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Abstract: To process high-frequency signals on a printed circuit board (PCB), it is often necessary
to carefully analyze and select the pad widths of the chip packages and components to match their
impedance to the standard Z0. Modern PCBs are complex multilayer designs, utilizing either only
high-end laminates, low-end laminates, or a combination of both. The on-board component footprints
usually have larger pads that become discontinuities and corrupt the impedance of critical traces.
One way to address this issue is to include reference plane cutouts as a measure of compensation.
This paper aims to find out how an asymmetric dielectric stack-up affects the microstrip discontinuity
impedance compensation using reference plane cutouts. The selected board layer stack-up imitates
several different practical design scenarios, including costly PCBs that strictly comprise high-end
dielectric materials, as well as trying to lower PCB cost by introducing low-cost materials without
major performance sacrifice. S-parameter measurements are performed and confirmed by time
domain reflectometry (TDR) measurements.
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1. Introduction

The fourth industrial revolution (Industry 4.0) is currently gaining momentum glob-
ally, encompassing a wide range of technological innovations regarding cyber-physical
systems (CPS), Internet of things (IoT), Internet of services (IoS), robotics, big data, quantum
computing, artificial intelligence, cloud manufacturing, and augmented reality [1–3]. The
adoption of these technologies is central to the development of more intelligent electronic
devices that are able to independently and wirelessly exchange information, trigger and
perform actions, intelligently control one another, and generate large amounts of data, thus
providing the user with endless information [2].

There is no doubt that this industrial revolution will be based on the rapidly devel-
oping 5G technologies and their infrastructure [3–5], which naturally leads to solving the
challenge of manufacturing cost reduction in electronic devices. These include various
engineering problems, such as dealing with high component densities, implementing RF
and digital high-frequency circuits without compromising basic parameters, reducing their
electromagnetic compatibility (EMC) emission level, and hardening EMC susceptibility, all
while operating in low energy consumption conditions. Impedance matching on a printed
circuit board (PCB) is also one of these problems [6]. To process high-frequency signals
on a PCB, it is often necessary to carefully analyze and select the pad widths of the chip
packages and components to match their impedance to the standard Z0 (e.g., 50 Ω) PCB
track width and impedance. This is not an easy thing to do, as the geometry of modern chip
packs is rapidly declining and becoming significantly smaller than the width of a standard
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50 Ω PCB track. This problem is also exacerbated when ultra-small chips have several or
more high-speed and radio frequency (RF) pads. Alongside the reducing size of IC pack-
ages, physically larger components (higher power amplifiers, antennas, filters, connectors,
etc.) are still a part of modern, wireless radio devices. The impedance mismatch problem
migrated from wireless radio into the modern high-speed digital domain. Digital circuits
are currently dominating the market, with smart devices containing high-frequency data
lanes interconnecting processors with storage or periphery; impedance mismatch there
leads to the same consequences as in the wireless analog domain, if not more. A modulated
signal in an analog chain contains a handful of useful harmonics (the carrier, low-frequency
data signal) and unwanted inter-modulation side-products, whereas the rapid rise and fall
times of a digital signal utilize a huge bandwidth. In the case of impedance mismatch in
a chain with very short rise/fall times (tens of picoseconds and below), ringing, over- and
under-shoot, as well as deteriorating eye-diagram issues arise, which can easily corrupt
data transmission. Both cases are essential to making up different variations in the modern
smart digital device with wireless radio functions. Therefore, in view of all the above
problems, it is necessary to look for new ways and techniques to match impedances.

