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ABSTRACT Nowadays, various new communication technologies operating in different frequency bands
emerge constantly. There is a trend to integrate more than one of them into single system, for optimizing
whole system performance and volume. As an important circuit component for frequency selection, the
research on multiband bandpass filter (MB-BPF) receives much attention. This paper proposes a novel
synthesis method for MB-BPF. It applies two frequency transformations on the specifications of the MB-BPF
to be synthesized, so that a rough prototype containing the information of transmission and reflection
zeros is constructed first. Then, optimization is applied for fine tuning until equal ripples are achieved in
each passband. For simplicity, it is called the Rough Prototype and Fine Tuning (RP-FT) method, which
demonstrate great advantage in flexibly controlling the performance of a MB-BPF such as passband number,
performance of each passband, transmission zeros, etc. Furthermore, the filtering polynomials derived by the
RP-FT method could be transformed into specific coupling matrixes for physical realization. For illustration,
this paper derives a specific coupling matrix form, and applies it in the design of a microstrip quad-band
bandpass filter. The measurement well verifies the validity of design process.

INDEX TERMS Coupling matrix, frequency transformation, filtering polynomial, multiband bandpass filter
(MB-BPF), rough prototype and fine tuning (RP-FT) method.

I. INTRODUCTION
Recently, various communication technologies, such as
GPRS, WCDMA, TD-SCDMA, LTE-Advanced, WIFI,
WiMAX and others, have emerged constantly. Integrat-
ing multiple technologies in single system is becoming a
trend, in order to optimize system performance and volume.
For the sake of limited spectrum resource, the operation
bands of some technologies are close. It is necessary to
develop multi-band bandpass filter (MB-BPF) for frequency
selection.

Up to now, some effort has been made on the synthe-
sis method of MB-BPF. For example, [1], [2], [3], and [4]
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propose some frequency transformation relations to map a
lowpass response to a multiband bandpass one, and then
obtain the filtering polynomials constituting the scattering
parameters. [5] constructs the characteristic function of each
passband independently at first, and then sums up the recip-
rocals of all the characteristic functions to form the char-
acteristic function of MB-BPF. Meanwhile, [6] and [7] do
it through multiplying the characteristic functions of all the
passbands. Reference [8], [9], [10], [11], [12], and [13] utilize
optimization to obtain the filtering polynomials. In [8] and [9]
the old transmission zeros or reflection zeros are exchanged
one by one, so that the new ones can make the ripples in the
passband or the stopband more equal. Reference [10], [11],
and [12] solve the Zolotarev problem according to the crite-
rion that the modulus of the transmission is as big as possible
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in the passbands and as small as possible in the stopbands.
Reference [13] iteratively updates the critical points until
the value of the characteristic function at these points meet
expectation. However, some will face some problems such
as the limited freedom of setting return loss or transmission
zeros of each passband. In addition, the ripples might be
unequal in passband. In addition, there are also some nice
works on physical realization of MB-BPF, such as [14], [15],
(161, [171, [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28], [29].

In this paper, a new synthesis method named the RP-FT
method is proposed for MB-BPF. In order to accelerate design
process, it utilizes a hybrid approach. The analytic part plays
an important role in determining key information such as
transmission and reflection zeros, so that a rough prototype
is easily set up. Such will greatly alleviate strict requirement
on next step. Then, optimization-based fine tuning is applied
to achieve equal ripples in all passbands by introducing extra
transmission zeros (ETZs) and shifting the positions of reflec-
tion zeros. The RP-FT method can efficiently derive filtering
polynomials. Based on those, various coupling matrices could
be obtained for practical realization. Especially, a L-branch
folded topology is discussed. Finally, a microstrip quad-band
bandpass filter corresponding to the 4-branch folded topology
is designed, fabricated and measured for verification.

The whole paper is organized as follows. Section II
discusses how to use the RP-FT method to derive filtering
polynomials in detail. In Section III, a general approach to
transform transverse coupling matrix into a specific form
corresponding to L-branch folded topology is discussed,
and then the quality factors and the coupling coefficients
are obtained for use. For demonstration, a quad-band band-
pass filter example is synthesized by the RP-FT method in
Section IV. Its filtering polynomials are obtained, the cou-
pling matrix for the 4-branch folded topology is derived, and
then the design parameters such as the quality factors and
the coupling coefficients are obtained. Section V presents a
microstrip realization corresponding to the 4-branch folded
topology and measurement, which effectively verifies the
proposed RP-FT method. Finally, the conclusion is drawn in
Section VI.

