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Abstract

Cross-hatching of PCB grounds refers to a process in which certain ground planes appear as copper lattices;
regular openings are placed at regular intervals. Nowadays, the efficacy of ground hatching on rigid PCBs is
minimal. However, it is becoming essential for flexible hybrid electronics. Utilizing hatched grounds for
flexible applications could offer some benefits. Hatched grounds can perform dual roles, act as ground
surfaces, and offer structural support. Hatched grounds are more durable for bending and stretching
applications. Also, hatched grounds are desirable in terms of material conservation.

In this paper, we focus on studying how hatched grounds affect the RF performance of a straight microstrip
line. Simulations show that cross-hatched grounds with more than 50% filling produces good radio-frequency
performance. We will study the effect hatching pattern as well as the density of the hatching on the RF
performance of the microstrips. The theoretical modeling is considered in this work and fabricating aerosol
jet silver ink microstrip lines on PET substrates will be considered as an extension of this work.
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I. INTRODUCTION

Flexible and stretchable electronics are the ultimate key for
sensing applications, primarily environmental and health
monitoring [1]. Flexible hybrid electronics (FHE)
technology offers the bridge combining the conventional
subtractive silicon manufacturing techniques with the
additive manufacturing printing methods. FHEs are getting
more attention from academia and the industry today [2].
Researchers face some potholes in integrating the two
worlds; they must understand how flexible circuits are made.
Circuit designs are usually based on conventional printed
circuit board (PCB) design rules [2]. Available materials and
fabrication processes impose design issues. There is an
increasing need to address and develop the design rules for
flexible circuits to uncover the best practices for the maturity
of FHEs.

Conventional rigid PCBs typically use solid grounds [3]. On
the other hand, flexible circuits can utilize hatched ground
planes for signal routing [3]. Hatching of a PCB ground
plane refers to the approach in which specific areas of the
ground plane look like a latticework of copper; regular gaps
(openings) are spaced at regular intervals [4], [5]. The need
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for these hatched grounds is uncommon for rigid PCBs
nowadays [5]. However, hatched grounds have great
potential for printed flexible circuits [5]. Hatched grounds
are desirable for flexible printed electronics in terms of
material conservation and the cost and speed of fabrication
[6].

In this paper, we will computationally study the effect of
hatched grounds on the radio-frequency (RF) performance of
straight microstrip lines. Also, we will investigate the
hatching pattern and percentage that result in optimum
results compared with solid grounds.

II. LITERATURE REVIEW

In earlier days of PCB fabrication, roughening the copper
grounds of inner layers were involved in improving the
adherence to the resin during the lamination processes [4].
One way to address the smooth copper surfaces is to cross-
hatch the copper ground layer. This process created tiny
openings in the copper ground layer to allow the adhesion
with the resin in the prepreg lamination processes [4]. By the
late 1980s, two (black and brown) micro etch approaches
were developed to create a very robust bond between the
prepreg resins and the copper layers [4]. This marked the end
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of hatching grounds in the rigid PCBs industry.

The benefits of using hatched grounds in flexible circuits
include, but are not limited to, controlling the impedance
under transmission lines, providing structural support, and
being more susceptible to bending [7], [8]. Hatched grounds
help provide reference plane and control impedance routing
[5]. Also, hatched grounds maintain the circuit and assembly
flexibility; it offers the support needed while reducing the
rigidity of the copper layer [5]. Modeling hatched grounds is
crucial to account for those missing copper [5]. The width of
the trace should be greater than that in the case of the solid
ground; this lowers the inductance and increases the
capacitance to adjust the impedance [5]. Hatched grounds are
desired for some applications and are inadequate for other
applications [6]. One of the applications that hatched
grounds was desirable when the circuit designs have many
vias between different layers [6].

III. METHODOLOGY

We used ANSYS® HFSS to model and design these
microstrip lines with different hatched ground patterns [9].
ANSYS® HFSS is a finite element method (FEM) based 3D
electromagnetic software that uses adaptive meshing to
divide the structure into tetrahedral elements. Then, Maxwell
equations are solved to determine the electric and magnetic
fields, respectively [10].