Another possible way to match impedances is to use tapered impedance transformers.
Tapered impedance transformers match different impedances using a transmission line;
a characteristic impedance gradually and monotonically varies from one impedance to
the other along the length of the line [7,8]. Tapered impedance matching transformers are
defined by two characteristics: tapers length L and its function Z(z). In the literature, there
are many different possible functions of Z(z) for tapered transmission line designs that
produce a good broadband match: exponential, triangular, Klopfenstein taper, etc. [7–11].
All of these taper functions give different reflection coefficient magnitude responses |Γ|.
For example, in the exponential tapers, the peaks in |Γ| decrease with increasing length.
The typical length for an exponential taper is about one-half wavelength λ/2 (βL = π,
where β is the propagation constant) at the lowest frequency, and the upper-frequency
limit is theoretically infinite. The Klopfenstein taper length is slightly longer than the
half wavelength ≥λ/2 (βL ≥ π), and the triangular taper starts from the full wavelength
λ (βL = 2π) [7]. Therefore, by performing impedance matching at sub-six frequencies, the
length of the tapers becomes exceptionally long and practically unsuitable in high-density
RF PCB circuits. For example, [12] presents the Klopfenstein taper with a length of 72.6 mm,
for matching 50 Ω and 100 Ω impedances in the 1–3 GHz frequency range. Another
work [13] presents a 2–18 GHz microstrip Balun that uses the Klopfenstein equations
for the taper with a length of 35 mm for transform 50 Ω unbalanced to 130 Ω balanced
impedance. The inefficiency of using a small-sized taper is also discussed in [6]. In
this work, tapers approximately 0.8 mm long were created, which were more than thirty
times smaller than the minimum wavelength of interest (≈2.5 cm at 6 GHz in copper
microstrip), and the measurement results showed that these tapered microstrips with or
without a reference plane GND notch have no effect on impedance matching. Reference
plane cutout is a compact solution to address the issue of altering the impedance of
a discontinuity in multilayer PCBs and was discussed in our previous work [14]. Thus, this
paper is a follow-up research to the latter.

After extensive research of papers published on the topic of cutout compensation or
close to it (e.g., different antenna or distributed filter design on PCB substrates), no papers
were found that address and quantify the difference in the resulting impedance when
various laminates appear under the cutout. Therefore, this paper quantifies the difference
in relative impedance of having only high-end dielectrics and mixing in a lower-quality
dielectric under the given conditions. The best way to know the exact impedance under
a structure with different laminates is to run an electromagnetic (EM) analysis (essentially
solve Maxwell’s equations), but the current rates of board design do not necessarily provide
the conditions to run EM simulations for each segment of the PCB, especially when the PCB
is high-density, high-speed, and contains mixed signals. This is usually due to a stringent
design time frame, availability of pricey EM software, a combination of both, or some
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other reason. Thus, the quantification of applying cutout impedance compensation in PCBs
with an asymmetrical stack-up and providing a sequence of steps for evaluation could
provide PCB designers with a faster and more intuitive approach to correcting discontinuity
impedances.

This paper is organized, starting from the introduction above, where the issue is
purified and its relation to the further evolution of high-speed digital and analog de-
vices pointed out. The device under test (DUT) description and possible practical cases,
which can be found in modern equipment, are described in Section 2. The following
Sections 3 and 4, accordingly, contain theoretical evaluation of the DUT as well as discus-
sions providing measurements in both frequency and time domains. At the end of the
paper, conclusions are given alongside references.

2. Target Design Scenario and DUT Description

The target of the research in this paper is finding out how an asymmetric dielectric
stack-up, viewed from the cross-section shown in Figure 1, affects the microstrip disconti-
nuity impedance compensation using reference plane cutouts. For this purpose, a 6-layer
printed circuit board (PCB), comprising two types of dielectric materials with different
properties, was designed, simulated, and fabricated. Low-loss TU-87P SLK (Df = 0.008,
εr = 3.9, frated~10 GHz) core and prepreg layers were included between copper layers
L1-L2, L2-L3, and L5-L6, whereas a lossy TU-768 (Df = 0.021, εr = 4.3, frated~10 GHz)
dielectric material was selected to fill the space between the rest of the copper layers.
The difference in the fiberglass weave and the structure of the material (substrate layers
S1, S2, etc.) can be distinguished in the cross-section presented in Figure 1b (measured
thickness tolerance is ±5 µm).
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Figure 1. Designed PCB: (a) requested 6-layer stack-up; (b) fabricated board cut.

The latter board layer stack-up selection imitates several different practical design
scenarios; the L1-L3 part of the PCB corresponds to a higher-priced board with all dielectric
layers having low losses, as well as RF- and temperature-stable specifications. This category
of materials usually includes high-performance laminates or ceramics by Isola group [15],
Rogers Corp. [16], Taiwan Union Technology Corporation [17], or other industry-leading
PCB material providers. As a result, the board containing only one type of high-quality
dielectric material provides exemplary performance, which naturally results in a higher
fabrication price.

