustrated in Figure 1. The inner conductor is a metallic
line, while the outer conductor is constructed from two metallic layers and two rows of
metallic vias.
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In Figure 1, l represents the length of the SICL, h is half the thickness of the dielectric
layer, s is the spacing between adjacent vias, d is the diameter of the vias, and a and b
are the widths of the outer and inner conductors, respectively. The TEM single-mode
operating frequency band of the SICL ranges from DC to f TE10, which can be calculated
using Equation (1) [11]:

fTE10 =
c

2
√

εr

(
a − d2

0.95s

)−1

(1)

where c is the speed of light in a vacuum, and εr is the relative permittivity of the dielectric
material.

Inserting air cavities into the substrate, within the constraints of allowable process
limits, effectively reduces the equivalent loss tangent and, consequently, the dielectric loss.
These air cavities can take various forms, such as rectangular prisms or cylinders. Figure 2
illustrates an SICL with two rows of periodically arranged cylindrical air cavities, where
Y0 represents the longitudinal section through the middle of the substrate. To maintain
sufficient mechanical strength in the substrate, the air cavities are spaced appropriately, as
shown in the longitudinal section Y0 depicted in Figure 3a. The diameter of each air cavity
is denoted as da, the spacing between adjacent cavities as sa, and the distance between the
two rows as wa.
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However, the introduction of air cavities can result in mismatches of the effective
characteristic impedance. The effective characteristic impedance of the transmission line
with periodic air cavities at any cross-section can be defined as the characteristic impedance
of a uniform transmission line formed by extending that cross-section along the direction
of current propagation. As illustrated in Figure 3b, at cross-sections X1, X2, and X3 the
ratio of air to the dielectric substrate varies. This variation leads to different effective
relative permittivity values, such that εr(X1) > εr(X2) > εr(X3). Consequently, the effective
characteristic impedance at these positions follows the relationship Z(X1) < Z(X2) < Z(X3).

2.2. Transmission Structure Addressing the Current Challenge

To compensate for the effective characteristic impedance mismatches, an interconnect
featuring a nonuniform-width inner conductor is proposed, as illustrated in Figure 4. The
nonuniform-width inner conductor incorporates a periodic structure that aligns with the
periodic cylindrical air cavities. The widest sections of the inner conductor occur at cross-
sections where the air cavities are most pronounced, such as at X3, with the maximum
width denoted as bmax. The narrowest sections, located where no cavities are present, such
as at X1, match the width of a traditional SICL, denoted as b. The inner conductor width is
adjusted to maintain an effective characteristic impedance of 50 Ω at each cross-section,
following the steps outlined below:
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Step 1: Determine the width b of the inner conductor at cross-section X1, ensuring an
effective characteristic impedance of 50 Ω.

Step 2: Calculate the maximum width bmax of the inner conductor at cross-section x3,
targeting an effective characteristic impedance of 50 Ω.

Step 3: Calculate the corresponding inner conductor widths for intermediate cross-
sections between X1 and X3, maintaining an effective characteristic impedance of 50 Ω.

Step 4: Connect the calculated widths smoothly using a continuous curve to form a
nonuniform-width unit.
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Step 5: Periodically repeat the nonuniform width unit along the length of the interconnect.

2.3. Supporting Structure

Although the aforementioned structure enables low-loss transmission, the ground
plane is not continuous due to the presence of air cavities. To address this issue, two
additional dielectric substrates are incorporated on the outer sides of the metallic layers,
serving as a supporting structure. Intact metallic layers can then be printed on these
substrates, as illustrated in Figure 5.
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2.4. Demonstration Setup and Parameters

The proposed design methodology is applicable to common two-conductor transmis-
sion lines made from various materials and can be implemented using standard fabrica-
tion processes.

It should be noted that if the transmission line is used in power applications, or if
the inner conductor carries a large DC current as part of the bias path for active devices,
non-uniform dimensions may lead to reliability issues in the circuit. Therefore, if the
methodology proposed in this paper is applied to such scenarios, the associated risks must
be carefully evaluated.

To validate the effectiveness of the methodology, it is applied to both an SICL and a
stripline. The low-temperature co-fired ceramic (LTCC) process is highly suitable for multi-
layer, high-density integrated circuits, is well-suited for high-frequency applications, and is
capable of realizing cavity structures. These advantages align well with the requirements
of this design methodology. In addition, LTCC Ferro A6M (Ferro, Cleveland, OH, USA)
was selected as the dielectric substrate due to its stable relative permittivity with minimal
variation across the 1–100 GHz frequency range [17,30]. For the simulations, an average
relative permittivity of εr = 5.8 and a loss tangent of 0.0012 are assumed. Copper is utilized
as the conductor material.

For demonstration purposes, simulations are performed using a finite element method
(FEM) solver, with the implementation based on the parameters outlined in Table 1.

