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Abstract—Based on multi-cell modified-T circuits, this paper
proposes a novel circuit topology to realize a common-mode
bandstop filter with differential-mode all-pass characteristics
for high-speed digital differential circuits. The circuit behaviors
for both differential and common modes are analyzed based on
symmetrical network analysis techniques. Two transmission zeros
at common mode can be synthesized by the derived formulas.
The proposed design flow is used to realize a test sample in the
integrated passive device process. Simulated and measured results
are in good agreement. The common-mode suppression band

dB is from 1.6 to 4.7 GHz, whose fractional
bandwidth is nearly 100%. The cutoff frequency of the differ-
ential mode can maintain up to 10 GHz with a constant group
delay. Moreover, eye diagrams under different signaling rates all
perform well. Compared with the other literature, the proposed
common-mode filter has a very wide common-mode stopband, the
highest differential-mode cutoff frequency up to 10 GHz, and the
most compact circuit size of .

Index Terms—Common-mode filter (CMF), differential sig-
naling, electromagnetic interference (EMI), integrated passive
device (IPD).

I. INTRODUCTION

S INCE differential signaling possesses high immunity to the
external noise and the low-signal degradation from a non-

ideal signal return path, this technique has been widely utilized
in high-speed circuit designs [1], [2]. Those circuits designed
by differential topology have two symmetrical signal conduc-
tors and a reference one. Such a three-conductor transmission
system naturally has two fundamental propagating modes, i.e.,
differential mode and common mode [3]. The benefits men-
tioned above are only tenable when the signals are in pure dif-
ferential mode. However, there are a lot of asymmetrical factors
in real-world designs, such as bends in the routings, asymmet-
rical signal return path, unbalanced voltage swing, or the dif-
ference between the rising and falling time. Any of them pro-
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duce mode conversion and then transform part of the differen-
tial-mode signals to common-mode noise. Common-mode noise
is usually a dominant source to cause unintended radiation at
discontinuous input/output (I/O) interfaces [4]. Thus, using a
common-mode filter (CMF) to alleviate electromagnetic inter-
ference (EMI) or RF interference (RFI) becomes a crucial tech-
nique for optimizing the performance of high-speed differential
systems.
There are three main challenges in designing a CMF for

high-speed digital differential channel such as PCI-E, USB 3.0,
HDMI, etc., which are: 1) broadband common-mode suppres-
sion; 2) all-pass characteristic with constant group delay for
differential mode; and 3) a compact size with low cost. It is
not easy to design a CMF that could achieve such three criteria
simultaneously [2].
Conventionally, winding differential wires around the ferrite

core is the commercial solution for blocking common-mode
noise, but the frequency-dependent permeability of the ferrite
core degrades its performances above gigahertz [5]. Not only
the common-mode filtering band, but also the differential-mode
cutoff frequency is limited below gigahertz. To further boost
the performances, thin-film process with the ferrite material is
employed. By this advanced technology, the cutoff frequency
is modified and the size is also reduced. However, it needs
advanced ferrite material with higher cost. Recently, a new
common-mode filtering circuit without using a ferrite core was
proposed to embed in packaging substrates [6], and several rel-
ative works [7]–[10] are followed to improve the performance.
Coupled patterned ground structures (PGSs) are employed
to extend the suppression bandwidth [7]. In [8] and [9], the
complimentary split-ring resonator (CSRR) and mushroom-
like structure are, respectively, put periodically beneath the
differential pair to create a deep electromagnetic bandgap for
the common mode (up to 30 dB). However, the circuit size is
not small due to the periodic structures. Instead, a single unit
with meandering signal lines is proposed to reduce the filter
size at the cost of the weaker suppression level (about 10 dB)
[10]. It has the most compact electrical size at that time and
keeps a wide stopband (1.65–5.2 GHz) in the common mode,
but its physical size (5-mm square) is still not small enough to
apply in highly integrated packages or printed circuit boards
(PCBs).
In this paper, combining the advantage of the integrated pas-

sive device (IPD) process for fabricating elements, a
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Fig. 1. Proposed new circuit topology for common-mode bandstop filter with
modified-T circuits.

