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Abstract. A method to design a kind of microstrip filters
consisting of only opened stubs and shorted stubs is pro-
posed in this paper. This method is based on the Theory of
Small Reflections, and the equations to calculate dimen-
sions of this type of filters are exhibited. Two filters devel-
oped by our method are simulated and fabricated. The first
filter has a passband on 5~8 GHz. The second one is
a dual-band filter and can work on both 2.4 GHz and
5.8 GHz. By using our method, the designed filters only
contain opened stubs and shorted stubs, therefore, it is easy
to design and fabricate this type of filters. The comparison
between calculated and measured reflection coefficient
curves shows a satisfactory fitting degree, this manifesta-
tion verifies that the method in our paper has a good appli-
cation in filter design. The positions of transmission zeros
about the second filter are investigated. All the results
show that our method can be a good guidance in microstrip
filter design.
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1. Introduction

Microstrip filters has been widely used in a large
number of RF applications. As the wireless communication
system is developing rapidly [1], it is important to hunt for
some convenient method to design microstrip filters [2—6].
Our paper establishes a new method to design stub-loaded
filters. This kind of filters contains only opened stubs and
shorted stubs, and our filters have the characteristics of
simple construction and small size. Also, the frequency
response of our filters can be designed for arbitrary shape.
Therefore, this new type of filters has plenty of RF
applications.

The Theory of Small Reflections is to consider the re-
flection coefficients among adjacent transmission lines as
the coefficients of Fourier expansion of total reflection
function [7-13]. The conventional application of this the-
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ory is impedance matching design between load and
source, the reflection coefficient at the input port will be
nice and small while using this technology [14-21]. In
[22], the microstrip feeding for an antenna is designed
based on the Theory of Small Reflections, the return loss of
the designed antenna is around —60 dB at 5.8 GHz, and it
proves that the good performance of this theory in match-
ing design. Stepped-impedance filters also apply this theory
to obtain good designs, particularly in low-pass filters
(LPFs) design. In [23], the section of the substrate is dis-
posed to influence the impedance of microstrip line, a LPF
based on the stepped impedance structure is designed. The
cut-off frequency of its passband is about 1 GHz and has
a good performance in the passband. But the fabrication of
this filter can be difficult due to inhomogeneous substrate.
When a design of bandpass filters (BPFs) or broadband
filters is required, the stepped-impedance filters cannot
perform well because the ideal stepped-impedance struc-
tures are usually hard to implement in reality. In [24], the
authors presented the modified Theory of Small Reflec-
tions and used it to design a bandpass filter. In this paper,
the profile of stepped-impedance structures is considered as
a non-uniform transmission line which is determined from
the desired reflection coefficient of the device and a filter
with passband on 5~7 GHz is designed.

This paper takes advantages of the theory to design
filters with arbitrary passband. The total reflection function
of stepped-impedance filters can be decomposed by Fourier
expansion. It is important to focus on the coefficients of
each expansion term, because each term represents the
local reflection coefficient between adjacent sections of the
stepped-impedance filters [25-27]. By loading the opened
stubs and shorted stubs on every section of transmission
lines to transforming their characteristic impedance as
complex number, it is possible for us to render the local
reflection coefficients as frequency response functions. At
last, a total reflection coefficient can be obtained as zero at
the input port.

Two examples of our filters are designed, fabricated
and measured in Sec. 3 in order to verify that our theory
has the feasibility in filters design. The first filter has a
passband between 5 GHz and 8 GHz, and can be used in
broadband situation. The second one is a dual-band filter
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which is working on both 2.4 GHz and 5.8 GHz, it has
some application of signal transmission both in civil-used
and military-used areas. Both two filters have the same
structures and can be designed and fabricated easily. These
two filters also illustrate that our method can cover the
shortage of general stepped-impedance filters. The meas-
ured results of frequency response of our filters are shown
in Sec. 3. Both reflection curves and insert-loss curves of
our filters show satisfactory performance. The comparison
between calculated results and measured results match well
with each other. The relationship between the length of
loaded stubs and the position of transmission zeros (TZs) is
also presented and it provides some guidance in design of
out-of-band attenuation for single-passband filters.

