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A novel wide band-gap structure for
improved signal integrity

B. APPASANI AND N. GUPTA

In this paper, a simple and novel electromagnetic band gap (EBG) structure is proposed which offers a wide band gap and
improved signal integrity. The unit cell of the structure consists of three square patches arranged in a particular fashion
and connected by L-shaped bridges. Two of the square patches are shorted to the ground plane using vias. The unit-cell dimen-
sions were taken to be less than half the operating wavelength at 2 and 2.5 GHz, at which the structure has been analyzed for
signal integrity. A single unit cell of the proposed EBG structure is analyzed using IE3D, a method of moments based simu-
lation tool. A single unit cell provides a band gap of 20 GHz starting from 10 MHz to 20 GHz. The prototype model for the
unit cell is developed. A comparison between the simulation and measured results shows a good agreement. The improved
signal integrity of the proposed structure is demonstrated both in terms of S-parameters and the eye diagram.
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. INTRODUCTION

Modern high-speed electronic circuits often employ mixed
signal systems, where digital and analog/RF circuits are
placed on the common power and/or ground planes.
Maintaining the signal and power integrity under such cir-
cumstances are highly desirable throughout the process of
designing the chip, package and circuit boards. The high-
speed circuits give rise to simultaneous switching noise
(SSN) [1] also referred as ground bounce noise (GBN) while
switching between high- and low-voltage levels simultaneously.
This SSN can propagate between power/ground plane pairs
and may affect the signal and power integrity of the whole
system. In the past, several techniques have been employed
to tackle the problem of SSN. Use of decoupling capacitors
at chip, package, or circuit level is one of the most common
methods employed to suppress the SSN. However, the
band-limited characteristics of the decoupling capacitors
restrict their use only below the self-resonance frequency.
Use of the electromagnetic band gap (EBG) [2] structures
on the other hand is a very promising technique employed
in suppressing SSN. The periodic patterns of EBG structures
etched over power or ground plane offer high impedance
and help to attenuate the propagating SSN. In the past
several configurations of EBG structures have been employed
for this purpose. In [3], an L-shaped band-gap structure was
proposed which had a band gap of 4 GHz along with the SI
analysis. In [4] a fractal EBG structure offering a stop band
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of 4 GHz was proposed without presenting any analysis of
signal integrity. A wide band-gap structure with a band gap
of 15 GHz was proposed in [5] excluding the signal integrity
analysis. In [6] a band-gap structure with a band gap of
4 GHz was designed and also the signal integrity analysis of
the structure was presented. Another structure has been pro-
posed to mitigate GBN in [7] offering a band gap of only
5 GHz. Also signal integrity analysis was presented for this
structure. In [8, 9] a band-gap structure of 3.5 GHz was pro-
posed along with the analysis of signal integrity. In [10] a wide
band EBG with a band gap of 40 GHz was presented, however,
analysis of signal integrity was not dealt with. In [11] a simple
EBG with a band gap of 20 GHz was proposed. Also the signal
integrity analysis was presented. The proposed structure
offered a band gap of 20 GHz and the signal integrity analysis
depicted degradation in maximum eye open (MEO) and
maximum eye width (MEW) as 8.57 and 7.69%, respectively.

The band-gap characteristics can be obtained from reflec-
tion phase, dispersion diagram, or transmission character-
istics. However, the transmission response itself is sufficient
for predicting the band-gap characteristics [6-9]. The disper-
sion diagram on the other hand gives the exact details of
band-gap characteristics, but it requires much higher compu-
tational time and the time complexity increases with the com-
plexity of the structure.

In the present paper, a simple EBG structure is proposed
that provides a wide band gap of 20 GHz. The proposed struc-
ture consists of three square patches inter connected by
L-shaped bridges. Two of three patches were shorted to the
ground plane using vias. The unit-cell dimensions were
taken to be less than half the operating wavelength at 2 and
2.5 GHz, at which the structure has been analyzed for signal
integrity. Generally to provide good solation (band gap)
characteristics 4-5 unit cells are needed [12], which increases
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Fig. 1. (a) Top view and (b) front view of unit cell of a proposed planar EBG structure.

the physical space required for incorporating the EBG.
Therefore, the proposed EBG is designed to provide good sup-
pression characteristics even with a single cell. The proposed
structure offers an isolation of —30 and —40 dB for 20 and
15 GHz bandwidths, respectively, for a single unit cell. The
transmission characteristics of the single-cell EBG are calcu-
lated from the experimental results of the fabricated structure.
The signal integrity analysis is also carried out. Both simula-
tion and experimental results are presented.