novel circuit topology of modified-T circuits with a common in-
ductor shorted to the ground is proposed to realize an ultra-com-
pact CMF. This four-port network will become a two-port mod-
ified-T network with odd symmetry, and with even symmetry
this network will become a two-port bandstop filter due to the
contribution of the inductor shorted to the ground. Therefore,
this circuit performs low insertion loss in the differential mode
and broad stopband in the common mode. In addition, since
a broadband and flat group delay is also critical to keep good
signal integrity with a good eye diagram opening, a technique of
a cascading multi-cell modified-T CMF is proposed to enhance
the group-delay response. At the same time, a synthesizing flow
as well as the corresponding formula is derived in this paper to
offer a complete solution for common-mode noise suppression.
To validate the proposed solution, a test circuit with a phys-
ical size of only 1 0.95 mm or (
is the wavelength with respect to the central frequency of the
common-mode stopband) is demonstrated. The CMF has a good
differential mode group delay under 10 GHz and can offer at
least 10-dB common-mode noise suppression from 1.6 to 4.7
GHz, which is more than 100% of fractional bandwidth. Com-
pared with those published in the literature, this work is the most
compact CMF with the widest passband for differential signals.

II. COMMON-MODE FILTER WITH MODIFIED-T CIRCUITS

A. Circuit Topology for Common-Mode Bandstop Filter

The proposed circuit topology for the common-mode band-
stop filter is shown in Fig. 1. It is a four-port network with
differential inputs at ports 1 and 3, and differential outputs at
ports 2 and 4. Two parallel and identical modified-T circuits
are between input and output ports. These two modified-T cir-
cuits are connected at node and to the ground through an in-
ductor . The modified-T circuit is a five-element network
consisting of two series inductors , one shunt capacitor

, one mutual inductance between two , and one
mutual capacitance between the input and output port.
As shown in Fig. 1, there is a symmetrical line crossing
node along the signal propagation direction. The circuits at

Fig. 2. Equivalent circuits of the proposed common-mode bandstop filter.
(a) Odd mode. (b) Even mode.

two sides of the line are identical. Due to the symmetrical
property, an even- and odd-mode analysis technique can be ap-
plied to separate the proposed four-port network to the differen-
tial- and common-mode circuit individually by applying proper
boundary conditions at the symmetrical line .

B. Equivalent Circuit and Design for Differential Mode

At odd (or differential) mode excitation, node becomes a
virtual ground potential due to the perfect electrical wall at line
. The differential-mode circuit is just a modified-T circuit, as

shown in Fig. 2(a), which has been well discussed in the past
literature [11].
Originally, a modified-T circuit was used as an impedance

transformer in integrated circuit (IC) designs [12], [13]. Re-
cently, it was proven the modified-T circuit can exactly emulate
the behavior of a lossless transmission line with the character-
istic impedance and the propagating delay ,
where is the electrical length of the transmission line. The
equivalent relation between the modified-T circuit and a seg-
ment of lossless transmission line has been derived in [11]. They
are repeated as follows for convenience:

(1a)

(1b)

(1c)

(1d)
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Fig. 3. Symmetrical even-mode equivalent circuit.

Based on this equivalence, it is obvious the modified-T circuit
can be seen as an all-pass circuit if two ports are matched to .

C. Equivalent Circuit and Transmission Zeros for Common
Mode
On the other hand, node will be open circuit while ports

1 and 3 (or ports 2 and 4) are excited by in-phase signals, i.e.,
common mode. The equivalent circuit is depicted in Fig. 2(b),
which is a two-port network composed of a modified-T circuit
shorted to ground through an inductor . Due to this in-
ductor, the two-port network behaves as a bandstop filter with
two transmission zeros. In the following, the relationships be-
tween the transmission zeros and the corresponding values of
the lumped elements will be derived.
Using network transformation, the circuit shown in

Fig. 2(b) is equivalent to the circuit shown in Fig. 3. It is
obvious that this circuit is a symmetrical circuit between two
ports. Based on the theory of symmetrical network analysis
[14], the transmission coefficient of the even-mode equivalent
circuit can be expressed as

(2)

where and are input impedances seen into
one of the two ports when they are excited symmetrically and
anti- symmetrically, respectively. is denoted as the system
impedance, typically 50 . and of the symmet-
rical even-mode equivalent circuit are derived as follows:

(3a)

(3b)

According to (2), it is apparent that of the even-mode equiv-
alent circuit will be zero if

(4)

Substituting (3a) and (3b) into (4), a linear quartic equation of
can thus be derived as

(5)

TABLE I
DESIGN EXAMPLE AND THEIR CORRESPONDING LUMPED-ELEMENT VALUES

The frequencies of two transmission zeros can be
obtained by solving (5) and expressed as

(6)

where

and .
From the derivation in (2)–(6), it has been proven that the

proposed circuit topology can provide two transmission zeros
at common-mode excitation if there are two positive real solu-
tions in (6), or under the condition of . There-
fore, by appropriately designing parameters of this cir-
cuit, one can achieve the desired common-mode performance
through designing the transmission zeros.

