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This paper investigates a novel X-band microstrip-to-microstrip vertical via transition with matching pads loaded signal via. This
design has been proposed for a multilayer substrate package. The matching pads, which are located in the center of the signal
via on each ground layer, are adopted to further improve the impedance matching level and thus attain better signal transition
performance. A physics-based equivalent circuit modeling approach has been employed for this research. The right angle MS-to-
MS via transition was also designed using this technique. The simulated 𝑆-parameters indicate that the match-pad design made
a breakthrough in achieving an approximate −15 dB wide-band return loss reduction. The measured 𝑆-parameter of MS-to-MS
transition showed that return loss with the matching pads is better than that without the matching pads.

1. Introduction

System-in-package (SiP) technology, based on the concept
of integrating all of a system’s electronic components into a
single package, is growing rapidly as a highly efficient solution
to the increasing demand for cost-effective, compact, and
reliable RFmodules [1]. Amultilayer package substrate is usu-
ally made of high temperature cofired ceramic (HTCC), low
temperature cofired ceramic (LTCC), thick film, thin film, or
organic packaging [2–4]. HTCC is regarded as the lowest cost
ceramic technology, but it suffers from a significantly higher
insertion loss. Meanwhile, LTCC is the mainstream technol-
ogy for three-dimensional packaging [5]. However, LTCC’s
drawback is its poor thermal conductivity and its difficulty
managing shrinkage control during the firing process [6]. In
order to improve the performance of RF packaging while also
reducing cost, minimizing dimensions, and simplifying the
fabrication, the selective anodized aluminum substrate [7]
and themultilayer printed circuit board (PCB) technology [8]
has been adopted over the last few years.

Nomatter the type of system-in-package approach, inter-
connection, especially the vertical via transition between dif-
ferent layers, plays an essential role in impacting the perform-
ance of all the RF circuits. A good vertical via interconnection

design will guarantee both the signal quality and electromag-
netic shielding property in packages. The multilayer circuits
in SiP use these vias to realize the signal connection between
different layers or integrated circuit (IC) devices. However,
when the electrical length of the via is not much smaller
than the signal wavelength at high frequencies, the vertical
via structure will show the electrical discontinuities, further
causing strong radiation from the edges of power/ground
planes [9–12]. The discontinuity effect will excite several
unwanted modes that lead to strong coupling and serious
property reduction of the signal transmission in the system.

In order to insure the signal transition between different
layers, eliminating the via-plane coupling and preventing
power-ground resonances, coax-vias, which were intention-
ally placed adjacent to the signal via, were employed to serve
as the return current via [10–12]. They provided the return
current paths between ground plane pairs; studies had found
that the insertion loss of the signal could be improved by
these ground vias. In the discussion of [13], six ground vias
were placed near the signal via to eliminate the via-plane
coupling, and a physics-based equivalent circuit modeling
approach [14, 15] was introduced for the ancillary study.
Those studies were based on the theoretical model at a low
frequency band. In [16], four through-hole ground vias were
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Figure 1: Side view of T/R module with vertical via transition.

mounted adjacent to the signal via to act as the coax-vias [17];
the structure was optimized; thus transition could achieve an
insertion loss level under 1.8 dB and a return loss level above
15 dB up to 67GHz. But in the extraction of an equivalent
circuit, the employment of Ansoft Q3D was inapplicable.
In other words, the coax-via structure will improve the
impedance matching in multilayer circuits.

This paper introduces the new idea of using a matching
pads loaded signal via structure to improve the performance
of the signal transmission. This idea has been employed for
the X-band microstrip-to-microstrip (MS-to-MS) multilayer
substrate transition. Two rows of ground vias close to the
signal via also support the return current paths in plane pairs.
The focus of this design is to underline the contribution
of the matching pads to develop the property of the signal
transmission.

The simulation results shown in this paper have been
divided into two blocks; the equivalent circuit of the tran-
sition structure was cautiously simulated using the method
of moments (MoM), and the 3D configuration was verified
using the finite-difference time-domain (FDTD) method.

2. Design of a Vertical Via Transition

2.1. The Application for T/R Module. As shown in Figure 1,
a high-integration-density, low-cost system-in-package (SiP)
T/R module structure has been demonstrated for employ-
ment on X-band phased array radar applications.The config-
uration of the multilayer substrate package involved the four
layered composite medium substrates and highly integrated
transmit-receive (T/R) MMICs mounted on the top surface
of the first layer and the bottom side of the last layer; this
was in addition to thematching pads loaded through-hole via
which connected the microstrip lines on the top layer to the
bottom layer.The pilot and biasing circuits were placed in the
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Figure 2: The 3D structure of the matching pads loaded MS-to-MS
via transition.

middle layer of the package. The T/R module was realized by
multilayer laminate technology, which has the advantages of
low cost and high flexibility, while also being easy to fabricate.

