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[Abstract] 

In this paper, we present a miniaturized differential line 
(DL) using inductance-enhanced corrugated ground planes 
(LCGP) for effective common-mode (CM) noise suppression 
in high-speed packages and printed circuit boards. The LCGP 
-DL demonstrates the CM noise suppression in the frequency 
range from 2.09 GHz to 3.6 GHz. Furthermore, to achieve the 
same low cutoff frequency, the LCGP-DL accomplishes a 
remarkable 23.2% reduction in size compared to a reference 
DL.

Key word : Corrugated ground plane, Common mode 
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Ⅰ. Introduction

Common-mode (CM) noise suppression of differential signals 
has gained significant attention in high-speed printed circuit 
boards (PCBs) where microwave devices and high-speed digital 
circuits are integrated [1]-[3]. To effectively suppress the CM 
noise in high-speed PCBs, metamaterial (MTM)-based techniques 
have been introduced [4]-[9]. MTM-based differential lines offer 
advantages such as wideband bandwidth and high rejection levels 
for CM noise suppression.

In [4], a technique inspired by a mushroom-type 
electromagnetic bandgap (EBG) structure is presented for CM 
noise suppression in differential lines. CM noise is filtered out 
using an LC resonator induced from the mushroom patch and a 
via. However, a limitation arises as cost-effective through-hole 
vias cannot be used since the via is located below the signal lines. 
In [5], a quarter-wavelength resonator is employed to suppress 
CM noise without compromising differential signal transmission. 
Although the design is simple and well-established using 
microwave theory, it requires the use of a buried via, and the 
longitudinal length must increase for a reduction in the low cut-off 
frequency (fL).

In [6]-[9], a stepped impedance resonator is utilized for CM 
noise suppression while maintaining good differential 
transmission. Various implementations are explored, including 
using a single ground layer [6], employing microstrip and 
striplines [7], and adopting corrugated ground planes [8],[9]. 
Differential lines based on a stepped impedance resonator exhibit 
superior characteristics. However, their miniaturization poses 
challenges since the length of the unit cell determines fL, 
necessitating an increase in the unit cell size to lower fL. This 
paper extends the exploration of stepped impedance resonators 
with a focus on achieving miniaturization.

Ⅱ. Proposed LCGP-DL

The proposed differential line is based on the EBG structure 
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그림 1. 고속 반도체 패키지 및 PCB를 위한 인덕턴스 향상 

파형 접지면 기반 차동신호선

Fig. 1. A proposed differential line using inductance 
enhanced corrugated ground planes.

그림 2. LCGP-DL 공통모드 노이즈 잡음 감쇠 해석을 위한 

등가회로

Fig. 2. An equivalent circuit model of the LCGP-DL for 
even-mode propagation.

incorporating corrugated ground planes with slots to enhance its 
inductance (LCGP). As depicted in Fig. 1, the LCGP-DL consists 
of two parts: low-Z0e and high-Z0e parts, featuring different 
even-mode characteristic impedances (Z0e) and identical 
odd-mode characteristic impedances. The varied Z0e forms a 
stepped impedance resonator that suppresses common-mode 
noise, while the identical Z0o ensures good signal integrity for 
differential signals [9]. The low-Z0e parts includes a differential 
line and a slotted ground plane, with a relatively thin dielectric 
thickness between them compared to the high-Z0e part. The 
ground planes in low- and high-Z0e parts are connected through 
vias to ensure a return current path for differential signals. 
Narrow slots adjacent to the vias are implemented to boost the 
inductance of the return current path, resulting in a reduced low 
cutoff frequency (fL) for common-mode noise suppression and 
achieving miniaturization.

The unit cell of the proposed LCGP-DL comprises the high-Z0e 
parts connected to two halves of the low-Z0e part on either side, as 

shown in Fig. 1. Then, the equivalent circuit model of the unit cell 
to consider even-mode propagation is established as shown in Fig. 
2. Low- and high-Z0e parts are modeled as transmission lines 
(TLs) with the lengths dSL and dSH, respectively. The two TLs are 
connected through an inductor, LS, the inductance of which is 
enhanced by slots. As examined in [9], increasing the unit cell 
size is necessary to reduce fL, or the enhancement of inductance 
leads to a reduction in fL. In the proposed LCGP-DL, the slots 
effectively increase inductance without requiring an increase in 
the unit cell size. This implies that the unit cell size of the 
LCGP-DL can be reduced to achieve the same fL as the 
conventional DL without inductance-enhanced slots.

To investigate the impact of the inductance-enhanced slot on 
common-mode noise suppression, a dispersion analysis based on 
the unit cell is conducted. The scattering parameters 
(S-parameters) of the LCGP-DL unit cell are obtained through 
full-wave simulation using Ansys Inc., HFSS. The even-mode 
propagation of S-parameters from the equivalent circuit model is 
extracted as shown in Fig. 2 and compare them with full-wave 
simulation results. The mixed-mode S-parameters are extracted 
using the full-wave simulation. To obtain the dispersion 
characteristics of the LCGP-DL unit cell for even-mode 
propagation, the effective phase constant βeff is extracted as 
follows.