The second part of the DUT PCB, spanning from L6 to L3, corresponds to a design with
impedance-controlled traces placed on the outer layer (a high-quality dielectric separates
L6 and L5), while other layers are assigned to carry digital and/or analog chip-to-chip
communication interconnects with no stringent requirements defined; thus, they are sepa-
rated by a more conventional dielectric material. Moreover, the latter part of the stack-up
emulates a more common approach to a mass-produced design with a few internal layer
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counts (e.g., 2 or 4), meaning that only the most “valuable” interconnections are kept on an
external layer over a high-quality dielectric. This minimizes the overall fabrication cost,
but ensures operating conditions on a selected part of the board.

A third combination of layers present comprises two high-performance dielectric
layers L1-L2 and L2-L3, and a higher-loss one between L3 and L4. This layer set is similar
to the second aforementioned scenario, but is prone to being employed in PCBs with
a higher internal layer count (e.g., 6 and more) where several copper layers carrying
high-priority traces reference the plane through a low-loss dielectric.

Microstrip lines with two types of discontinuities were laid out on the top (L1) and
bottom (L6) layers, which are the outer layers of the DUT. The microstrip with a single
discontinuity is shown in Figure 2a, whereas Figure 2c depicts a microstrip containing
multiple discontinuities and represents a practical configuration where different active
and passive components are connected via a Z0 = 50 Ω. The components themselves
were selected in packages, which are widely available and could appear in any industrial,
prototype or research design in any combination. The main aim was to isolate the footprint
pads of components encapsulated in common packages and quantify their impact on the
homogeneity of the defined chain impedance Z0.
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Figure 2. Copper layer segments of the DUT board. (a) Single discontinuity pad on top and bottom
copper layers; (b) compensational cutout for single discontinuity pad in inner layers; (c) multiple
discontinuity pads on top and bottom; (d) compensational cutouts for multiple discontinuity pads in
inner layer L2; (e) compensational cutouts for multiple discontinuity pads in inner layer L3.

The structures shown in Figure 2b,d,e depict internal reference layers with cutouts
under certain pads when applying compensation. The fabricated DUT PCB is presented in
Figure 3 with each individual microstrip numbered and corresponding to the measurement
results presented in the following sections. The numbered DUT traces in Figure 3 form
a combination of the microstrip with discontinuity segments in Figure 2a or Figure 2c
with reference layer variations in Figure 2b,d,e, or solid underneath. The vector network
analyzer (VNA) Port 1 is connected to the left side of the PCB, which is referred to as
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the input, whereas VNA Port 2 or a termination (short or load) is to the right, hence the
marked arrows.
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The layer-by-layer structure for each of the microstrips in Figure 3a is presented in
Table 1, and is described using PCB segments shown in Figure 2. It should be noted that the
layer description for each individual track is provided only until the first solid reference
plane, omitting the structures on the following layers. The size of each pad is given in
Table 2, whereas the Z0 = 50 Ω (±10%) trace width under the design conditions (εr = 3.9,
h = 0.2 mm, copper weight 2 Oz) is 0.41 mm.

The measurements were conducted using an open-short-load (OSL) calibrated 8.5 GHz
bandwidth LA19-1304B VNA. The DUT was connected directly to the VNA, avoiding the
use of additional cables, as shown in Figure 3b.

Table 1. Layer-by-layer configuration of the DUT.

Microstrip Number
in Figure 3

Microstrip
Location on PCB Dielectric Material Change DUT Layer-by-Layer Configuration Based on

Figure 2 Segments (a, b, c, d, or e).

1

Top
(L1)

No. TU-87P SLK 50Ω reference line. L2—solid GND reference plane
2 No. TU-87P SLK L1—a; L2—solid GND reference plane

3 Yes. TU-87P SLK→ TU-872 SLK→
TU-768 L1—a; L2 and L3—b; L4—solid GND reference plane

4 No. TU-87P SLK L1—c; L2—solid GND reference plane
5 No. TU-87P SLK→ TU-872 SLK L1—c; L2—d; L3—solid GND reference plane

6 Yes. TU-87P SLK→ TU-872 SLK→
TU-768 L1—c; L2—d; L3—e; L4—solid GND reference plane

7 Bottom
(L6)

Yes. TU-87P SLK→ TU-768→
TU-768 L6—a; L5 and L4—b; L3—solid GND reference plane

8 Yes. TU-87P SLK→ TU-768 L6—a; L5—b; L4—solid GND reference plane
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Table 2. Independent pad impedance evaluation using simplified equations.