II. FILTERING POLYNOMIAL SYNTHESIS

As a two-port network component, an analogue filter can be
described by scattering parameters. For example, S>; and Sy
are expressed as rational fractions in terms of the complex
frequency variable s.

40

S$21(8) = EG) (D
_Fo)
S11(s) = E®) (2)

where P(s), F(s) and E(s) are the transfer polynomial, the
reflection polynomial, and the common polynomial, respec-
tively. For the synthesis of a MB-BPF, it is not easy to
derive these scattering parameters directly in the bandpass
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frequency domain (denoted as the f-domain in this paper).
Thus, we apply two frequency transformations on the specifi-
cations of the MB-BPF to be synthesized, so that the synthe-
sis is done in the multi-band normalized frequency domain
(denoted as the 2-domain). In other words, s = jQ. Then,
these polynomials can be expressed as

1 M
PG) = - [] 42 —j2m 3)
m=1
N
FGQ) = [] G2 —jw) @
n=1

E(Q) - E(Q)" = P(jQ) - PG)* + F(Q) - F()*  (5)

Suppose that there are M transmission zeros at finite fre-
quency and the mth one is denoted as jS2,,. There are N
reflection zeros, and the nth one is denoted as j<2,. € is the
ripple coefficient. In addition, the characteristic function is
defined as [30]
F(§)
P(j<2)
This section focuses on how to derive these filtering polyno-
mials in detail.

The proposed RP-FT method is a hybrid approach,
in which a rough prototype of the MB-BPF is obtained firstly
and then fine tuning is applied until equal ripples are achieved
in each passband. To obtain the rough prototype, each pass-
band of the MB-BPF is regarded as a single-band bandpass
filter, and then is synthesized separately to determine their
reflection zeros. By using the specified transmission zeros
and the reflection zeros, the rough prototype of the MB-BPF
is constructed. Next, in the process of the fine tuning, extra
transmission zeros (ETZs) are introduced and the positions of
the reflection zeros are shifted, so that equal ripples in each
passband can be achieved. The design flowchart of the RP-FT
method is shown in Figure 1.

K(jQ) = (6)

| Apply the first frequency transformation |

| Apply the second frequency transformation |

]

| Determine the reflection zeros |

| Construct the initial characteristic function in the Q-domain |

Apply the ripple de difference adjustment |

Apply the ripple equality adjustment |

Determine the ripple coefficient &

FIGURE 1. Design flowchart of the RP-FT method.

Step 1 (Apply the First Frequency Transformation): Sup-
pose that the MB-BPF to be synthesized has L passbands. Its
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specifications are given in the f -domain, such as the number L
of the passbands, the order Odj, the return loss RL;, the lower
edge frequency jfi;, the upper edge frequency jfi,, the spec-
ified transmission zeros jfr ;» of each passband, etc. The
subscript [ represents the /th passband where [ = 1,2, ...,
and L. The subscript m represents the mth transmission zero
assigned to the /th passband. In the process of deriving the
rough prototype, each passband of the MB-BPF is regarded as
single-band bandpass filter. Therefore, each specified trans-
mission zero will be assigned to one passband according to
its location.

We apply the first frequency transformation to trans-
form the key information such as the edge frequencies and
the specified transmission zeros from the f-domain to the
Q-domain.

o -/ @

scale
where fo = (fig + fru)/2 is the center frequency of the total
frequency range that the whole passband of the MB-BPF
covers. Scale=2m (f1,, —f14)/2 is called the scaling factor. The
first frequency transformation is illustrated in Figure 2. It will
transform the total frequency range [f14, f7..] of the MB-BPF

in the f~domain to [—1, 1] in the 2-domain.

Band, domain (thef" i
rs“(’z”ﬂ/lll_l\ /_‘\ /_\
A fu fa S Sia fn
Multi- bam{ narmah“ed frequency domain (the Q- damam) First Frequency
/=1 1=k Pisu(o) =L : Transformation
J
HI D (I .
H
1
H
P I N
-1 Qn, .(2;“,!2/( . Q11

Single-band narmalwbd [frequency damam (the 2*-domain) \ Seond Frequency
1= K PISu(2 )1 Transformation

FIGURE 2. Two frequency transformations.