Il. PROBLEM FORMULATION

The motivation behind the proposed work is to design a
simple planar EBG structure to provide wide band gap and
good signal integrity. The conventional linear bridges consist-
ing of straight micro-strip lines in the planar EBG have been
modified. In the proposed design, instead of straight micro-
strip connecting bridges, L-shaped bridges with a center
patch are used resulting in a structure whose unit cell is
shown in Fig. 1. The front view of the EBG is shown in

Fig. 2. Proposed planar EBG structure: (a) top view and (b) bottom view.
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Fig. 1(b). The dimensions of the EBG are also shown. This
is designed using IE3D simulation software and fabricated
on a FR4 Epoxy substrate with relative permeability of 4.4
having 5.5 cm X 4 cm dimensions.

All the square patches in the unit cell have the same
dimensions.

The design parameters are as follows:

c=12.76 mm, g= 1.2mm, L = 5.5 cm, and W= 4 cm.

The design is implemented on an Epoxy FR4 substrate with
thickness 1.58 mm, and a prototype model is developed. The
fabricated model of the proposed structure is shown in Fig. 2.
The ports are placed at the locations just ahead of the via
shorts (approx. 1.5 mm).

. EXPERIMENTAL RESULTS

The fabricated model is tested using vector network analyzer
(VNA) and S-parameters are obtained and compared with the
simulation results. The S-parameters are shown in Fig. 3(a).

(b)
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Fig. 3. (a) S-parameters of the proposed planar EBG structure. (b) S-parameters of the proposed planar EBG structure obtained using VNA.

The measurement results obtained using VNA are shown in Fig.
3(b). From Fig. 3(b) it can be seen that the transmission
characteristics are below 30 dB from 10 MHz to 20 GHz. The
stop band characteristics of the EBG are given in Table 1.

The proposed structure provides an isolation of —30, — 40,
—50, and —60 dB over a stop band of 20, 15.4, 7.4, and
3.2 GHz, respectively.

V. SIGNAL INTEGRITY (S1)
ANALYSIS

The SI analysis determines the highest data rate with which a
digital signal can be sent through the signal trace. Even though
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the proposed EBG structure shows a wide band noise suppres-
sion its effect on the signal propagation should also analyzed.
In this section, the SI for the proposed EBG structures is inves-
tigated in time domain using the eye diagram. The SI analysis
is performed by generating an eye diagram, which determines
the quality of the signal. From the eye diagram, (MEO in mV)
for noise margin and (MEW in ps) for jitter margin are
analyzed.

For the SI analysis a three-layer printed circuit board
(PCB) stack-up as shown in Fig. 4 is considered and two dif-
ferent cases considering with and without the EBG unit-cell
configurations are compared. The stacked configuration con-
sists of a ground plane, a power plane, and a signal layer. A
signal trace passes on top of the power plane, which is placed
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Table 1. Stop-band characteristics of the proposed EBG

Isolation (dB) Stop-band range (GHz) Stop-band (GHz)

—30 0.01-20 20
—40 0.01-2.1 2.1
3.6-11.5 7.9
11.8-17.2 5.4
—50 0.01-2.1 2.1
3.7-10.3 5.3
—60 0.01-2 2
3.8-5 1.2
,z/./ e
ol |
S —

Fig. 4. Isometric view of three-layer PCB with EBG power plane.

at a height of 1.58 mm from power plane. Two reference
boards, one without an EBG configuration and second refer-
ence board with power plane employing the EBG unit cell are
analyzed for SL

The signal propagates on the top signal layer through a
signal trace. This layer has a thickness (h) of 1.58 mm

Eye_trace

having relative permeability of 4.4 and is placed on top
of the EBG layer. The signal trace is designed as a 50 )
line.