Pad Name Pad from Component Pad Area
L ×W, mm2

Distance between
Pad Centers Zw/o comp., Ω Z1-layer comp., Ω Z2-layer comp., Ω

A0 SMA 2.9 mm conn. 1 × 0.55

A0–A1: 31.7 mm
A0–A8: 7.4 mm

All others: 7 mm

42.1743 1 67.6176 2 79.9871 2

A1 SMA 3.5 mm conn. 5.2 × 1.5 19.9337 36.8572 47.2629
A2 PGA-102+ 0.7 × 1.6 18.9037 35.2163 45.3666
A3 BFU630F 0.55 × 0.6 39.7756 1 64.6751 2 77.0748 2

A4 U.FL conn. 1 × 1 27.4820 48.2386 1 59.9780 2

A5 CG2H40010 2.5 × 1.5 19.9337 36.8572 47.2629
A6 SAW filter 1.05 × 0.8 32.4676 55.1932 1 67.3878 2

A7 0603 SMD 0.8 × 0.9 29.7611 51.4696 1 63.4534 2

A8 0805 SMD 1.1 × 1.2 23.8520 42.9011 54.1085
1 No further compensation applied to the pad, either due to small impedance deviation from Z0 = 50 Ω, or the additional compensation
step overshot the target by more than what is currently lacking under the latter conditions; 2 Values in gray depict pad impedance if an
additional compensation step was to be applied under the latter conditions.

3. Theoretical Evaluation

When different types of dielectric materials with different properties are used, the
total dielectric constant of a given n-layer structure with each layer having a height equal
to hn can be calculated via

1
εtot

=
N

∑
n=1

1
εn
× hn

ht
, (1)

where ht = ∑N
n=1 hn is the total height of the structure [18]. Thus, according to the second

design scenario discussed in Section 2 in this paper, the total dielectric constant between
layers L6 and L3 (three compensational cutouts), containing one layer of TU-87P SLK and
two layers of TU-768 dielectrics, is equal to εtot L6-L3 = 4.16. When a compensation requires
a lower number of cutouts, e.g., L6-L4 (two compensational cutouts), corresponding to
using one of each type of dielectrics, the total dielectric constant is εtot L6-L4 = 4.11. Finally,
emulating design scenario No. 3, the total dielectric constant between layers L1 and
L4 (refer to Figure 1), containing two layers of TU-87P SLK and one layer of TU-768
dielectrics, is equal to εtot L1-L4 = 4.03. As a reminder, the initial dielectric constants for
each material are εr TU-768 = 4.3 and εr TU-87P SLK = 3.9. Thus, an additional dielectric
layer in a multilayer PCB stack-up changes the overall dielectric permittivity of the whole
structure from the initial value closer to the one added. If the initial εr value was greater,
the added layer with the smaller dielectric constant reduces it, and vice versa. As the
traces are of microstrip type, the final dielectric constant value for each case is further
elaborated according to the Hammerstad and Jensen formula for effective dielectric constant
εtot eff [19]. As an example, this leads to the following total dielectric constants for stacks of
different dielectrics εtot L6-L3 = 4.16, εtot L6-L4 = 4.1, and εtot L1-L4 = 4.01. The latter method
of estimating the total effective dielectric constants was used to evaluate the impedance of
each pad without compensation, as well as with each successive one.

When both inductance and capacitance are available, impedance can also be calculated
according to a well-known formula:

Z0 =
√

L/C, (2)

where Z0 is the trace impedance, and L and C are per-unit-length inductance and capac-
itance, respectively. The per-unit-length inductance of the loop bounded by the upper
conductor and ground plane can be calculated as follows [19,20]:

L =

 60
v0

ln
(

8h
w + w

4h

)
, w

h ≤ 1
120π

v0

(w
h + 1.393 + 0.667 ln

(w
h + 1.444

))−1 , w
h ≥ 1

, (3)
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where w is the width of the microstrip, h is its distance to the reference plane, and v0 is
speed of light in a vacuum. The per-unit-length capacitance between the upper conductor
and ground plane is calculated according to [20]:

C =


εeff

60v0 ln( 8h
w + w

4h )
, w

h ≤ 1
εeff

120πv0

(w
h + 1.393 + 0.667 ln

(w
h + 1.444

))
, w

h > 1
, (4)

where εeff is the effective relative permittivity by Hammerstad and Bekkadal model [21,22]:

εeff =


εr+1

2 + εr−1
2

((
1 + 12h

w

)−0.5
+ 0.04

(
1− w

h
)2
)

, w
h ≤ 1

εr+1
2 + εr−1

2

(
1 + 12h

w

)−0.5
, w

h > 1
, (5)

where εeff is the relative permittivity, w is the trace width, and h is the dielectric thickness.
According to the calculations, based on the equations provided above and presented

in Table 2, a carefully designed PCB stack-up containing different dielectrics, alongside
cutout compensation, can lead to pad impedance values that are close to the nominal trace
impedance of Z0 = 50 Ω. The impedance of some pads (e.g., A0 or A3) cannot be improved
under these circumstances, as the deviation from Z0 is greater after applying a single com-
pensation compared to that without any compensation. Other pad impedances (e.g., A4,
A6, and A7) suffice the conditions after applying cutout compensation on two layers,
whereas three layers are required for pads A1, A2, A5, and A8.

4. Measurements and Discussion
4.1. S-Parameter Measurement Results

S-parameter DUT board measurements are presented in Figures 4 and 5. The mi-
crostrip was loaded with a 50 Ω calibration kit load during each measurement.

The reflection coefficient S11 measurement results for each DUT segment are pre-
sented in Figure 4. The single discontinuity without any compensation (curve 2) and with
a short exponential taper (curve 9) exhibited similar poor results, not exceeding a value
of −10 dB at frequencies higher than 1.5 GHz. When adding a single reference plane
cutout (curve 8), the response improves by 5–10 dB. Recalling Table 1, Figure 4a curve 8
corresponds to a change in dielectric material from low- to high-loss dielectric material,
but still provides a significant improvement. A two-layer cutout compensation is not
uncommon for approaching such wide discontinuities; thus, curves 3 and 7 in Figure 4a
provide a quantitative comparison for using different numbers of higher-loss (lower qual-
ity) dielectrics. Microstrip No. 3 contains two layers of low-loss prepreg TU-87P SLK
and core TU-872 SLK materials, followed by a high-loss TU-768, compared to microstrip
No. 7, which only has one prepreg TU-87P SLK layer followed by core and prepreg TU-768
materials. Both curves 3 and 7 provide 2–5 dB better reflection coefficient S11 values on
almost the whole frequency range compared to curve 8.
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The reflection coefficient S11 measurement results for microstrips with multiple dis-
continuities provide similar results with short exponential tapers, introducing little to no
improvements. According to Table 1, microstrip No. 5 discontinuities had only a single
layer compensation and no dielectric material change, while microstrip No. 6 had one- or
two-layer compensation depending on the pad size and a change of dielectric material.

A part of the transmission coefficient S21 measurement results are presented in
Figure 5. The S21 responses for non-compensated traces with low-loss prepreg TU-87P SLK
dielectric are presented in Figure 5a. Curves 6 and 7 in Figure 5b, which correspond to the
same DUT segment in Figure 4, depict that the losses in microstrip lines with discontinuities
can be reduced to losses inherent in a reference microstrip line.

Thus, based on S11 and S21 measurement results for microstrip lines with single and
multiple discontinuities, mixing higher and lower quality dielectrics does not negate the
effect of applying multi-layer cutout compensation. Swapping a costly low-loss material
for a cheaper and higher-loss dielectric in the stack-up might lead to S11 being 1–2 dB
higher than if only low-loss high-quality dielectrics were used. However, this result would
still be an improvement, considering the outcome of having reference plane cutouts only
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on copper layers, which are separated by the same low-loss material, or introducing
additional required compensation steps and utilizing higher-loss layers of dielectric. The
slight differences around the more common εr = 4.2 dielectric material constant values for
each layer should also not pose a problem unless the values differ drastically. An example
of that would be a laminate combination of RO3210 (εr = 10.2) [16] and a standard TG170
(εr = 4.6), in which case, the per-unit-length capacitance might need deeper insight using
CAD tools and measurements.