Step 2 (Apply the Second Frequency Transformation):
After the first frequency transformation, the specifications
of the MB-BPF are transformed to those in [—1, 1] in the
Q-domain. Subsequently, we apply the second frequency
transformation on the specifications of each passband to the
Q*-domain.

SZ}":Q—Q*IO, [=1,2,...,L ®)

scale;

where ;0 = (ig + 21,)/2 is the center frequency of the /th
passband, and scale;‘ = (Qp, — Q4)/2 is the scaling factor
of the /th passband. The second frequency transformation is
illustrated in Figure 2. It will transform the frequency range of
each passband [y, ©2;,] in the Q2-domain to [—1, 1] in the
Q*-domain. Then, the specified transmission zeros of each
passband can be obtained in the 2*-domain, and the order of
each passband is also known.
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Step 3 (Determine THE Reflection Zeros): After the second
frequency transformation, the specifications of each passband
in the Q*-domain can be regarded as those of a single-band
bandpass filter, and then conventional single-band bandpass
filter synthesis technique can be applied to synthesize each
passband [30]. Accordingly, the reflection zeros of each pass-
band can be obtained. Then, by using Eq. (8), these reflection
zeros can be transformed back to the 2-domain. Thus, both
the specified transmission zeros and the reflection zeros of
the MB-BPF are known in the 2-domain.

Step 4 (Construct the Initial Characteristic Function of
the MB-BPF): By multiplying the characteristic functions of
each passband of the MB-BPF in the 2-domain, the initial
characteristic function of the MB-BPF is written as

Nr.I
L 1162 - jQrm)
Ko@) =[] = ©)
=TT 692 — Q2 m)
m=1

where jQr i, 1s the nth reflection zero and jQr j, is the mth
specified transmission zeros of the /th passband. The number
of the reflection zeros and the specified transmission zeros of
the /th passband are Ng ; and Mt j, respectively.

Unfortunately, there is a problem with K (j2), i.e., the rip-
ples in each passband might not be equal. Here, two measures
are utilized for achieving the required level of the ripples.
Firstly, some ETZs are introduced to adjust the ripple ampli-
tude difference between different passbands. This measure is
called the ripple amplitude difference adjustment. Secondly,
the reflection zeros are shifted to achieve the ripple equality,
which is called the ripple equality adjustment.

Step 5 (Apply the Ripple Amplitude Difference Adjust-
ment): In order to evaluate the ripple amplitude difference
among different passbands, an index named the estimated
ripple amplitude (ERA) denoted as U; is defined as

201g |Ko (G24,)| +201g |Ko (72a)|

U= > + AR, (10)

In general case, the MB-BPF might be specified to have dif-
ferent return loss in each passband. Then, AR; represents the
difference between the return loss of the /th passband and the
maximum return loss among the ones of all passbands. For
the MB-BPF with L passbands, Eq. (10) is used to calculate
the ERA of each passband, i.e., U; (I = 1,2,...,L). If the
maximum one of these ERAs is denoted as Up,x, then the
ripple amplitude difference of each passband is defined as
AU ie.,

AU} = Unax — U; (11)

AUj represents the value of the ripple amplitude to be com-
pensated for the /th passband.

To adjust the ripple amplitude difference, some ETZs need
to be introduced. For example, the ith ETZ is denoted as jQg ;.
Then, a modified characteristic function denoted as Kg is
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defined as
NR,i
]—Il (]Q _jQR,ln) I 1
. _ n=
K =11, NGy @
I= 1_[ (]Q _jQT,lm) =

m=1

If the concept of Decibel is applied, then

I
Kg (dB) = Ko (dB) + ) 201g(
i=1

The second term in Eq. (13) represents the effect of the ETZs,
which can be used to adjust the ripple amplitude difference
among different passbands. For illustration, the response of
one ETZ, i.e., the response of 201g(1/[j2 — jQ2E ;]), is shown
in Figure 3. When 2 approaches to Qg ;, the function value
will increase sharply. Some typical points with positions and
function values are labelled for understanding in Figure 3.

_ 13
R

40

= 30 :
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FIGURE 3. Response of the function of 20Ig(1/1j2 —j < ;1)-

In other words, if an ETZ is placed near to one passband
with a higher value of the ripple amplitude difference, it is
likely to make a compensation to the ripple amplitude dif-
ference between this passband and the others. For example,
if an ETZ is placed near to the /th passband with the center
frequency j€2j0, its compensation to the ripple amplitude
difference of the /th passband is calculated by the following
equation.

