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Design of Quasi-Equal Inductor Filter Based on Multilayer Substrate

Ke Cao™ and Kun Pan

Abstract—A quasi-equal inductor filter and its corresponding multilayer realization are proposed in
this paper. The circuit transformation is performed using the Norton transformation. In the proposed
filter, ratio between the largest and smallest component values is reduced, which makes the design
of components much easier. Meanwhile, by carefully selecting the transformation ratio, all grounding
inductors are equal in value. As a result, the multilayer filter design is simplified because only one
instance of grounding inductors needs to be designed instead of three. An experimental prototype is
fabricated and measured. The measurement result agrees well with the desired one, which shows the
effectiveness of proposed filter.

1. INTRODUCTION

In a wireless communication system, filters play a crucial role in eliminating unwanted signals and
improving signal quality. Multilayered filters are widely used due to their high performance, low cost,
and compact size. However, the design of multilayer filters can be challenging because of the presence
of multiple components that need to be designed individually and the existence of parasitic effects [1].
Even simple structures like metal strips or vias can introduce parasitic effects [2, 3], let alone components
with more complex structures [4]. To simplify the design process of multilayer filters, various methods
have been proposed. In [1] and [5], equivalent circuits are used for evaluating the performance of the
networks. In [6], the theoretical foundation without considering parasitic effects is discussed first. Then
the real component models with parasitic effects are discussed.

In this paper, a quasi-equal inductor filter is proposed, and corresponding multilayer filter is
designed. The Norton transformation is used in circuit transformation. In this way, the ratio between
the largest and smallest components are obviously reduced. Meanwhile, the grounding inductors are
equal in value. As a result, the design process of multilayer filter is obviously simplified. An experimental
prototype is fabricated and measured. The measured results agree well with the circuit results, which
shows the effectiveness of proposed filter.

2. PROPOSED FILTER AND ADVANTAGES

Figure 1(a) shows the initial third-order elliptic filter circuit. With the equations given in [7], a filter
operating at 800 MHz with 120 MHz 3 dB-bandwidth and 50 dB out-of-band suppression is designed.
The component values for the filter are Ly = 1.15nH, Ly = 31.0nH, Ly = 16.2nH, Ly = 1.15nH,
C1 = 34.4pF, Cy = 2.44pF, C3 = 1.28 pF, and Cy = 34.4pF.

Figure 1(b) shows the proposed quasi-equal inductor filter, which was obtained by applying the
Norton transformation to the initial filter. Its component values are Lip = L4y = Lsp = 1.27nH,
LQT = 896HH, L3T = 449DH, CIT = 28.4pF, CQT = 844pF, CgT = 4.62pF, C4T = 34.2pF,
Csr = 31.5pF. Fig. 2 compares the responses before and after transformation. Good agreement between
them can be easily observed.
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Figure 2. Frequency responses before and after transformation.

The proposed filter has three advantages compared to the initial filter.

1. The ratio between the largest and smallest capacitors and inductors has been reduced, making it
easier to design the corresponding multilayer components. For example, in the initial filter, Cihax/Crnin =
C4/C3 = 26.8 and Lyax/Lmin = L2/L1 = 27.0. In the proposed filter, Ciyax/Cmin = Car/Csp = 7.40
and Lmax/Lmin = LQT/LlT = 7.06.

2. The grounding inductors (Lip, Lsr, and Lsr) have equal values. In multilayer filter design,
these inductors may have the same structure and dimensions, which simplifies the design process.

3. The stray capacitance between the S point (Fig. 1(a)) and ground is eliminated.

3. CIRCUIT TRANSFORMATION THEORY

The proposed circuit was obtained using the Norton transformation [7]. As shown in Fig. 3(a), with the
Norton transformation, the series impedance can be transformed into a m-network. The transformation
ratio is represented by K. Depending on the value of K, the equivalent m-network contains one negative
element that is not realizable. However, in the filter circuit, it can be lumped by adjacent positive
component.