IV. SIMULATIONS AND RESULTS

In this section, we will study one-inch microstrip lines with
different patterns for hatched grounds and compare the
results with the solid ground results. The substrate we are
using for simulations is 127 pm thick PET. For the
conductor, we used silver-nano particle thin film with a
thickness of 10 pm. The width of the main trace is 315 pm to
achieve 50 Q matching. We run our simulations from 10
MHz to 40 GHz.

A. Solid ground

First of all, we simulated our microstrip line on solid ground
to be used as a reference for comparison with different
hatched ground patterns. Fig. 1 shows the top and bottom
views of the microstrip design. Also, it shows the reflections
(S11) smith chart and the insertion loss (S21) in dB.
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Fig. 1. Microstrip line design with solid ground (a) top view and (b) bottom
view. (C) the reflection (S11) smith chart and (d) the insertion loss (S21) in
dB for the microstrip line design with solid ground. (e) Electric-field
distribution inside the substrate at 40GHz.

The results agree with what we expect from theory. Fig. 1 (d)
shows that the losses slightly increase as the frequency
increases. Fig. 1 (e ) shows the Electric-field distribution
inside the substrate at 40GHz; the electric field is confined
in the substrate beneath the microstrip line trace.

B. Hatched ground along (in the same direction) the

microstrip line
The first design we tried was a microstrip line with hatched
ground along (in the same direction) the microstrip line. The
hatch width is 315 um, the same as the width of the main
microstrip line trace. The hatch pitch is 730 pm resulting in
a gap (opening) width of 315 pm. Fig. 2 (a) and (b) show this
microstrip line design's top and bottom views. Fig. 2 (c) and
(d) show the S11 smith chart and S21 in dB, respectively.
The results show resonance at specific frequencies. Fig. 2 (e)
shows that the Electric-field is not confined only beneath the
microstrip line trace; a significant portion of the field is
distributed along the substrate. To investigate how to control
these resonances, we moved the trace with respect to the
hatched ground. In the initial configuration, the microstrip
line was aligned to one of the openings, as shown in fig. 3
(a). Then, we moved the main microstrip line trace to cover
half gap and half conductor hatch as well as to cover all
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conductor hatch. These configurations are shown in fig. 3 (b)
and (c), respectively. Fig. 3 (c) shows the S21 in dB for the
three configurations.
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Fig. 2. Microstrip line design with hatched ground along (in the same
direction) the microstrip line (a) top view and (b) bottom view. (C) the
reflection (S11) smith chart and (d) the insertion loss (S21) in dB for this
design. (e) Electric-field distribution inside the substrate at 40GHz.
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Fig. 3. (a), (b), and (c) show the three alignment configurations of the main
microstrip line trace with respect to the hatched ground. The insets show the
back side and the cross-section of these configurations. (d) the insertion loss
(S21) in dB for the three configurations.

Moving the hatched ground plane with respect to the main
microstrip line trace results in the same resonance behavior
at almost the same frequencies; the width and magnitude of
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the loss differ slightly.
Hatched ground across (perpendicular to) the microstrip line
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Fig. 4. Microstrip line design with hatched ground across (perpendicular
to) the microstrip line (a) top view and (b) bottom view. (C) the reflection
(S11) smith chart and (d) the insertion loss (S21) in dB for the microstrip
line design with solid ground. (¢) Electric-field distribution inside the
substrate at 40GHz.
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Then, we tried hatched ground across (perpendicular to) the
main microstrip line. We used the same hatch width and pitch
as the previous design; these hatch width and pitch will also
be used for sections DEF. Fig. 4 (a) and (b) show this
microstrip line design's top and bottom views. Fig. 4 (c) and
(d) show the S11 smith chart and S21 in dB, respectively.
This design did not behave as a microstrip line; the design
resulted in very high losses. This behavior can be explained
in terms of the electric field; as shown in Fig. 4 (e), the
electric field is not guided by the microstrip line trace.

C. Hatched ground diagonal to the microstrip line

After that, we moved to the hatched diagonal to the main
microstrip line. Fig. 5 (a) and (b) show this microstrip line
design's top and bottom views. Fig. 5 (c) and (d) show the
S11 smith chart and S21 in dB, respectively.