201g( }) (14)

liu0 — jQE.i
With this property, we can estimate how many ETZs are
required to be placed at first.

To determine the positions of the ETZs, the following
criterion is introduced.

L
by = % [Z W — EU)2i| (15)
=1
where Uj is the ERA of the /th passband as shown in Eq. (10).
When the ETZs are added, Ky in Eq. (10) needs to be changed
to Kg. 6y and Ey represent the variance and the expectation
of the ERAs of all passbands. When §y; = 0, the positions
of the ETZs are determined. Eq. (15) could be solved with
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optimization method. The algorithm solving this optimization
problem is the Nelder—-Mead algorithm [32]. One important
parameter that can affect accuracy by avoiding falling into
local extremums is the Usual-Delta. Here, the Usual-Delta
is set as 0.03% of the total frequency range from the lower
edge frequency of the first passband j214 to the upper edge
frequency of the last passband j2,, i.e., [214, 214]-

Step 6 (APPLY the Ripple Equality Adjustment): After the
ripple amplitude difference adjustment, the ripples in each
passband might still be unequal. Then, the ripple equality
adjustment should be applied, in which the reflection zeros
are shifted. At first, a set of specific frequency points of
each passband should be found out, which include the lower
edge frequency, the upper edge frequency, and all maxi-
mum ripple points. The pth maximum ripple point of the /th
passband is denoted by jS2s j», Which satisfies the condition
of dKg(jQ)/djQ2|jo=jom,;p = 0. The variance §; of the /th
passband is defined as

Py
Z (|Ke (1@m.1p)| _El)2+(|KE (Sua)| —Ep)?
p=1

1
- P42

3

+ (IKE (iQu)| — Ep)? (16)

where Ej is the expectation of |Kg(jS2)| at these specific
frequency points, and P; is the number of the maximum
ripple points within the /th passband. Then, the total effect
is evaluated by summing all §;, i.e.,

L
§ = Za, (17)
=1

When é§ = 0, the position of the reflection zeros that make the
ripples in each passband equal can be determined. Unfortu-
nately, it is not easy to analytically solve Eq. (17). Instead,
optimization such as the Nelder—-Mead algorithm could be
applied.

After the ripple equality adjustment, the ripple amplitude
difference of each passband should be O and the ripples in
each passband could be equal. If no, more than one round
of the ripple amplitude difference adjustment and the ripple
equality adjustment should be applied until requirement is
met.

Step 7 (Determine the Ripple Coefficient ¢): Now, the
transmission zeros including the specified transmission zeros
and the ETZs and the reflection zeros are determined. The
modified characteristic function Kg in Eq. (12) is multiplied
by ¢, the full version of the characteristic function K (j€2) is
written as

1 L
KGiQ) = —1]]

) 1
i : l_[ (/2 — jQE.:)

(18)
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FIGURE 4. L-branch folded topology.

According to Eq. (6), the numerator and the denominator
of Eq. (18) correspond to F(j<2) and P(j2). By Using Eq. (5),
E(jS2) is derived. Finally, S»1(j€2) and S11(j€2) are obtained by
using Eq. (1) and (2). ¢ is determined by the return loss at a
specified frequency, for example,

201g (IS11 ) DIg=—1 = RL: 19)

Up to now, all filtering polynomials are obtained for next-
step application. In order to demonstrate the advantages of the
proposed RP-FT method, Table 1 list the comparison between
it and the work in [2], [5], [7], [13], [27], and [28]. The RP-FT
method is featured by flexibly controlling frequency response
of MB-BPF.

lIl. COUPLING MATRIX SYNTHESIS

Section II discusses how to derive the filtering polynomials
in detail. By using them, the transversal coupling matrix is
obtained as done in [30]. It could be transformed to various
topologies for practical realization. In this paper, we consider
a specific topology shown in Figure 4, in which there are L
branches of the folded topologies for MB-BPF realization.
So, Lo, and N represent the source, the load, and the total
order of the MB-BPF. In the following, the coupling matrix
in the corresponding form will be derived for it.