For example, in the initial filter, two hypothetical transformers are introduced, as shown in Fig. 3(b).
Their transformation ratios are noted as Ky and Ko, respectively. Applying the Norton transformation
and simplifying the circuit, we can get the proposed filter circuit.

By setting

K\ Ky,=1 (1)

we can ensure that the frequency response remains unchanged before and after the transformation. The
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Figure 3. Circuit transformation. (a) Norton transformation. (b) Initial circuit with two hypothetical
transformers.

transformed component values can be determined by:

LiLo
Lir = 2
T (1*K1)L1+L2 ( )
Lo
Lor = 7 (3)
Ls
Lap = 4
3T K%KQ ( )
LsLy
Lyr = 5
T K2Ko[Ky(Ls + Ly) — L) 5)
LoLs
Lsr = 6
T K\ [Ki(Ly + Ls) — K1 KoLy — L] (6)
Cir = C1+ (1 — K1)Cs (7)
Cor = K105 (8)
Csr = KPK5Cs (9)
Cyr = K%KZ[KZ(CS +Cy) — 3] (10)
Csr = Ki[Ki1(Ca + C3) — K1 K>Cs — Cb)] (11)

The next step is to make the grounding inductors Ly, Lyr, and Lsr equal in value. To achieve
this, we may solve the following equations for K and Ko:

Lyt = Lyt
12
{ Lir = Lsr (12)

Using the numerical solver software, we have K1 = 3.4596, Ko = 0.3014 in this example. With these
values, all the transformed component values can be calculated using Equations (2)—(11).

It should be noted that the method used results in K1Ks = 1.043 # 1. As a result, the input
impedance of the transformed filter is not equal to 50€2. As shown in Fig. 4, the input impedances at
the operating frequencies of Port 1 and Port 2 are about 55 and 452, respectively. However, in the
design of multilayer filters, fine-tunings are essential. The slight deviation in input impedance can be
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Figure 4. Input impedance before and after transformation.

compensated during this process. Therefore, it is acceptable to slightly sacrifice the accuracy of the
input impedance for equal inductor values.

4. MULTILAYER FILTER DESIGN

Based on the proposed filter circuit, a multilayer filter layout is designed, as shown in Fig. 5(a). The
substrate used is 1 mm-thickness Rogers RT/duroid 5880 Laminate, whose dielectric constant is 2.2,
and loss tangent is 0.004.

The multilayer filter is composed of five metal layers interleaved with four dielectric layers. The
first and fifth metal layers are grounds. Fig. 5(b) shows a section view that highlights the structure of
capacitors.

The grounding capacitors Cip, Cyr, and Csr have relatively large values. They are designed as
two parallel sub-capacitors. Each pair of sub-capacitors is placed at the top and bottom of the layout,
connected by a via. To reduce the parasitic inductance, the diameter of the vias is increased deliberately.
Cyp is designed as a 3-layer vertical-integrated-capacitor (VIC). It is located on layers 2 to layer 4 of the
layout. It shares the electrodes on the second and fourth layers with C'i7, which makes the structure
more compact. Csr is the smallest capacitor. Its value is only about half of that of Cop. If it were
simply designed as a 3-layer VIC, its dimensions would be very small, and its capacitance would be
easily influenced by parasitic effects and fabricating errors. To increase its dimensions appropriately,
Csr was designed as 3-layer VICs connected in series. Each of them has a similar structure to Cyr, but
its capacitance is twice that of Csp. In this way, the capacitance of Cs3r remains unchanged, and its
dimensions are increased.

All the inductors are composed of meandered lines and vias [8]. The meandered lines are placed on
the third layer of the layout to decrease the coupling between the meandered lines and grounds. Because
the inductor values of Lir, Ly, and Lsr are the same, they have the same structure and dimensions
during the whole design process. Because only one grounding inductor needs to be designed instead of
three, the design process is further simplified.