2. Calculation about Total Reflection
Coefficients of Stepped-impedance
Structure

In [28], author shows the method to obtain the reflec-
tion coefficient of a multiple-stub impedance transformer.
The equivalent model for the transformer is depicted in
Fig. 1.

The reflection coefficient at the input port oy is
given in (1) where 6 is the length of each stub. Z, is the
characteristic impedance of each transmission line, Z; is
the load impedance, I, is the reflection coefficient of each
part, and 7, is also a real number

[ow(0)= ﬁ“rn exp(—j2nd)- O]

n=0

The derivation process of (1) is known as the Theory
of Small Reflections. From (1), it is easy to perceive that
T'rorar 1s a function depending on 6 and 7. In Theory, equa-
tion (1) can match arbitrary It curve by meticulous de-
sign of 8 and Z,.

But in reality, on account of some compulsive re-
strictions, this method is hard to implement in filter design,
especially for broadband situations. Ref. [24] shows a filter
designed by the theory of small reflection, but the band-
width of its passband is only about 2 GHz, and the out-of-
band rejection is about —10 dB, obviously this filter does
not perform well. To cover this shortage, our paper brings
in the load stub in order to add imaginary part on the char-
acteristic admittance Y, of transmission lines. The struc-
ture of parallel loading opened stub and shorted stub are
shown in Fig. 2 and Fig. 3 where 6, represents the electrical
length of stub, Y, represents the characteristic admittance of
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Fig. 1. The equivalent model for multiple-stub impedance

transformer.
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Fig. 2. Parallel loading of opened stub and shorted stub:
(a) Opened stub. (b) Shorted stub.
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Fig. 3. Microstrip structures of Fig. 2:
(a) Opened stub. (b) Shorted stub.

the main transmission line, Yp.c represents the equivalent
admittance at point A (parallel combination of the main
line and the stub) both in Fig. 2 (a) and (b).

According to the Transmission Line Theory, the
reflection coefficients at point A (£ open, £ short ) are proven to
be:

) R @)
P j+2c0t6

short — J L (3)
2tan 6, —j

By putting (2) and (3) into (1), it allows us to endow other
variables into the /1y, function. Considering the structure
of Fig. 4, Ity can be written as a function of frequency f
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1—‘Total (f) = Zrn (Ln’LnH’f)eXp

n=0

fj (6)

where Y, represents the equivalent admittance of loaded
stubs. L, is the physical length of each loading stub, L, and
Ly+ equal to zero. L is the length of each section of the
main transmission line. ¢ is the velocity of light.
(L, L,+1, f)is given according to (5). By using (6) rather
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Fig. 4. Equivalent model of multiple-stub tuning structure.
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than (1), 7, will be a plural number, more complex /o
curves can be matched. The calculated transmission S
parameter |S5;' (f)| of our filters can be specified as (7):

|S2C1al (f)|2 =1 _|FTotal (f)|2 : 7

3. Microstrip Filter Design Procedures
and Numerical Results

This section provides the design procedures about the
microstrip filter based on (7). The main ideas of our design
procedures are as follows.

First we need to select the frequency band that we are
interested in, second we set the magnitude value of objec-
tive function curve |Sx™ | as 0 dB in the passband and
—20 dB in the stopband. Then we use the gradient optimiza-
tion algorithm to find the minimum error between the
IS5 ()| function and |S5™ | curve. The details of gradient
optimization are shown in [29]. We can combine |S5;'| and
|S5 | in error function as (8):

E(L):g

2

)l ®

|S§Tl(14hf;)

L' =argmin E(L) 9)
L>0
where the L is the vector form of L,, L’ is the optimal
solution of L, f, is the average sample on the frequency
band. By calculating the directional derivative about E(L)
along the direction of L, then we can update the new L as
(10):

L=L-aV E(L) (10)
where o is the learning rate, it controls the velocity of
gradient descent. Here we set the value of a as 0.0035.
After the updating, we put the new L into (8) to start the
next calculation. By setting a maximum error e,,;, we can
stop the iteration when equation (8) is lesser than é&p,y.
Finally we can obtain the optimal result of |S5!'|" (the opti-
mal approximating about |S5™).