4.2. TDR Measurements

In order to further compare the impact of including different grade dielectric materials
in a single stack-up and applying multi-layer cutout compensation, TDR analysis was
applied to microstrips with a single discontinuity. The minimal dimensions of the target
discontinuity can be found according to

l =
trc

2
√

εeff
, (6)

where l is the length of the minimum resolved feature size, c is the speed of light in air, tr
is the rise time of the incident TDR pulse, and εeff is the effective dielectric constant [23].
LA19-13-04B VNA provides a rise time of around 58 ps, resulting in a minimal detectable
discontinuity of around 5 mm.

The measured TDR responses are presented in Figure 6. The nominal Z0 = 50 Ω mi-
crostrip impedance was measured to be around 47 Ω, with a non-compensated pad impedance
dropping down to 28.5 Ω. A single cutout compensation increased the impedance of the
discontinuity to 36 Ω. The multilayer cutout compensation increased the impedance of
the discontinuity to 39 Ω. It should be noted that according to Table 1, the dielectric
stack-up under the discontinuity described by curves 3 and 7 in Figure 6 differs, but the
TDR response is almost identical.

4.3. Discussion

The difference between laminate types is associated with fabrication technology,
materials used, and the weave of the fiberglass, which affects the length of the path the
EM field travels through, as well as whether it travels through a fiber part of the PCB or
the resin/air part. Different types of laminates have different thicknesses with their own
weave shapes, and different resin-to-weave ratios. For cheaper dielectrics, the resin/air
gaps between the fiber weave are larger, whereas the high-end laminates have a more
uniform spread of fiber. This affects the consistency of the dielectric permittivity as well as
losses in the material. If the multiple layer cutout contains a number of different laminates,
some of which are high-end low-loss, and others are cheaper higher-loss, the uniformity
of the overall structure is affected by the quantity of each type of dielectric material in
that stack-up. The more high-loss materials there are, the higher the S21 losses naturally
become, but the reflection coefficient S11 is still better compared to no compensation or if
there was compensation applied only over high-end laminates.

Thus, for asymmetrical stack-ups, the following procedure of cutout compensation
is proposed:

1. Obtain an n-layer PCB with several types of laminates. The total required number of
cutouts under a discontinuity has to be established (similar to results in Table 2). Thus,
the capacitance-per-length, inductance-per-length, and effective dielectric permittivity
are calculated using a model of choice (ex. according to Equations (3)–(5)) assuming
there is only one type of dielectric.

2. Calculate the intermediate impedance of the discontinuity according to Equation (2).
3. Evaluate the total effective dielectric permittivity of the structure with the number

of cutouts found in step 1 according to a model of choice for evaluating the total
dielectric constant of multilayer substrates (ex. Equation (1)) and effective dielectric
permittivity model of choice (ex. Equation (5)).
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4. Repeat the capacitance-per-length and inductance-per-length calculations in step 1
with the total effective dielectric permittivity found in step 3.

5. Calculate the final impedance of the discontinuity with a multiple-laminate stack-up
according to Equation (2).
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5. Conclusions

A six-layer PCB comprising two types of dielectric materials with different properties
was designed, simulated, and fabricated in order to find out how an asymmetric dielectric
stack-up affects the microstrip discontinuity impedance compensation using reference
plane cutouts. The selected board layer stack-up imitates several different practical design
scenarios, including costly PCBs, which only consist of high-end dielectric materials, as well
as trying to lower PCB cost by introducing low-cost materials without major performance
sacrifice. Based on S11 and S21 measurement results for microstrip lines with single and
multiple discontinuities, mixing higher- and lower-quality dielectrics does not negate the
effect of applying multilayer cutout compensation. Swapping a costly low-loss material to
a cheaper and higher-loss dielectric in the stack-up might lead to a 1–2 dB S11 reduction; this
is compared to using only low-loss high-quality dielectrics. The dielectric permittivity for
different laminates might slightly vary, but the overall dielectric permittivity of the whole
structure from the initial tends to shift to values closer to the one added. If the first laminate
layer dielectric permittivity value was greater, the added layer of different laminate with
the smaller dielectric constant reduces it, and vice versa. Cutout compensation with
an asymmetric dielectric stack-up results in almost identical results to a fully symmetrical
stack-up, and was confirmed using TDR analysis. The overall discontinuity impedance
improvement under the given conditions was measured to span from 28.5 Ω to 39 Ω.
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