D. Circuit Synthesis and Examples
As mentioned in Section II-C, (6) can estimate the trans-

mission zeros for the given lumped element values,
and . However, from the design view-

point, synthesizing those values for given transmission
zeros is very helpful. For this purpose, substituting
(1a)–(1d) to (6) for , the independent variables ( and
) can be solved and represented as

(7)

(8)

Next, a lossless example is used to verify the design formulas.
Two transmission zeros of common mode are set at GHz
and GHz and the characteristic impedance of differen-
tial mode is set as . First, the emulating propagating
delay of the modified-T circuit is obtained from (8) with the
known and . Substituting and into (1a)–(1d) and (7),

and are then obtained. These parameters
are listed in Table I. Transmission coefficients of the differen-
tial and common mode ( and ) of this example are
plotted in Fig. 4. As expected, the proposed circuit behaves like
an all-pass filter in the differential mode from dc to 10 GHz

dB and a bandstop filter in the common mode
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Fig. 4. Simulated results of the lossless example ( GHz, GHz,
and ).

from 1.75 to 5.5 GHz dB . Two transmission
zeros are exactly located at 2 and 4 GHz. The group-delay re-
sponse will be shown as the one-cell line of Fig. 5. The simu-
lated results validate the correctness of the previously derived
design formulas.

E. Group Delay With Multi-Cell Modified-T Circuits
For high-speed digital signaling, insertion loss of the filter

is not the only factor to affect the signal integrity in the time
domain. Flat group delay is another equally important factor
to influence the signal quality. Since high-speed digital signals
consist of very wideband frequency components, a linear phase
or constant group delay for differential mode is an important
property in CMF design. Fig. 5 shows the frequency response
of the group delay of the previous design example .
It is clearly seen that the group delay keeps flat (about 62 ps)
with less than 10% variation only below 4 GHz, and it drops
significantly to less than 40 ps at 10 GHz. This characteristic
limits the application of this CMF on high-speed interfaces.
One way to solve this problem is using multi-cell modified-T

circuits, as shown in Fig. 6. The values of each sub mod-
ified-T circuit are obtained by equally di-
viding the corresponding values of the original modified-T
circuit by the cell number , i.e.,

(9)

It is noted that all sub modified-T circuits are connected to
ground through the same inductor at node .
Fig. 5 also shows the frequency responses of the differential-

mode group delays for different cell numbers, and .
It is seen that the bandwidth of flat group delay (variation
10%) can be extended to 8 and 12 GHz, respectively, for

and . As can be seen, using multi-cell modified-T
circuits is an effective way to extend the bandwidth of con-
stant group delay. Besides, because values are reduced
through the multi-cell concept, the required circuit area will not
be significantly increased even though is increased. To val-
idate the improvement by using the multi-cell design, measured

Fig. 5. Group delay with different cell numbers of the modified-T circuits.

Fig. 6. Proposed common-mode bandstop filter topology with multi-cell mod-
ified-T circuits.

Fig. 7. Measured 5-Gb/s eye diagrams of: (a) one-cell case and (b) three-cell
case.

5-Gb/s eye diagrams of one- and three-cell cases are also com-
pared as shown in Fig. 7.
In practice, increasing the cells of modified-T circuit may also

include extra material losses for differential signals, so a com-
promise between the cell number and the insertion losses should
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be made. However, using multiple cells of a modified-T circuit
is a simple and direct approach to enhance group delay and also
compatible to the proposed design flow. In addition, as validated
by measurement results, though the three-cell case introduces
slightly higher insertion loss in the differential mode, the eye
diagram of the three-cell case is still much better than that of
the one-cell modified-T circuit, as shown in Fig. 7. The eye high
is increased from 1.14 to 1.66 V and the jitter is reduced from
18 to 12 ps as the CMF is changed from one cell to three cells.
These results show that the enhancement of group delay is crit-
ical for the eye diagram and therefore the benefit of reasonably
increasing the cell number is obvious.

F. Design Flow of Proposed Common-Mode Bandstop Filter
The design flow of the proposed common-mode bandstop

filter is itemized as follows.
Step 1) Assign the frequencies of two desired transmission

zeros for the common mode and the char-
acteristic impedance .