The design did not behave as a microstrip line as the design
with hatched grounds across the main microstrip line. The
design resulted in higher losses across a wide range of
frequencies. Also, some resonance behavior is observed
around specific frequencies. In Fig. 5 (e), the electric field,
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again, is not confined beneath the microstrip line trace; a
considerable portion of the energy is dissipated through the
substrate.
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Fig. 5. Microstrip line design with hatched ground diagonal to the
microstrip line (a) top view and (b) bottom view. (C) the reflection (S11)
smith chart and (d) the insertion loss (S21) in dB for this design. (e) Electric-
field distribution inside the substrate at 40GHz.

D. Cross-hatched ground

Afterward, we tried the most researched and cited hatched
grounds pattern, cross-hatched ground [6]. Fig. 6 (a) and (b)
show this microstrip line design's top and bottom views. Fig.
6 (c) and (d) show the S11 smith chart and S21 in dB,
respectively.

The cross-hatched ground design behaves as the design with
solid ground, as shown in Fig. 6 (d). The difference in the
losses is minimal. We can also see from the smith chart in
Fig. 6 (c) that the S11 is a perfect dot at the center. In Fig. 6
(e), the electric field is guided by the microstrip line trace,
and the energy is transmitted to the end of the microstrip line.
All the frequencies are being transmitted as the microstrip
with solid ground.
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Fig. 6. Microstrip line design with cross-hatched ground diagonal to the
microstrip line (a) top view and (b) bottom view. (c) the reflection (S11)
smith chart and (d) the insertion loss (S21) in dB for this design. (e) Electric-
field distribution inside the substrate at 40GHz.

E. Diagonal cross-hatched ground

We also tried diagonal cross-hatched ground. Fig. 7 (a) and
(b) show this microstrip line design's top and bottom views.
Fig. 7 (¢) and (d) show the S11 smith chart and S21 in dB,
respectively.

The S21 is almost comparable to the microstrip line with
solid ground, as shown in Fig. 7 (d). The difference in the
losses is minimal. In Fig. 7 (e), the electric field is guided by
the microstrip line trace, and the energy is transmitted to the
end of the microstrip line. The diagonal cross-hatched
ground design behaves as cross-hatched ground design.
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Fig. 7. Microstrip line design with diagonal cross-hatched ground diagonal
to the microstrip line (a) top view and (b) bottom view. (C) the reflection
(S11) smith chart and (d) the insertion loss (S21) in dB for this design. (e)
Electric-field distribution inside the substrate at 40GHz.

F. Investigating the filling percentage of cross-hatched
grounds for Microstrip lines

Since both the cross-hatched grounds and the diagonal cross-
hatched grounds give the same results, we decided to use
cross-hatched ground design to investigate the optimal filling
percentage that gives good RF performance. We did a sweep
by varying the hatch width while keeping the hatch pitch
constant at 730 um. Fig. 8 (a) shows the top view of the
microstrip line design, and Fig. 8 (b), (c), and (d) show the
bottom view of this microstrip line design for some of the
filling percentages (75%, 50%, and 25%).

Fig. 8 (e) shows S21 in dB for the sweep. The sweep results
show that having at least 50% filling results in good RF
performance matching with the solid ground design.
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V. CONCLUSIONS AND FUTURE WORK

In this work, we investigated how the hatched ground
patterns and filling percentages can affect the RF
performance of microstrip lines. For Hatched ground along
(in the same direction) the microstrip line: moving the
hatched ground plane with respect to the main microstrip line
trace results in the same resonance behavior at almost the
same frequencies. Hatched grounds perpendicular and
diagonal to the microstrip line do not behave as the designs
with solid grounds; they result in very high losses and
resonance behaviors at specific frequencies. Crossed (in two
dimensions) hatched grounds have better results compared
with hatched grounds only in one dimension. At least 50%
filling for cross-hatched grounds is needed for good RF
performance. We are planning to use aerosol jet printing to
fabricate these designs to confirm the theory (simulation
results). Also, as an extension to this work, we will perform
an extensive bending and stretching study to explore the
durability of hatched grounds for FHEs.