A. SUBMATRIX FORMATION

According to Figure 4, the transversal coupling matrix
denoted as Eq. (20) should be processed to be a specific cou-
pling matrix. For a MB-BPF with L passbands, the diagonal
elements (i.e., the self-coupling elements) of the transversal
coupling matrix can be divided into L groups according to
the closeness of their values. For demonstration, if M, and
M»>; in Eq. (20) are close, then the zone filled with grey can be
extracted to form one submatrix as shown in Eq. (21). Eq. (22)
shows the general form of one submatrix [M;].
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So 1 2 N Lo
So 0 Moy Msey ...  Mson 0
1 M, M, 0 0 0 Mo
2 MSoZ 0 Mzz 0 0 MLnZ (20)
N | Mgy 0 0 Myy Moy
Lo 0 Mioyw M ... My 0
So 1 2 Lo
So 0 Mo M2 0
1 M, M, 0 Mo (21)
2 My 0 M) Mo
Lo 0 Mo M 0
So 1 2 ... N, Lo
So 0 M 501 M, 50 M son 0
1| Misa M 0 0 0 M 101
2 M 502 0 M2 0 0 M 10 (22)
]vl MI,SorV/ 0 0 .. M,NMV/ M,LoNl
Lo 0 M 11 M1 e M Lo 0

After the submatrix [M;] have been extracted, the matrix
rotation method is applied to transform it into [M lF ] corre-
sponding to one branch of the L-branch folded topology in
Figure 4. [M['] can be further processed by the method in [33]
to change the signs of some elements, so that the coupling
property can be controlled, then we obtain the final submatrix
[M IC]. Other submatrices can also be processed like this.

B. QUALITY FACTOR AND COUPLING COEFFICIENT
DERIVATION

After obtaining the submatrix [M IC] (where ] = 1,2,...,
and L), the resonant frequencies, the quality factors and the
coupling coefficients can be derived. Firstly, the resonant
frequencies are derived as

scale c
where n = 1,2, ..., and Ny, respectively. fj, is the resonant

frequencies of the nth resonator of the /th branch. M fnn is the
nth diagonal element of [M[].
The center frequency f; of the /th branch is calculated as

1
hi=% > fin (24)
n=1
where | = 1,2,..., and L, respectively. The fractional

bandwidth FBW; of the Ith branch is

FBW; = (fuu — fia) /N1 (25)

The off-diagonal elements in the first (or last) row (or
column) of [M IC], ie,M fSOI (orM fL oN[) are used to calculate
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the external quality factors Q;s (or Qy1.) [34].

Ois =

C
(Ml,Sol

, Q=

2 C
) - FBW, (Mo

2
) . FBW,
(26)

The other off-diagonal elements in [ ] that denoted by
Mf.. (G=1,2,...,N;j=1,2,...,N;i # j) are used to
derive the coupling coefficients k; ;; [34].

kiij = M[; - FBW, (27)

IV. SYNTHESIS EXAMPLE

To verify the theory in the previous sections, the RP-FT
method is applied to synthesize a quad-band bandpass filter
in this section.

A. FILTERING POLYNOMIAL SYNTHESIS

At first, the specifications of the quad-band bandpass filter
to be designed are described in the f-domain. The passband
number is L = 4. The order of each passband is set as
Od; = 2. The return loss in each passband is RL; = —17 dB.
The center frequencies of the four passbands are (unit: GHz):
5.4098, 7.3900, 9.8294 and 11.8630, respectively. The frac-
tional bandwidths are 3.7%, 2.4%, 2.2% and 1.9%, respec-
tively. Three specified transmission zeros are (unit: GHz):
fro1 = 6.2410, fr31 = 8.4721 and fr4; = 10.9650,
respectively.

According to Step 1 of the RP-FT method, the first fre-
quency transformation in Eq. (7) is constructed. Here, fy =
8.6420 GHz, and scale=20.942. After this transformation,
the specifications are obtained in the 2-domain: Q145 = —1,
Q. = —09395, Qyy = —-04022, @2, = —0.3491,
Q34 = 0.3240, Q3, = 0.3885, Q4 = 0.9325, Qq, = 1,
Qr.21 = —0.7204, Q731 = —0.0510 and Q7 41 = 0.6970,
respectively.

In Step 2, the second frequency transformation is applied.
According to Eq. (8), 210 = —0.9700, scale’lk = 0.0302,
Q20 = —0.3757, scale = 0.0266, Q30 = 0.3562, scale =
0.0323, Q40 = 0.9663 and scalej = 0.0338, respectively.
Then, the specified transmission zeros in the €2-domain will
be transform into the Q*-domain, so that Q’}’ZI, 9;31 and
27 41 are obtained.