The 3D view of the transition model is shown in Figure 2;
the total height of the multilayer substrate is 1.935mm, which
includes the first and last layers, 0.254mm each, two middle
layers of 0.508mm each, and a prepreg of 0.12mm.

2.2. Equivalent CircuitModel forMatching Pads Loaded Signal
Via Transition. For the multilayer circuit via transition,
the extraction of each part of circuit impedance would be
significant and a benefit for the 3D structure excogitation
[18]. However, analysis of this electrical discontinuity is
complicated inmost cases [18–21].On the one hand, changing
the direction of the electromagnetic field caused by the
vertical connection of the signal via would definitely excite
a series of unsolicited TE modes (showing the effect of
capacity) or TM modes (showing the inductive effect). On
the other hand, because of the ground plane pairs and other
additional conductors that would increase voltage routes and
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Table 1: Lumped parameters of physics-based equivalent circuits (units: nH for 𝐿, pF for 𝐶).

𝐿1 𝐿2 𝐿2 1 𝐿3 𝐿3 1 𝐿4 𝐿4 1 𝐿5 𝐿6

0.129 0.193 0.042 0.2347 0.043 0.2347 0.046 0.02347 0.116
𝐶1 𝐶2 𝐶3 𝐶4 𝐶5

0.0816 0.0959 0.0797 0.0923 0.0936
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Figure 3:The physics-based equivalent circuit of the vertical via transition. (a)TheT-type circuit formicrostrip-to-vertical-signal-via corner;
(b) the entire circuit for 3D transition structure.

return current paths, rendering the electrical discontinuity
more irregular and causing more accidental changes, some
phenomena are more difficult to investigate. It is hard to find
an accurate formula or equivalent circuit to analyze the 3D
via transition structure directly over a period of time.

The physics-based equivalent circuit modeling approach
was used for this research. The 3D multilayer transition
structure can be divided into subtle blocks corresponding to
each part of an equivalent circuit. The benefit of this method
is obvious in that each physical element of the circuit is
directly linked to one or more layout features in geometry.
This is conducive to the engineering design as well as the
study. Figure 3 shows the divided equivalent model of the
transition structure. The four-layer matching pads loaded
signal via formation has been divided into five blocks in
the direction of the signal transmission. The microstrip-
to-vertical-signal-via corner along the surface of the top
(or bottom) layer block is equivalent to a T-type circuit
model, as shown in Figure 3(a). The matching pads for each
ground plane are extracted into a series 𝐿-𝐶 branch, which
accounts for the effect displacement currents between the
matching pads and the antipad, which is also shown in
Figure 3(b). This is because the existence of coax-like vias
results in capacitances too small to be equivalent included in
the capacitance of microstrip-to-signal-via corner block; the
multiport impedance matrix 𝑍pp, which should be inserted
into the plane pair block, is replaced by a length of inductance.
The blocks are cascaded together to construct the entire
equivalent circuit for a microstrip-to-microstrip transition.

All impedances of each block are calculated and simu-
lated carefully using themethod ofmoments. All impedances
of each block are calculated and simulated carefully using the
method ofmoments.Then, the values of 𝐿 and𝐶 of the equiv-
alent circuit are extracted according to the impedance of each
block. The particular parameters of impedances are listed in

Table 1.The FDTD simulations andmeasurements in the next
section have verified this physics-based equivalent circuit.

2.3.TheDesign ofMatching Pads Loaded Signal Via Transition.
For the effective transfer of RF signals, the impedance of the
signal via should match the microstrip fed line with 50Ω.
Figure 4 shows the top view of the top circuit surface; two
rows of ground vias (coax-like vias in Figure 4(a)) adjacent to
the signal via have been employed to constitute the coax-like
section. The denser coax-like vias not only have the function
of impedance matching, but also better EMI performance.
These vias also provide the return current path, which is the
initial point in the signal transfer for high frequencies in
Figure 5 to avoid coupling, and strong resonance between the
plane pairs. Without the aforementioned vias, the return cur-
rent will spread in plane pairs in the form of a displacement
current.

Incidentally, as shown in Figure 6, two lines of shielding
vias have beenmounted near the sides of themicrostrip to act
as the simi-CBCPW (conductor backed coplanar waveguide)
structure.This not only results in better dispersion properties
and the lower EMI in RF transfers, but in higher power capa-
bilities and preferablemechanical strength.This is suitable for
the multilayer package application.