The input and output ports are designed as striplines with a characteristic impedance of 50 €2. The
strip is located on the third layer of the layout, while the first and fifth layers serve as the grounds [9].
Port 1 is connected to the via of Cip, and Port 2 is connected to the via of Cyp. To achieve field
confinement, a via fence, which connects two ground planes, is adopted to surround the whole model
except for two ports.

Based on the proposed layout, a multilayer filter was designed and optimized. The initial dimensions
of the multilayer capacitors were calculated using the equation C' = €S/d. The initial dimensions of
multilayer inductors were designed individually using the method given in [10]. Then all of these
components were integrated into the layout. electromagnetic (EM) simulation software was used for
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Figure 5. Proposed multilayer filter layout. (a) 3D view. (b) Section view (capacitors only). (c)
Component dimensions (Unit: mm).

simulation and optimization. Because the structure and dimensions of Li7, Ly, and Ly are the same,
designing and optimizing only one instance of them suffices, which makes the design and optimization
process easier. Fig. 5(c) shows the dimensions of multilayer components.

Figure 6 shows the final EM simulation results and circuit results. Good agreement between them
can be observed. Due to the introduction of via fence, a resonance cavity is formed by the two ground
planes and the via fence. The resonance at 1.9 GHz is caused by this resonance cavity. Adjusting the
position of the via fence can adjust this undesired resonance.
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Figure 6. Circuit results and EM simulation results of proposed multilayer filter.

5. EXPERIMENTAL RESULT

An experimental prototype is fabricated using printed circuit board (PCB) technology, and every layer
is manually stacked. The core size of the prototype is about 4.8 cm x 6.4cm x 0.4 cm or 7.62 x 10*4/\9.
As shown in Fig. 7, the measurement results are in good agreement with the simulation ones, except
for a minor frequency shift and the resonance at about 1.9 GHz. The frequency shift may be caused by
the errors in manual stacking of the PCBs. The measured central frequency and 3 dB bandwidth are
822 MHz and 123 MHz, respectively. The designed central frequency and 3dB bandwidth are 795 MHz
and 118 MHz, respectively. The quality factor of both the designed filter and the experimental prototype
is approximately 6.68. The insertion loss of the designed filter and the experimental prototype are
about 0.80dB and 0.83dB, respectively. The return loss of the designed filter and the experimental
prototype are about 15.5dB and 12.6 dB, respectively. The good agreement between desired response
and measured response shows the effectiveness of the proposed filter. Table 1 compares the proposed
filter with some state-of-the-art filters.
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Figure 7. Experimental prototype. (a) Measurement results. (b) Photograph.
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Table 1. Comparison with related researches.

Ref. fo (GHz) | FBW (%) | IL (dB) | RL (dB) | Size (x1073),) | Fabrication Process
1] 10 Tunable 4.1 20%* 8.8 GaAs pHEMT
(3] 6.5 4 2.4 18 1.31 LTCC
8] 4.03 50.2 - - 0.705 LTCC
[10] 1.64 9.1* 2.8 21.3 0.006 LTCC
[11] 2.001 133.7 0.65 13.68 8.1 PCB
[12] 31 11.7 2.7 24 - LTCC
Simulation 0.796 14.8 0.80 15.5 0.762 PCB
Measurement 0.822 14.9 0.83 12.6 0.762 PCB
Data with * were estimated from the literature.

6. CONCLUSION

In this paper, a quasi-equal inductor filter is proposed, which utilizes the Norton transformation. By the
careful selection of transformer ratios, the ratio between the largest and smallest components is obviously
reduced, and all grounding inductors are made equal in value. As a result, the design of a multilayer filter
can be simplified. A multilayer filter is designed on the proposed circuit. An experimental prototype was
fabricated using PCB technology, and the measurement results show good agreement with the desired
response, except for a small frequency shift. This demonstrates the effectiveness of the proposed filter
design.
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