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Mixed-Mode Property of Defected Ground
Structure and Its Application in Balanced Network
Design With Harmonic Suppression

Lin Li

Abstract—In this letter, the mixed-mode property of a defected
ground structure (DGS) is studied based on a four-port distrib-
uted equivalent circuit model. Working mechanisms of common-
mode (CM) and harmonic suppression of DGS are derived
and utilized to construct this new wideband balanced power-
division network with harmonic suppression. The exemplary
circuit exhibits wideband equal power division performance for
differential mode (DM) signals and wideband suppression for
CM signals and DM harmonic.

Index Terms— Common-mode (CM) suppression, defected
ground structure (DGS), harmonic suppression.

I. INTRODUCTION

OWADAYS, balanced components have become more
Nand more popular owing to their high common-
mode (CM) suppression. In some applications, both CM noise
suppression and harmonic suppression are desired, since they
interfere with and deteriorate the useful signals. Recently,
defected ground structures (DGSs) have been employed to
suppress harmonics [1] and to filter out CM noise in balanced
circuits [2]. However, in these applications, only one type
of suppression is provided by DGS. Generally, DGS can
not only generate CM transmission zero but also differential
mode (DM) transmission zero. It is thereby theoretically
possible to utilize DGSs to suppress CM noise and harmonic
simultaneously. As a result, additional harmonic rejection fil-
ters can be eliminated and a more compact circuit is obtained.
Unfortunately, few works have been reported to utilize both
the CM and DM characteristics of DGS.

In this letter, both CM and DM suppression of DGSs are
studied based on a four-port equivalent circuit composed of
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Fig. 1. Dumbbell-shaped DGS coupled balanced microstrip lines.
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Fig. 2. Four-port equivalent circuit of DGS.

transmission line sections. The principles for the suppression
of both CM and harmonic are derived. And a novel wideband
balanced power-division network with harmonic suppression
is fabricated and measured to verify the theory. The proposed
configuration offers several attractive advantages, including
wideband CM suppression, enhanced harmonic attenuation,
and very wideband fundamental bandwidth for DM signals.

II. THEORETICAL ANALYSIS
A. DM and CM Property of DGS

Fig. 1 shows the topology of a conventional dumbbell-
shaped DGS on the ground plane underneath the top microstrip
differential lines. Assuming a lossless whole structure, a four-
port distributed circuit shown in Fig. 2 is developed to
describe the mixed-mode property. The two transmission lines
with characteristic impedance Z;; and electrical length 6y
represent the two wider slots with width W; and length Ly;
meanwhile the two transmission lines with impedance Z;»
and electrical length 6,1 represent the two slots with width
W5 and length L»1; and finally the two transmission lines
with impedance Z;, and electrical length 657, are related to
the two slots with width W, and length L,>. The electrical
length of the wider and narrower slot are set to be equal,
ie., 051 = 0521 + 6522. And the impedance ratio K of the
slot lines is defined as Z;1/Z;»>. The top microstrip lines are
represented by the transmission lines with impedance Z,, and
electrical length 6,,. The two transformers in Fig. 2 depict
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Fig. 3. (a) CM equivalent circuit of DGS. (b) DM equivalent circuit of DGS.
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Fig. 4. Proposed balanced power-division network.

the electromagnetic coupling between the microstrip lines and
the DGS. The turn ratios of the transformers can be extracted
using the method presented in [3]. The equivalent half-CM
and DM circuits are given in Fig. 3(a) and (b) by replacing the
AB plane with the magnetic and electric walls, respectively.

The CM signals will be rejected at the CM rejection
frequency fcm, where Yincm = 0. Yincm is the CM input
admittance looking into the parallel transmission lines from
the transformer in Fig. 3(a). And

jtanboy  j(Zs — Zsi tan Oy tan bs1)
Zs Zs (Zsl tanfs1 + Zgo tan ‘9521) .

Relation (1) shows that at fcy the following relation should
be satisfied:

(1

Yincm =

K = cot? 051, fem- )
The DM signals will be rejected at the frequency fpy where
Yinpm = 0. And
—J Jj(Zsp» — Zg) tan G5y tan b 1)
YinDM - — . (3)
Zotanbsn  Zgo (Zsitanby) + Zgo tan bs21)

We can get the solutions of (3) as below

051, o = 052, fom = /2. 4)

From the above derivation, CM noise at midband frequency
fo and DM harmonic at nfy can be suppressed at the same time
by letting fcm = fo and fpm = nfp. In addition, the electrical
length and impedance ratio can be obtained from (2) and (4).