Acknowledgment

This work was supported by Honeywell Federal
Manufacturing & Technologies, LLC, which operates the
Kansas City National Security Campus for the United States
Department of Energy / National Nuclear Security
Administration under Contract Number DE-NA0002839.



IMAPS 2022 - 55th International Symposium on Microelectronics | October 3-6, 2022 | Boston, MA USA

References

[1] J. ur Rehman and M. H. Chowdhury, “Interconnects for Flexible
and Printed Electronic Applications,” in 2019 IEEE International
Conference on Flexible and Printable Sensors and Systems
(FLEPS), Jul. 2019, pp. 1-2. doi: 10.1109/FLEPS.2019.8792284.

[2] Ben Jordan, “RIGID-FLEX PCB DESIGN A GUIDE BOOK FOR
DESIGNERS. By Ben Jordan Editors: Max Clemons, Ben Jordan -
PDF Free Download.” https://docplayer.net/13933643-Rigid-flex-
pcb-design-a-guide-book-for-designers-by-ben-jordan-editors-
max-clemons-ben-jordan.html (accessed Sep. 08, 2022).

[3] Y. Wang, H. Wang, and K. Wu, “Undesired Resonances in High-
Speed Differential Pair due to Non-Ideal Return Path Design,” in
2019 IEEE International Symposium on Electromagnetic
Compatibility, Signal & Power Integrity (EMC+SIPI), Jul. 2019,
pp. 316-320. doi: 10.1109/ISEMC.2019.8825288.

[4] K. Knack, “The History and Use of Cross-Hatched Planes,”
Altium, Oct. 12, 2020. https://resources.altium.com/p/history-and-
use-cross-hatched-planes (accessed Sep. 08, 2022).

[5] The Sierra Team, Flex PCB Design Guide. 2021. Accessed: Sep.
14, 2022. [Online]. Available:
https://www.protoexpress.com/blog/handling-differential-
signaling-flex-pcbs/

[6] N. Codreanu, P. Svasta, V. Golumbeanu, and L. Gal, “Evaluation
of Meshed Reference Planes for High Performance Applications,”
Act. Passive Electron. Compon., vol. 22, Jan. 2000, doi:
10.1155/2000/35952.

[7] C. Sreerama, S. H. Hall, and E. Gantner, “Flexible printed circuit
meshed ground plane modeling methodology,” in 2017 IEEE
International Symposium on Electromagnetic Compatibility &
Signal/Power Integrity (EMCSI), Aug. 2017, pp. 157-160. doi:
10.1109/ISEMC.2017.8078013.

[8] M. D. Rotaru, S. H. Pu, A. Kumar, and C. W. Mok,
“Electromagnetic behaviour of flexible substrates with meshed and
conductive films ground planes,” in 2016 IEEE 37th International
Electronics Manufacturing Technology (IEMT) & 18th Electronics
Materials and Packaging (EMAP) Conference, Sep. 2016, pp. 1-4.
doi: 10.1109/IEMT.2016.77619009.

[9] ANSYS, INC, “Ansys® HFSS | 3D High Frequency Simulation
Software.” Accessed: Aug. 28, 2021. [Online]. Available:
https://www.ansys.com/products/electronics/ansys-hfss

[10]  Ansys, Inc., ““HFSS™ Online Help,” pp. 19.104-19.109. [Online].
Auvailable:
https://support.ansys.com/portal/site/ AnsysCustomerPortal/templat
e.fss?file=/prod_ docu/15.0/ebu/hfss onlinehelp.pdf.” [Online].
Auvailable:
https://support.ansys.com/portal/site/ AnsysCustomerPortal/templat
e.fss?file=/prod_ docu/15.0/ebu/hfss_onlinehelp.pdf

6
000512



	I. Introduction
	II. Literature review
	III. Methodology
	IV. Simulations and Results
	A. Solid ground
	B. Hatched ground along (in the same direction) the microstrip line
	C. Hatched ground diagonal to the microstrip line
	D. Cross-hatched ground
	E. Diagonal cross-hatched ground
	F. Investigating the filling percentage of cross-hatched grounds for Microstrip lines

	V. Conclusions and Future work
	Acknowledgment
	References