In Step 3, each passband is considered as a single-band
bandpass filter in the 2*-domain. For the first passband, there

is no specified transmission zero. The specified transmission
zero of the second passband is 52;21 = —12.9849, the one of
the third passband is 9;3 | = —12.6279, and the one of the
fourth passband is Q*} 41 = —7.9778. All the passbands are
second-order. Then, the single-band bandpass filter synthesis
technique in [30] is applied, and the reflection zeros of each
passband is obtained in the *-domain. The reflection zeros
of the first passband are —j0.7071 and j0.7071, those of the
second passband are —j0.7261 and j0.6876, those of the third
passband are —j0.7267 and j0.6870, and those of the fourth
passband are —j0.7379 and j0.6749, respectively. By using
Eq. (8), these reflection zeros are transformed from the Q*-
domain to the 2-domain. Accordingly, Qg 11 = —0.9911,
Qr12 = —0.9484, Qro1 = —0.3949, Qr 2 = —0.3574,
QR,31 = 0.3328, QR’32 = 0.3784, QR,41 = 0.9414 and
Qr.42 = 0.9890, respectively.

In Step 4, according to Eq. (9), the initial characteristic
function of this quad-band bandpass filter is constructed in
the €2-domain, (28) as shown at the bottom of the page.

In Step 5, by using Eq. (10), the ERA of each passband is
calculated, i.e., (unit: dB): Uy = —51.0683, U, = —60.0270,
Uz = —58.3074, and Uy = —50.1361, respectively. Because
the maximum one of these ERAs is Upnax = —50.1361 dB.
According to Eq. (11), the ripple amplitude difference of each
passband is (unit: dB): AU; = 0.9322, AU, = 9.8909,
AUz = 8.1713 and AUs = 0, respectively. Because
AU, and AUz are much larger than AU; and AU, the
second and the third passbands need 8~9 dB compensation
for the ripple amplitude difference. According to Figure 3,
when the ETZ jQp ; is 0.35 away from the center frequency
JSi0, a compensation about 8~9 dB can be made for the
ripple amplitude difference. The center frequencies of the
second and the third passband are Qg = —0.37565 and
Qo3 = 0.35625 respectively, and thus it is appropriate to
place one ETZ at 0. The position of this ETZ can be further
optimized by Eq. (15). Finally, it is adjusted to —;0.0469.
Then, the modified characteristic function Kg (j<2) is obtained
by using Eq. (12), (29) as shown at the bottom of the
page.

In Step 6, according to Eq. (17), the positions of the
reflection zeros are adjusted to achieve equal ripples in the
passbands. The final positions of the reflection zeros are
—j0.9910, —j0.9481, —j0.3939, —j0.3563, j0.3329, j0.3786,
j0.9422 and j0.9900, respectively. Then the full version of the

(G +j0.9911) (i + j0.9484) (jQ2 + j0.3949) (j2 + j0.3574)
(G — j0.3328) (i — j0.3784) (jQ2 — j0.9414) (jQ — j0.9890)

VOLUME 11, 2023

Ko (j2) = - - - - - - (28)
(i +j0.7204) (i + j0.0510) (j2 — j0.6970)
(IS2 +j0.9911) (2 + j0.9484) (j2 + j0.3949) (2 + j0.3574)
, (i — j0.3328) (jQ2 — j0.3784) (jQ2 — j0.9414) (jQ — j0.9890)
KE (j2) = (29)

(72 + j0.7204) (j2 + j0.0510) (j2 — j0.6970) (2 + j0.0469)
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TABLE 1. Performance comparison of transfer function.

[2] [5] [7] [13] [27] [28] This work
Ripples in each passband equal? v v v v v v v
Order of each passband controllable? x v v v x x v
Bandwidth of each passband adjustable? v v v v v v v
Return loss in each passband controllable? x x v x x x v
Center frequency of each passband adjustable? v v x v v v v
Number of bands controllable? v v v v v v v
Transmission zeros adjustable? x v v v x x v

p—ro submatrices, i.e., [M;] (where ! = 1, 2, 3, and 4, respectively).
— S| The matrix rotation method in [30] is used to transform [M;]
to the folded topology, then [M] ] is obtained and presented
in Eq. (33), as shown at the bottom of the next page. In these
submatrices, Ml o1 K Ml 102+ For simplification, Ml 1ol 18
neglected and set to be 0. After applying the sign shift method
in [33], the final submatrix [M ] is presented in Eq. (34), as
shown at the bottom of the next page. The 4-branch folded
60— . . . topology for realizing the quad-band bandpass filter is shown

-2.0 -1.5 -1.0 -0.5 g 0.5 1.0 1.5 2.0 in Figure 6.