The eye patterns are generated for analyzing the signal
quality by simulating the two-port S-parameters for the
single-ended  traces using method of moments
(MoM)-based 2.5D solver IE3D. The advanced design
suite tool is used to extract the wide band model from the
S-parameters. The presence of the EBG power plane disturbs
the signal integrity in high-speed digital circuits. A pattern
of 27-1 pseudo-random binary sequence (PRBS), non-return
to zero coded at 2 GHz is launched at the input of port 1 to
obtain the eye diagram. Signal is fed at the input (Port 1),
and the eye pattern is monitored at the output (Port 2).
The inserted PRBS is coded with a data rate having 1V
swing and normalized rise/fall time is 200 ps. Figures 5(a)
and 5(b) show the eye patterns with and without the EBG
configuration in the power plane.

The quality of eye patterns is determined by the MEO
and MEW values. It is seen that, for the PCB without
the EBG power plane MEO = 899 mV and MEW =
0.5004 ns. For the case, when the EBG configuration is
placed in the power plane, MEO = 772 mV and MEW =
0.5003 ns. Compared with the PCB without EBG power
plane, the degradation of the MEO and MEW of the
PCB with single-cell EBG power plane is about 14.2 and
0.02%, respectively. These values are comparable with the
multi-slit EBG [7], where the MEO degradation is 16.2%
and MEW degradation is 1% for a similar data conditions.
This mild degradation is acceptable in high-speed circuits.
A comparison of the eye pattern parameters obtained
from the various results available in the literature is
shown in Table 2. Furthermore, a comparison of these
parameters is also shown for the proposed structure in
Table 3.

An overall comparison of all relevant parameters is shown
in Table 4. The table gives a comparison of stop band gap
along with the SI analysis.

Eye_trace

time, nsec
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Fig. 5. Eye pattern: (a) without EBG power plane and (b) with EBG power plane at 2 Gbps.
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Table 2. Comparison of various planar EBG configurations [11]

Eye pattern Without EBG LPC-EBG Meander Meander Inter-digital
parameters power plane L-bridge bridge EBG meander bridge
MEO (mV) 956 804 (17%) 732 (23.4%) 720 (24.6%) 806 (15.6%)
MEW (ps) 623 600 (4.6%) 599 (3.8%) 610 (2.08%) 615 (1.28%)

Table 3. Comparison of the proposed EBG with multi-slit EBG

Meander line EBG [11] Multi-slit EBG [9]

Proposed EBG

Without EBG  With EBG Without EBG  With EBG
power plane power plane  power plane power plane

Without EBG  With EBG Without EBG  With EBG
power plane power plane power plane power plane

(2.5 Gbps) (2.5 Gbps) (2 Gbps) (2 Gbps) (2 Gbps) (2 Gbps) (2.5 Gbps) (2.5 Gbps)
MEO (mV) 350 320 (8.57%) 970 812 (16.2%) 899 772 (14.2%) 905 893 (1.33%)
MEW (ps) 390 360 (7.69%) 1980 1960 (1%) 500.4 500.3 (0.02%)  393.8 376.1 (4.5%)

Table 4. Comparison of the proposed EBG with other structures

Parameters Proposed EBG LPC-EBG [6] Triangular Double square Multi-slit Meander line
type [5] ring [7] EBG [9] EBG [11]
Isolation level (dB) —30 —40 —50 —60 —50 —30 —30 —50 —40
Stop-band gap (GHz) 20 79 53 2 4.1 15 5 2.8 20
MEO degradation 14.2% (2 Gbps), 17% (2.5 Gbps) No analysis 19.2% (2.5 Gbps)  16.2% (2 Gbps) 8.57% (2.5 Gbps)
1.33% (2.5 Gbps)
MEO degradation 0.02% (2 Gbps), 4.6% (2.5 Gbps) No analysis 5% (2.5 Gbps) 1% (2 Gbps) 7.69% (2.5 Gbps)

4.5% (2.5 Gbps)

V. CONCLUSION (4]

A novel band-gap structure that provides an isolation of
—30 dB over a large frequency band from o.01 to 20 GHz is
designed. The single-cell structure shows an isolation of
—40 and —50dB over a stop band of 15.4 and 7.4 GHz,
respectively. The prototype model of the unit cell is fabricated
and tested using the VNA. The model is also investigated for
the SI analysis using the eye diagram. The results obtained are (6]
compared with the results available in the literature. The pro-
posed structure shows an improved performance in compari-
son with the other structures studied in the past both in terms
of band-gap characteristics and SI. The authors intend to carry

[5

out the equivalent circuit analysis in their future research [7]
course.
(8]
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