Step 2) Obtain the emulating propagating delay by (8).
Step 3) Obtain by (1a)–(1d) and by (7)

with the derived in Step 2.
Step 4) Decide the cell number according to the re-

quired group-delay bandwidth. Typically, two or
three cells are good enough for practical applica-
tions.

Step 5) Obtain by (9) with de-
cided in Step 4.

Step 6) Optimization is essential after all elements are routed
together.

III. IMPLEMENTATION AND MEASUREMENT

A. Design and Fabrication
Following the design flow, a three-cell CMF is

designed and realized with two desired common-mode trans-
mission zeros at 2 and 4 GHz. The characteristic impedance of
the differential mode is 100 .
Firstly, the required propagation delay ps is ob-

tained by Step 2. Using Step 3, and
are determined as (1.8 nH, 2.05 pF, 0.76 nH, 0.207 pF) and
2.06 nH, respectively. are then obtained
by dividing by 3, and their values are
(0.6 nH, 0.683 pF, 0.253 nH, 0.069 pF). Subsequently, this
sample is realized by the IPD process [15], [16], which is at-
tractive to fabricate elements due to the slight parasitic
effect below 10 GHz. The IPD process utilized in this paper
is constructed on a silicon substrate with 650- m thickness,
and the stackup is represented in Fig. 8. Above the silicon
substrate, there are three metal layers (M1, M2, and M3) and
two kinds of dielectrics [D1 and benzocyclobutene (BCB)].
The bottom metal layer, denoted as M1, is 1 m thick and is
mainly used as one electrode plate of metal–insulator–metal
(MIM) capacitors. The middle metal layer, denoted as M2, is of
0.65- m thickness. It is only used as the other electrode-plate
of MIM capacitors or just be the connecting pad to link M1 and
M3. The dielectric (D1) clipped by M1 and M2 is only 0.2 m
thick with the high dielectric constant of 6.7. As a result,

Fig. 8. Stackup of the utilized IPD process on silicon substrate.

Fig. 9. 3-D view of the unit cell of modified-T circuit in the stack-up of IPD
process.

M1 and M2 have a benefit to provide a large capacitance in
a small space and the minimum capacitance is about 0.5 pF.
Next, the top metal layer (M3) has the thickness of 10 m and
its main function is to make inductor coils with a high quality
factor. The dielectric covering M2 and M3 is called BCB and
the dielectric constant is 2.65.
In order to get the unit cell of the modified-T circuit with

accurate values, each element is extracted separately with the
help of a commercial full-wave simulator (HFSS). As we have
known, a mutual term is required to be induced by two se-
ries inductors . Hence, as shown in Fig. 9, two are put
projective to each other for forming a larger mutual term. One
of them is routed at M1 and the other is put at M3. is then
made by the MIM capacitor between M1 and M2, while is
realized by the interdigital capacitor because it is just 0.069 pF,
which is much smaller than the minimum available capacitance
of the MIM capacitor. The 3-D view of the unit cell of the mod-
ified-T circuit is displayed in Fig. 9. Next, is suggested to be
realized by two inductors in parallel in order to make the circuit
layout fully symmetric. Finally, when all elements are arranged
together, some fine tunes are required because the interaction
among them will change the original values.
Following the above procedures, the test sample is fabricated

and displayed in Fig. 10. As shown in this figure, the real area
that this test sample occupied is 1 0.95 mm . The remaining
parts are the surrounding ground and the probing pads for mea-
surement.
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Fig. 10. Top view of the fabricated test sample. The circuit dimension is
1 0.95 mm without considering the surrounding ground and probing pads.

Fig. 11. Simulated and measured common-mode responses.

B. Performances in Frequency Domain

Mixed-mode -parameters are employed to verify the
circuit performances in the frequency domain. Our mea-
surement is carried out by an Agilent four-port vector
network analyzer (Agilent N5230A) with two 100- m
ground–signal–ground–signal–ground (GSGSG) probes. The
frequency responses of transmission and reflection coefficient
at common mode ( and ) are shown in Fig. 11.
The solid lines are the full-wave simulated results calculated
by HFSS, and the dash lines are measured ones. It is obvious
that of both simulated and measured results meet the
desired performance, two transmission zeros at 2 and 4 GHz.
Moreover, the common-mode stopband as the rejection level
is more than 10 dB is from 1.6 to 4.7 GHz. The fractional
bandwidth is about 100%. As seen in Fig. 11, cannot
approach to 0 dB within the common-mode stopband because
the common-mode energy is dissipated by the silicon substrate.