Two microstrip filters are designed as examples in
this section. The first one (Filter 1) has a passband on
5~8 GHz, and it is an example for broadband filters. The
second one (Filter 2) can work both on 2.4 GHz and
5.8 GHz, and it is a narrowband and dual-band filter.

At the very beginning, we need to prescribe some
limits to our filters. If the order N is stipulated as 10, the
complex rate of optimize process can be moderate. We also
use the point symmetric structure to transform (6) into (11)
(by using the Euler’s function [28]), it can greatly simplify
the design process.

1—‘Tolal(f):
. 24rxL 5 L an
2 exp(_JTf er,, (Lys Lo f )sm(T f}

n=0

Band Selection Passband [GHz]
Filter 1 5~8
Filter 2 2.2~2.6 and 5.7~5.9

Stopband [GHz]
4~5 and 8~9
1~2.2 and 5.9~7

Tab. 1. Passband and stopband of both Filter 1 and Filter 2.
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Fig. 5. E(L) of each iteration.

The selected frequency bands of each filter are shown
in Tab. 1. Then we use the process mentioned above to
calculate the dimensions of loaded stubs. The calculated
E(L) of each iteration are shown in Fig. 5. Here, &, is set
to be equal to 1.

The calculation results of length of each stub will guide us
to build the simulation models in EM simulation software.
Then the properties of filters are optimized by the EM
simulation software in order to determine the real length of
each stub. All the calculation and simulation results are
listed in Tab.2 and Tab. 3. The final structures of our
filters are shown in Fig. 6. Both filters are designed by
using Rogers RO4350 substrate of dielectric constant 3.66
and substrate height 0.762 mm (30mil). The widths of the
stubs W are all the same. The spacing between two
neighboring stubs W, is equal to .

The fabricated filters are shown in Fig. 7. The shorted
stubs can be achieved by via holes at the end of opened
stubs. In Fig. (a), part A and part B are the same filter-
Filter 1, they are cascaded as one filter in order to obtain
higher out-of-band rejection.

Stubs of Filter 1 Caleulated  Practical
Dimension [mm] Dimension [mm]

/4 2 1.6
L, 5 5.8
L, 3.8 3.8
L, 4.9 4.1
Ly 1 1

Ls 8.2 8.3

Tab. 2. Length of stubs of Filter 1.

Stubs of Filter 2 . Calcl}lated . Pra?tical
Dimension [mm] Dimension [mm]
/4 3.8 3.6
L 3 4.4
L, 11.5 11.2
L, 9 9.5
Ly 2.8 1.6
Ls 9.3 11.3

Tab. 3. Length of stubs of Filter 2.
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Fig. 6. Final structure of filters.
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Fig. 7. Fabricated filters: (a) Filter 1, (b) Filter 2.

Characters Filter 2 Filter in [30]
fo [GHz] 2.4 and 5.8 2.45 and 5.8
FBW [%] 16.7 and 7 12 and 7

Length [mm] 4.5 13

Tab. 4. Comparison between Filter 2 and filter designed in
[30].

We can tell from Fig. 6, by setting W be equal to W,
we can obtain the miniaturized filters. Here is a comparison
between Filter 2 and a fifth-order Chebyshev filter de-
signed in [30]. The comparison results are shown in Tab. 4,
where f; represents the center frequency of the passband,
FBW represents the Fractional Bandwidth of the passband.

Table 4 shows that our filters can be good candidates for
use primarily as integrated and miniaturized filters.