When the step has been completed, the distance between
the two rows of coax-like vias has been confirmed, and the
return current path is unchangeable. The matching pads are
then adopted in the center of each ground layer to further
improve the match level and to achieve a lower insertion loss.
As shown in Figure 5, three matching pads are placed in the
center of the signal via of each ground plane; it is then ready to
be fabricated, which only requires etching the designed ring
(realizing thematching pads and antipad at the same time) on
the ground layer and then punching the through-hole on the
center of the matching pads. The idea of this design is to add
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Figure 4: Top view of matching pads loaded transition. (a) The first layer; (b) the first ground plane.
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Figure 6: simi-CBCPW structure.

the signal-transmitting path; thus the return current path is
curtailed relatively. When a balance is achieved between the
signal path and the return current path, the transition of the
signal in themultilayer circuit will reach a stage of perfection.

From Figure 7 we can get that the matching pads loaded
transition design can keep the insertion loss changeless and
get a return loss of approximately −15 dB down values up
to 11.6 GHz at the same time. The transition design clearly
expresses the excellent performance with the matching pads
loaded signal via in the simulation.
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Figure 7: Function of the matching pads for signal transfer
simulation.

The magic balance in order to attain the greater impe-
dance matching was discovered by optimizing the radiuses
of the matching pads and antipads in each ground plane.
The feeding microstrip line, which has a width of 0.96mm
wide for the 0.374mm composite substrate in the X-band,
has been considered in the simulation result. Figure 4(a)
shows the geometry of the top (or bottom) circuit surface
with dimensions of 𝑤 = 0.96mm, 𝐷1 = 0.5mm, 𝐷V1 =
0.3mm, 𝐷V2 = 0.225mm, 𝐻V1 = 4.35mm, and 𝐻V2 =
3.2mm.The diameters of the first ground plane planar graph
in Figure 4(b) for the matching pads and antipad are𝐷 𝑚1 =
0.465mm and 𝐷 𝑎1 = 0.84mm. Similarly, the parameters
of the matching pads and antipad in the second and third
ground layers are 𝐷 𝑚2 = 0.45mm, 𝐷 𝑎2 = 0.866mm,
𝐷 𝑚3 = 0.476mm, and 𝐷 𝑎3 = 0.866mm. As shown
in Figure 7, the solid line shows the condition with the
matching pads; the simulated 𝑆-parameters curves confirm
that the return loss was above 44.5 dB up to 10.9GHz and the
insertion loss was under 0.16 dB from 6GHz up to 13GHz.
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Table 2: Parameters of matching pads loaded signals via transition
investigation (unit: mm).

Coax-like section Match-pad and antipad
(all layers of ground plane)

𝐻V1 𝐻V2
4.35 3.2 𝐷 𝑎1 𝐷 𝑎2 𝐷 𝑎3

Through-hole via 𝐷 𝑚 =
0.5

0.88 0.9 0.9

𝐷V1 𝐷V2 𝐷 𝑚 =

0.6
1 1.1 1

0.3 0.225 𝐷 𝑚 =

0.7
1.2 1.2 1.2
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Figure 8: 𝑆-parameter of three cases for MS-to-MS transition.

Furthermore, the return loss achieved 60 dB at the 10GHz
with the insertion loss 0.14 dB.

In order to get more information from the idea of
matching pads, three cases are given here. In the geometry,
as shown in Figure 5, the diameter of each matching pad is
settled while the diameters of antipads are variable, which
could be implemented to find the best balance return current
path through optimization. In Figure 8, the dashed line, solid
line, and point line represent𝐷 𝑚 = 0.5mm,𝐷 𝑚 = 0.6mm,
and 𝐷 𝑚 = 0.7mm, respectively; the specific parameters
are shown in Table 2. The lumped circuit model can be used
to investigate the effects of via pad and antipad sizes on the
𝑆-parameter are shown in Figure 8, too. We can still get all
impedances of each block calculated and simulated by the
method ofmoments for different pad and antipad sizes.Then,
the values of 𝐿 and 𝐶 of the equivalent circuit are extracted
according to the impedance of each block. But due to the
fact that the lumped circuit model is approximate equivalent
circuitmodel, in order to getmore accurate value, herewe still
use the electromagnetic field simulation software to design.
In this setup, the return loss is above 40 dB within the 6–
12GHz spectrum and the insertion loss is better than 0.16 dB
up to 13GHz for the 𝐷 𝑚 = 0.5mm instance. The other two
cases, by contrast, are the spectrum of 𝐷 𝑚 = 0.6mm case
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Figure 9: Contrast between the equivalent circuit calculation and
3D structure FDTD simulation.
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Figure 10: 3D view of the right angle MS-to-MS transition.

in which the return loss is above 40 dB only from 8GHz to
10GHz and also from9.2GHz to 9.8GHzunder the condition
𝐷 𝑚 = 0.7mm. The insertion loss is below 0.2 dB at 13GHz
in all three cases. It is clear that by adopting the state of𝐷 𝑚 =
0.5mm, thematching pads loaded structure will demonstrate
better performance in signal transition, and all parameters
will be favorable for the manufacturing tolerance.