Fig. 12. Simulated and measured mode conversion level.

Fig. 13. Simulated and measured differential-mode responses.

Fig. 12 displays the simulated andmeasuredmode conversion
level ( and ), which is all less than 45 dB below
10 GHz. The mode conversion of this test sample is very small
due to the symmetrical layout.
Besides good common-mode suppression performance, an-

other important criterion in designing a CMF is low insertion
loss with constant group delay for differential mode from dc to
very high frequency. Fig. 13 exhibits the differential-mode re-
sponses of the transmission and reflection coefficient,
and , both by measurement and simulation. The agree-
ment between them is good. As can be seen, is less than
15 dB below 10GHz, which discloses that the test sample is of

a good matching condition to the terminal impedance. The 3-dB
cutoff frequency of the differential-mode insertion loss
is about 10 GHz by measurement. The insertion loss is mainly
caused by the energy dissipation in the silicon substrate.
Furthermore, the group delay of the differential mode is also

measured and simulated in Fig. 14. It can be seen that its varia-
tion from dc to 10 GHz is small and less than 30 ps. The constant
group delay avoids the dispersion of the high-speed differential
signals, and will keep the eye diagram (or signal integrity) in
a good quality when the signals pass through this circuit. This
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Fig. 14. Simulated and measured group delay of differential mode.

Fig. 15. Measured eye diagrams with different data rates. (a) 4 Gb/s. (b) 5 Gb/s.
(c) 6 Gb/s.

result demonstrates that using multi-cell modified-T circuits in-
deed improve the dispersive problem.

C. Performances in Time Domain
An eye diagram in the time domain is an intuitive method to

estimate how a circuit influences the signal quality of the dif-

TABLE II
COMPARISON COMMON-MODE FILTERS

FBW stands for the fractional bandwidth, which is calculated by
where and are the angular frequencies of

lower and higher bound of common-mode stopband, respectively.
PCB stands for printed circuit board, and the dielectric is FR4 epoxy. LTCC

stands for low-temperature co-fired ceramic.

ferential signals in a pseudorandom bit sequence (PRBS). It si-
multaneously relates to the magnitude and phase information of

in the frequency domain from dc to very high frequency.
In the eye diagram, eye height and jitter are two major metrics
used to evaluate the signal quality. The larger the values they
are, the better the signal quality the circuits can keep.
In our time-domain experiment, a pattern generator launches

2-V PRBS differential signals into the test sample, and the
waveform is then captured at the output ports by a digital
oscilloscope. Fig. 15 shows eye diagrams of 4, 5, and 6 Gb/s.
The corresponding information of the eye height and jitter are
marked on each figure. It can be found that all the opening of the
eye patterns keep in a good situation under different data rates.
The variation in jittering is within 2–3 ps and the maximum
eye height variation is 0.32 V. They are acceptable for digital
circuit designers. Such results prove again that using three-cell
modified-T circuits is helpful to enhance the differential-mode
bandwidth of the CMF and maintain a good signal quality for
high-speed signaling rates.
Table II shows the performance comparison among this work

and several previous common-mode bandstop filters. As can
be observed, this work has the smallest physical and electrical
sizes. It is worth noting that its electrical size is about 45 times
smaller than the smallest one developed over the past few
years. In addition, the cutoff frequency for the proposed filter
can reach 10 GHz with the differential-mode insertion loss less
than 3 dB, which is the widest one compared with others. The
common-mode rejection bandwidth is also kept around 100%,
wide enough for most of high-speed digital application.

IV. CONCLUSION
A novel topology based on multi-cell modified-T circuits are

proposed to realize a common-mode bandstop filter with all-
pass characteristics (or flat response) for the differential mode.
Based on the network analysis technique, design formulas for
circuit elements are deduced and thus applied to fabricate a
test sample with three-cell modified-T circuits using the IPD
process. Measured results show an excellent performance in
both the frequency and time domains. Two desired common-
mode transmission zeros are nearly located at 2 and 4 GHz,
and the fractional bandwidth is about 100% when

dB. The cutoff frequency of the differential mode is from
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dc to 10 GHz with a flat group-delay response. Hence, an eye
diagram in the time domain exhibits good eye opening up to 6
Gb/s. This design achieves an ultra-compact size

with the widest passband for the differential mode
compared with previous works.
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