B. Balanced Network With Harmonic Suppression

Based on the mixed-mode property of DGS, the circuit
shown in Fig. 4 is utilized to construct a new balanced
power-division network with both CM noise and harmonic
suppression. It consists of two resistors, two DGS coupled
microstrip lines, and two pairs of coupled transmission lines
with 8y = 7 /2. The CM noise and DM harmonic suppression
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Fig. 5. (a) Even mode circuit of the power division network in Fig. 4. (b)
Odd mode circuit of the power division network in Fig. 4.
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Fig. 6. Layout of the proposed balanced network (dimensions in mm).

are provided by means of the DGS coupled microstrip lines.
Equal power division is realized by the power division network
in Fig. 4, whose even- and odd-mode circuits are shown
in Fig. 5(a) and (b), respectively. To obtain the impedance
matching for all the three ports, the two input impedances of
Zin1 and Zipy in Fig. 5 should be equal to the port impedance
Zo. By letting Zin1 = Zinp = Zo, we can get the solutions as

Zeo = V220, R = 2Z. 5)

C. Design Procedure

Based on the above analyses, the proposed balanced net-
work operating at 2 GHz is designed on the 0.8-mm thick
substrate with the relative dielectric constant of 4.4 and
loss tangent of 0.02. To suppress both the second and third
harmonics, two different kinds of DGSs with different fpm
and the same fcvm are adopted in the proposed design. The
electrical parameters of DGSs at 2 GHz are calculated to
be Zsypest = 127.8Q, 051 pgst = 40°, Oxapesi = 40°,
Os22,pGs1 = 28°, Kpgst = 1.42, O pGst = 6.75°, Zy, pest =
21 Q, Kpgsu = 3, Os2pgsn = 30° Osi,pesn = 30°,
Os20.pGsn = 28°, Zs1,posn = 270 Q, 60, pesn = 13.2°, and
Zm.pcsn = 37 Q. In addition, the electrical parameters of the
middle part in Fig. 4 are set to be Z,o = 70.7 Q, Z.0 = 50 Q,
6p =90°, and R = 100 Q at 2 GHz.

The optimal layout of the balanced network is shown
in Fig. 6. In order to provide higher suppression, two DGS
I are applied. The top and bottom view of the fabricated bal-
anced network are shown in Fig. 7(a) and (b), respectively. The
actual size of the core circuit is measured as 61.14 mm x 21.95
mm, i.e., approximately 0.197 A2, where Ag is the guided
wavelength at central frequency fo.
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Fig. 8. (a) Simulated and measured |Sgq|. (b) Simulated and measured
[Scel. (c) Measured magnitude and phase differences between Sgq21 and

Sdd31-
III. EXPERIMENTAL VERIFICATION

To verify the feasibility of the proposed theory, Fig. 8(a)
compares the simulated and measured |Saq11l, |Sdad21!, 1Sda221,
and |Sqq23] while Fig. 8(b) reveals a comparison of the
simulated and measured |Scci1], |Scc21], [Sce22|, and [Sce23].
The S-parameters are obtained by the notable commercial sim-
ulation software, ANSOFT HFSS, and are measured with the
four-port vector network analyzer, Agilent E5S071. Good agree-
ment between simulation and measurement can be observed
in Fig. 8. Discrepancy in Fig. 8 is mainly caused by the fab-
rication tolerance and parasitic effect of the surface-mounted
resistors. As vividly demonstrated in Figs. 8(a) and (b), for
the DM signal, the measured |Sqq21| is greater than —4 dB
from 0.01 to 2.62 GHz (fractional bandwidth (FBW) 130.5%),
and the measured |Sqqq1| is less than —15 dB ranging from
1.3 to 2.78 GHz (FBW 74%). Simultaneously, the measured

TABLE I
PERFORMANCE OF PREVIOUS WORKS AND THIS LETTER

Ref. size FBW FBW FBW FBW
0 [Sanl (Sl [See] ISeers
<-15dB <-20dB <-20dB <-20dB
4 0.5 17% 16% 19% 27%
5 0.38 24% 20% 36% 58%
6 0.97 46% 230% 13% 230%
7 0.14 85% 44% 40% 15%
this work  0.197 74% 47% 161% 200%

|Sddo2| is observed to be less than —15 dB from 0.6 to
2.7 GHz (FBW 105%), the isolation |Sq423| is measured to
be smaller than —20 dB from 1.56 to 2.5 GHz (FBW 47%).
As for the CM signal, the observed |Scc21] is less than —20 dB
from 1.38 to 4.6 GHz (FBW 161%), and the measured |S23|
is less than —20 dB from 1.25 to 5.25 GHz (FBW 200%).
Besides in Fig. 8(c), differences between Sgg21 and Sad31
are graphically compared, which are 0.03 dB for magnitude
difference and 0.73° for phase difference at the midband
frequency.

Finally, to demonstrate the superiority of the designed
network, the performance of previous works and this letter
is summarized in Table I. As seen in Table I, the proposed
balanced network exhibits competitive performance in com-
parison with other referred networks in [4], [4]-[7]. Besides,
the proposed one exhibits the response similar to a low-pass
filter for both DM and CM signals. It is observed that | Sqq21],
[Scca1ls 18ddz3], and |Sce23| at 4 GHz are —19, —21.2, —18.8,
and —20.9 dB; while [Sqaz1l, [Scc21l, [Sda23] and |Scco3| at
6 GHz are —31.5, —23.5, —21.8, and —17 dB. Hence, both
the second and third harmonics are successfully suppressed
under either CM or DM excitations.

IV. CONCLUSION
In this letter, both the CM and DM property of DGS is
studied based on equivalent circuit analyses. By utilizing the
CM and DM transmission zeros at the same time, a balanced
power-division network is designed, implemented, and tested.
The proposed network exhibits wider power division, better
CM suppression, as well as enhanced harmonic suppression.
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