The relevant results in Figure 9 indicate the match
between the physics-based circuit calculation and the 3D
structure simulation with the𝐷 𝑚 = 0.5mm situation. Con-
trasting with the FDTD result, the two curves are in good
agreement despite the 2D calculation being idealized because
of the simplification of the physical significance linked cir-
cuit, verifying the validation of the physics-based equivalent
circuit’s conception.

Similar in structure to the microstrip-to-microstrip tran-
sition in Figure 2, three matching pads were loaded on the
signal via in the right angle MS-to-MS transition, as shown
in Figure 10. The microstrip on the bottom layer was turned
at a right angle, the same as the shielding vias. The geometry
with 𝐷 𝑚 = 0.5mm, 𝐷 𝑎1 = 0.86mm, 𝐷 𝑎2 = 0.95mm,
and 𝐷 𝑎3 = 0.88mm was simulated using the coax-like vias
adjacent to the signal via and the shielding vias near the sides
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Figure 12: Fabricated circuit of the MS-to-MS transition. (a) Top
view; (b) bottom view.

of the microstrip. Also, by using a similar method to contrast
with the results of themicrostrip-to-microstrip transition, the
frequency range with a return loss above 40 dB was reduced
to 7.3–11.4 GHz, while the insertion loss was better than the
MS-to-MS transition result, approximately 0.4 dB in the full
frequency range, as shown in Figure 11.

3. Experimental Results and Discussion

Figure 12 shows the photograph of the fabricated MS-to-MS
transition with the matching pads loaded structure on the
multilayer substrate. The parameters of the 𝐷 𝑚 = 0.5mm
case were adopted to construct the entire transition struc-
ture. They were measured using an Agilent Vector Network
Analyzer (E8363B). The 𝑆-parameters of this transition with
the matching pads and the transition without the matching
pads have been plotted in Figure 13. From 8GHz to 12GHz,
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Figure 13: The measured 𝑆-parameter of MS-to-MS transition with
and without the matching pads.

the insertion loss of the two kinds of the transition is not
very different, but the return loss of the transition with the
matching pads is much better than that without the matching
pads, as shown in Figure 13. In the frequency band range
from 8.35GHz to 10.2GHz, not including the insertion loss
of two SMA connectors, the return loss is better than 20 dB
and the insertion loss is below0.8 dB.The return loss achieved
−48.2 dB at 9GHz, close to the center frequency of thewanted
band. For a wider band, the return loss is above 19 dB and
insertion loss is under 1.16 dB from 8GHz to 12GHz.

It seems that the experimental results did not correspond
well to the simulation result. To further aid in the investiga-
tion of this problem, a 3Dmodel was raised to imitate the true
nature of measurement. In Figure 14(a), only a microstrip
line with shielding vias (simi-CBCPW structure) mounted
on a multilayer substrate, and two SMA connectors have
been placed at the beginning and end of the microstrip.
Considering the actual situation, a 0.1mm air gap between
the SMA connector (metal wall of the chamber) and the
microstrip cannot be ignored. This gap will cause signal
coupling to the other layers between the ground plane pairs
and signal radiation as shown in Figure 14(b), which plots
the electric field in the whole space. No remedial measures
used to destroy the electromagnetic field in the air gap will
successfully avoid the reduction of transition performance.

4. Conclusion

In this paper, a matching pads loaded X-band microstrip-
to-microstrip via transition was presented and studied. The
use of the match-pad design was powerful in improving the
impedance matching level, achieving a lower return loss and,
therefore, enhancing the package performance. In addition,
coax-like vias and shielding vias were also employed to
serve as the return current path and to reduce the EMI
level. Each lumped impedance of the system was carefully
calculated in the physics-based equivalent circuit. Simulation
results showed that the return loss was above 40 dB within



International Journal of Antennas and Propagation 7

SMA connector

Shielding vias

Microstrip

0.1mm air gap

(a)

E
 fi

el
d 

(V
_p

er
_m

)

4.0244e + 004
3.7729e + 004
3.5214e + 004
3.2698e + 004
3.0183e + 004
2.7668e + 004
2.5153e + 004
2.2637e + 004
2.0122e + 004
1.7607e + 004
1.5092e + 004
1.2576e + 004
1.0061e + 004
7.5458e + 003
5.0305e + 003
2.5153e + 003
1.8166e − 003

(b)

Figure 14: A 3D model for imitating the true nature of measurement. (a) Side view of the 3D structure; (b) diagram of the simulated electric
field.

the 6–12GHz spectrum and the insertion loss was better than
0.16 dB up to 13GHz. In the test link, the impact of 0.1mm
air gap between the metal wall and the multilayered substrate
was considered and analyzed. There is no doubt that the air
gap, which is offset, will also cause the degradation in signal
transmission at high frequencies.
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