 



 

Scc indicates the mixed-mode S-parameters for common-mode 
propagation. To demonstrate the reduction in fL of the LCGP-DL, 
we consider test vehicles of the unit cell both with and without 
L-enhanced slots. The dimensions of design variables are 
summarized in Table I. 

The dispersion characteristics of the test vehicles are depicted 
in Fig. 3. For the same size of the unit cell, the fL of the 
conventional DL without L-enhanced slots is 2.7 GHz, whereas 
that of the LCGP-DL is 2.1 GHz. The LCGP-DL achieves a 
significant reduction in fL, up to 22.2%. The stopband of the 
LCGP-DL is formed from 2.1 GHz to 3.82 GHz, resulting in 
wideband suppression of common-mode noise.

Ⅲ. Analysis

In this section, we investigate the enhancement of inductance 
through the use of slots and its impact on achieving 
miniaturization. As depicted in Fig. 4, we extract partial 
inductance values of the LCGP for various slot lengths ranging 
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그림 3. 인덕턴스 향상 파형 접지면 영향 분석을 위한 LCGP 
–DL과 비 LCGP-DL 분산해석 결과 비교

Fig. 3. Dispersion analysis of the LCGP-DL and the 
reference DL for LCGP effect analysis.

표 1. LCGP-DL 해석 구조 설계 변수 및 치수  
Table. 1. Design parameters and dimensions for 

dispersion analysis of LCGP-DL.
 Parameter Dimensions (mm) Parameter Dimensions (mm)

w 0.1 dSL 9.0
s 0.1 dSH 9.0
hL 0.1 slot width 0.4
hH 1.0 Z0e(low) 75 Ω
dL 9.2 Z0e(high) 227 Ω
dH 9.2 Z0o(low) 52 Ω

via radius 0.2 Z0o(high) 52 Ω

그림 4. LCGP-DL 설계 변수에 따른 인덕턴스 영향

Fig. 4. Inductance enhancement of LCGP with respect 
to various slot lengths. 

            (a)                           (b)
그림 5. 인덕턴스 향상에 따른 하측 차단 주파수 영향 분석

Fig. 5. The effect of inductance-enhanced slots on (a) 
low- and (b) high-cutoff frequencies of LCGP-DL. 

그림 6. LCGP-DL 소형화 분석을 위한 비 LCGP 구조와 

LCGP 구조

Fig. 6. Test vehicles of differential lines without 
inductance-enhanced slots (reference) and with 
inductance-enhanced slots for demonstrating 
miniaturization.

그림 7. 공통모드 노이즈 감쇠 특성 비교

Fig. 7. Comparison of CM noise suppression.

from 1 mm to 9 mm. This data is obtained using Ansys Q3D 
software. It is observed that the partial inductance value increases, 
as the slot length increases. The partial inductance values of 1 
mm and 9 mm are 8.4 nH and 10.8 nH, respectively. The 
inductance value is enhanced up to 28.6 %.

In addition, the impact of slots on fL and fH is examined, as 
illustrated in Fig. 5. Increasing dSL and dSH results in a reduction 
of both fL and fH. The inductance-enhanced slot is beneficial for 
reducing fL. Although the reduction in fH may narrow the 
stopband bandwidth, it remains wideband within the GHz 
frequency range.

To demonstrate the miniaturization of the unit cell using 
LCGP-DL, test vehicles consisting of three unit cells without and 
with L-enhanced slots are considered, as depicted in Fig. 6. In 
dispersion analysis, the test vehicles are designed to have the 
same fL of 2.1 GHz. The Scc21 and Sdd21 of the test vehicles are 
obtained using full-wave simulation with HFSS, as shown in Fig. 
7. The Scc21 bandwidth with -15 dB for test vehicles without 
L-enhanced slots ranges from 2.09 GHz to 4.15 GHz, while that 
of test vehicles with L-enhanced slots ranges from 2.09 GHz to 
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3.6 GHz. Despite the wider bandwidth of the test vehicles without 
L-enhanced slots compared to those with L-enhanced slots, the 
LCGP-DL still exhibits a wideband characteristic. Additionally, 
the Sdd21 results in Fig. 7 demonstrate the good signal integrity of 
LCGP-DL for differential signaling.

The results indicate that the LCGP-DL facilitates 
miniaturization. The length of the test vehicle without L-enhanced 
slots is 75 mm, whereas that of the test vehicle with L-enhanced 
slots is 57.6 mm, representing a 23.2% size reduction. It is 
noteworthy that this outcome is achieved by simply etching the 
ground planes without enlarging the unit cell size or introducing 
additional materials.

Ⅳ. Conclusion

In this paper, we proposed the LCGP-DL as a solution for 
achieving a miniaturized differential line with effective 
common-mode noise suppression and robust differential signal 
transmission in high-speed PCBs. The implementation of the 
LCGP-DL involves a simple etching of ground planes, offering 
advantages such as wideband common-mode noise suppression, 
cost-effectiveness, and size reduction. We validated the 
performance of the LCGP-DL through dispersion analysis of the 
unit cell and full-wave simulation of mixed-mode S-parameters. 
Further investigation into the impact of the slot shape in the 
LCGP-DL is considered for future studies.
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