Table 1. Dimensional parameters of the implementation used in the validation (Unit: mm).

a b bmax d da h l s sa wa

SICL 1.170 0.12 0.175 0.15 0.2 0.192 15.22 0.3 0.3 0.39

stripline - 0.193 0.233 - 0.2 0.295 8 - 0.3 0.48

3. Results
The simulation results for the SICL and stripline incorporating the proposed design

methodology are presented in the following figures. For comparison, the results for their
traditional counterparts are also included.
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3.1. SICL Incorporating the Proposed Design Methodology
3.1.1. Loss Reduction

Interconnect loss can be assessed using the attenuation constant. As illustrated in
Figure 6, the introduction of air cavities and a nonuniform-width inner conductor yields
a 9.76% reduction in the attenuation constant at 100 GHz compared to the traditional
SICL, attributed to the lower equivalent loss tangent. Additionally, when compared to
the SICL with air cavities, the proposed design demonstrates a 5.76% decrease in the
attenuation constant, primarily due to improvements in impedance matching. Notably,
this improvement becomes more pronounced as the frequency increases.
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3.1.2. Improvement in Impedance Matching

The improvement in impedance matching is evident from the reduction in return
loss. To evaluate the impact of the nonuniform-width inner conductor, the S11 parameters
of two interconnects—both incorporating air cavities—are compared: one featuring the
nonuniform-width inner conductor and the other a uniform-width conductor. As illustrated
in Figure 7, the proposed interconnect achieves a reduction in S11 of approximately 5 dB
compared to the configuration with air cavities alone, underscoring the effectiveness of the
design methodology in enhancing impedance matching.
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3.2. Stripline Incorporating the Proposed Design Methodology
3.2.1. Loss Reduction

The attenuation constant of the stripline incorporating the proposed design method-
ology, along with its counterparts, is shown in Figure 8. The introduction of air cavities
results in an average reduction of 19.40% in attenuation across the frequency band from
DC to 40 GHz.
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3.2.2. Improvement in Impedance Matching

The return loss of the stripline is shown in Figure 9. Using the proposed design
methodology, the S11 is below −28 dB across the frequency band from DC to 40 GHz. By
incorporating the air cavities and nonuniform-width conductor, the return loss is reduced
by 11 dB compared to the traditional stripline and by 4 dB compared to the stripline with
only air cavities.
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3.2.3. The Optimal Design of the Density of Air Cavities

For the proposed design methodology, the density of air cavities is directly related
to the reduction in loss. To investigate this relationship, results for different values of
sa are compared, while keeping other parameters constant, as shown in Figure 10a,b. It
can be observed that when sa increases from 0.3 mm to 0.6 mm, the return loss improves
by an average of 6 dB, while the attenuation constant slightly deteriorated by 3.84% on
average. This suggests that denser air cavities further reduce the equivalent loss tangent,
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although sparser cavities offer the advantage of an improved return loss due to fewer
discontinuities in the transmission line. Therefore, a compromise between cavity density
and fabrication constraints is recommended. Additionally, it is noteworthy that doubling
sa results in only a slight variation in the performance, indicating that the proposed design
methodology has a broad fabrication tolerance, making it suitable for implementation with
many standard processes.
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3.2.4. Process Tolerance of the Distance Between the Air Cavities and the Metal Line

Taking into account the feasibility of fabrication, it is known that the LTCC process
allows for the fabrication of cavities within multilayer structures [31]. Considering factors
such as alignment accuracy, material shrinkage rate, and thermal stress in the process, a
minimum distance requirement between cavities and metal lines is necessary to prevent
short circuits or open circuits. Increasing the distance between cavities and metal lines
can enhance the reliability of the circuit. To evaluate the impact of this distance on the
performance of the transmission line, wa is increased from 0.48 mm to 1.28 mm, equivalent
to the distance increasing from 23.5 µm to 423.5 µm. This variation far exceeds the typical
processing tolerance of LTCC technology (±15 µm). Keeping all the other parameters
constant, the results are shown in Figure 11. In Figure 11a, when wa increases from 0.48 mm
to 1.28 mm, a 5.14% deterioration in the attenuation constant is observed. This is due to
the electromagnetic field distribution, which is concentrated near the metal line. As the
distance between the air cavities and the metal line increases, the loss reduction becomes
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less pronounced. In contrast, Figure 11b shows a 2 dB decrease in S11 as wa changes from
0.48 mm to 1.28 mm, indicating only a slight variation. This is attributed to the fact that
as the air cavities are moved farther from the metal line, the impedance mismatch caused
by the cavities is reduced. Overall, the comparison suggests that the proposed design is
not highly sensitive to changes in wa, as significant variations in wa result in only minor
performance changes. Consequently, the design offers wide process tolerance and can be
implemented using various manufacturing processes.
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3.2.5. Study on the Applicability of the Methodology

To validate the effectiveness of the proposed methodology, it was applied to striplines
fabricated on a Rogers 5880 (Rogers, Chandler, AZ, USA) substrate with the following pa-
rameters: b = 0.19 mm, bmax = 0.192 mm, da = 0.2 mm, h = 0.128 mm, l = 8 mm, sa = 0.4 mm,
wa = 0.48 mm. For the simulations, a relative permittivity of εr = 2.2 and a loss tangent of
0.0009 were assumed. As shown in Figure 12, the attenuation constant of the stripline im-
plemented with the proposed methodology is reduced by 9.89% compared to the traditional
design. These results demonstrate the notable adaptability of the proposed methodology.
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4. Discussion
The comparison results demonstrate that the incorporation of air cavities effectively

reduces the equivalent loss tangent, resulting in a significant decrease in overall loss. Ad-
ditionally, the use of a periodically nonuniform-width inner conductor compensates for
the impedance mismatches introduced by the air cavities, thereby further improving the
return loss. This design methodology is validated through its application to both an SICL
and a stripline. Moreover, the methodology can be extended to other interconnects in
integrated circuits, utilizing standard fabrication processes with wide tolerance. Ultimately,
the proposed interconnect design holds substantial potential for reducing power consump-
tion in integrated circuits, offering a promising solution for improving performance in
high-frequency applications.

5. Patents
A patent resulting from the work reported in this manuscript has been applied for,

with the application number 202411724717.0.
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