After the manufacture, the frequency response of each
filter is measured on the vector network analyzer (VNA).
Figure 8 gives out the comparisons between the calculation
results and measurement results of total reflection coeffi-
cient |S};| and the insertion loss |Sy;|. The numerical data of
insertion loss in both filters are given as appendix (Tab. 5
and 6).
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Fig. 9. The influence of length of L, on the position of TZ,,

the unit of L, is mm.
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The above response shows that the calculation results
match well with measured curves. In Fig. 8(a), it has an
evident passband between 5 GHz and 8 GHz. In Fig. 8(b),
the center frequency of the passband is around 2.4 GHz and
5.7 GHz. It is obvious that each filter has good perfor-
mance both in passband and stop-band. The final 3dB pass-
band of Filter 1 is 4.5~8.3 GHz, for Filter 2 there are
2.2~2.6 GHz and 5.5~5.9 GHz. The goal is that reflection
coefficient in both passband is lower than —10dB. These
two filters also illustrate that the theory in this paper can be
applied both for broadband and narrowband situations.

We can also tell from Fig. 8(b) that there are two TZs
in Filter 2, located approximately at 3.5 GHz (TZ,) and
6.8 GHz (TZ,). By changing the length of stubs, we can
control the position of such TZs. For example, we can
increase or decrease L, to move the TZ, close to the first
passband or close to the second passband. The simulation
results are shown in Fig. 9. Figure 9 shows that when L,
equals to 10 mm, the transmission characteristics within the
second passband is good. When L, reaches 12.8 mm, the
second passband becomes missing, but a sharp roll-off
occurs at the high side of the first passband. So, as L, be-
comes longer, TZ; would get close to the first passband,
and the out-of-band attenuation of the first passband be-
come sharper, but it has little effect on the transmission
characteristics within this passband. It concludes that we
can change the position of TZs to obtain better out-of-band
attenuation, the cost is that the performance of another
passband would be worse. This conclusion has some guid-
ance in single-passband filter design, but in this paper we
choose the optimal position of TZ, to design our dual-band
filters to ensure that both passbands perform well.

4. Conclusion

In this paper, a method of microstrip filter design
based on the theory of small reflection has been investi-
gated. Section 2 gives out the details of calculation proce-
dure. In Sec. 3, two examples of filters have been designed,
fabricated and measured, both filters only contain opened
and shorted stubs. The calculated length and the practical
length of each stub are listed in Sec. 3, the comparison
between them shows that the fitting degree of calculated
dimension and actual dimension of our filters performs
well. The measured reflection coefficient and calculated
reflection coefficient are also compared in Sec. 3, the re-
sults of comparison verify that our method can match well
with the real reflection coefficient curves. The fabricated
filters have satisfactory frequency response, both reflection
coefficient curves and insert-loss curves meet the require-
ment. The relationship between positions of TZs and the
out-of-band attenuation about Filter 2 is investigated. In
conclusion, our method can be a good guidance in micro-
strip filter design.
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Appendix
Frequency Calculated Measured Frequency Calculated Measured Frequency Calculated Measured
[GHz] Insert Loss Insert Loss [GHz] Insert Loss Insert Loss [GHz] Insert Loss Insert Loss
[dB] [dB] [dB] [dB] [dB] [dB]
3.0 -9.59 —40.42 5.0 -0.92 -0.89 7.0 —0.83 -2.19
3.1 -10.56 -37.97 5.1 -0.12 -0.84 7.1 -0.95 -2.43
32 -11.41 -36.30 52 —-0.80 —0.88 7.2 -0.93 -2.30
33 -12.18 -34.27 53 -1.49 -0.91 7.3 -0.75 -2.24
34 -12.95 -32.56 5.4 -2.09 -0.91 7.4 —-0.40 -2.10
3.5 -13.75 -30.15 5.5 -2.57 -0.97 7.5 —-0.09 -2.16
3.6 -14.61 -28.44 5.6 -2.93 -1.09 7.6 -0.77 -2.26
3.7 -15.53 -26.27 5.7 -3.15 -1.17 7.7 —1.68 -2.57
38 -16.45 —24.42 5.8 -3.23 -1.16 7.8 -2.87 -2.63
3.9 -17.25 -22.17 5.9 -3.17 -1.23 7.9 —4.40 -2.94
4.0 -17.73 —-19.51 6.0 -2.99 -1.19 8.0 —6.34 -3.15
4.1 -17.64 -16.94 6.1 -2.70 -1.31 8.1 -8.81 -3.41
4.2 -16.85 —13.96 6.2 -2.33 -1.35 8.2 -11.95 -3.88
4.3 -15.39 -10.48 6.3 -1.90 —-1.49 8.3 -15.89 -4.19
4.4 -13.45 —6.62 6.4 -1.43 -1.51 8.4 -20.48 -4.74
4.5 -11.28 -3.53 6.5 -0.96 -1.50 8.5 -23.97 -9.08
4.6 -9.06 -1.53 6.6 -0.51 -1.50 8.6 -25.96 —-16.81
4.7 -6.92 -1.01 6.7 -0.09 -1.59 8.7 -26.14 -23.19
4.8 —4.03 —0.95 6.8 -0.27 -1.67 8.8 -25.84 -29.61
4.9 —2.20 —0.95 6.9 —0.59 —2.09 8.9 —25.26 —34.44
Tab. 5. The numerical data of insert loss in Filter 1.
Frequency Calculated Measured Frequency Calculated Measured Frequency Calculated Measured
[GHz) Insert Loss Insert Loss [GHz] Insert Loss Insert Loss [GHz] Insert Loss Insert Loss
[dB] [dB] [dB] [dB] [dB] [dB]
1.0 -30.73 —-40.55 3.0 -4.98 -15.45 5.0 -5.14 -16.38
1.1 -17.67 —38.48 3.1 -3.98 -18.57 5.1 -5.19 -14.19
1.2 -13.29 -36.41 32 -2.82 -22.19 5.2 -4.87 -11.68
1.3 -11.26 -34.26 33 -2.27 -27.02 53 —4.18 -8.79
1.4 -10.35 -32.03 34 -2.60 -33.97 5.4 -3.22 -5.60
1.5 -9.80 -29.67 3.5 -3.44 -43.83 5.5 -2.16 -2.80
1.6 -8.81 —27.08 3.6 -5.09 —52.46 5.6 -1.14 -1.52
1.7 -6.81 -24.16 3.7 -7.04 -47.31 5.7 -0.30 -1.43
1.8 -3.88 -20.92 3.8 —-8.70 —41.04 5.8 -0.30 —-1.46
1.9 -0.39 -17.16 3.9 -9.48 -36.96 5.9 -0.61 -1.67
2.0 —1.44 -12.70 4.0 -9.19 -33.73 6.0 -0.53 -3.67
2.1 -2.54 -7.47 4.1 -8.14 -31.46 6.1 -0.07 -7.77
2.2 -3.09 -2.62 4.2 —6.86 -29.74 6.2 -0.76 —12.28
2.3 -3.15 -0.89 43 -5.69 -28.09 6.3 -1.99 -16.33
2.4 -2.78 -0.93 44 -4.81 -26.44 6.4 -3.59 -20.02
2.5 -2.01 —1.08 4.5 —4.28 -24.90 6.5 -5.51 -24.07
2.6 -0.97 -2.66 4.6 -4.08 —23.52 6.6 -7.54 -28.47
2.7 -0.22 -5.86 4.7 —4.17 -21.83 6.7 -9.32 -34.01
2.8 -2.29 -9.29 4.8 —4.47 -19.99 6.8 -10.41 —45.05
2.9 —4.47 —12.49 4.9 —4.84 —18.24 6.9 —-10.59 —48.12

Tab. 6. The numerical data of insert loss in Filter 2.