. . By bringing fy = 8.642 GHz and scale=20.942 into
FIGURE 5. Synthesized response of the quad-band bandpass filter in the N .
@-domain. Eq. (23), the resonant frequencies in Figure 6 are determined

as (unit: GHz): fi1 = 5.4037, fio = 5.4103, o1 = 7.4418,
characteristic function K (€2) is (30), as shown at the bottom Jfro = 7.4695, f31 = 9.9102, f30 = 9.8792, f4; = 11.8920,

—
N

[S11] and S| (dB)
@
>

1
-
N

of the page. and fyp = 11.8813, respectively. According to Eq. (24), the
In Step 7, Eq. (19) is used. When RL; = —17 dB, ¢ center frequencies of these four branches are (unit: GHz):
calculated to be 46.5797. Then, S>; can be found as fi =5.407, f, = 7.456, f; = 9.895, and f; = 11.887, respec-
tively. By using Eq. (25), the fractional bandwidths of these

821 (5) , , four branches are: FBW, = 123.28%, FBW; = 89.41%,
(s +J.O'7204) (s +J.0'0510) FBW3 = 67.37% and FBW4 = 56.08%, respectively. Then,

= j0.02147 (s —j0.6970) (s +0.0469) the external quality factors are determined by Eq. (26), and

(s+0.0387 4 j1.0131) (s 4+ 0.0358 + j0.9259) they are: Q15 = 19.5310, Q1 = 19.5401, Ors = 28.2725,
(s+0.0370 +j0.4131) (s 4 0.0288 + j0.3372) Qo = 28.5029, O35 = 45.4302, Q31 = 46.1339, Q45 =
(s+0.0362 — j0.3095) (s + 0.0435 — j0.4022) 47.5813 and Q4 = 47.6458, respectively. The coupling
(s+0.0422 — j1.0144) (s + 0.0403 — j0.9176) coefficients determined by Eq. (27) are: kj;2 = 0.0590,

31 koo = 0.0409, k312 = —0.0254 and k412 = —0.0242,

respectively.
The response of this quad-band bandpass filter in the

Q-domain is shown in Figure 5. The center frequencies
are: —0.9693, —0.3755, 0.3563 and 0.9660, respectively. V- MICROSTRIP REALIZATION AND MEASUREMENT

The in-band return loss are —17 dB as required. The four In order to verify the RP-FT method, this section present a

transmission zeros are 0.7204. 0.0510. —0.0469 and 0.6970 microstrip realization to realize the quad-band bandpass filter
’ ' ' discussed in Section IV. The design detail is presented for

respectively. RS
verification.

B. COUPLING MATRIX SYNTHESIS

The transversal coupling matrix is synthesized and pre- A. MICROSTRIP REALIZATION

sented in Eq. (32), as shown at the bottom of the next We propose a microstrip realization in Figure 7 to realize
page. According to Section III, it can be divided into four the 4-branch folded topology in Figure 6. It contains four

(2 + j0.9910) (2 + j0.9481) (2 + j0.3939) (2 + j0.3563)

1 (S —j0.3329) (i — j0.3786) (j — j0.9422) (j2 — j0.9900)

K () = - - - (30
1/e (2 +j0.7204) ;2 + j0.0510) (j2 — j0.6970) (2 + jO.0469)
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FIGURE 6. The 4-branch folded topology for the quad-band bandpass
filter.

resonators to provide eight resonances for operation. The
fundamental resonance f1; of Resonator @ is coupled to that
the fundamental resonance f}, of Resonator @ to form the first
passband with the center frequency f] at 5.4070 GHz. Their
first harmonics denoted by f11 and fi1, are coupled to form the
fourth passband with the center frequency f4 at 11.8867 GHz.
The fundamental resonance f>; of Resonator @ is coupled to
that the fundamental resonance f>; of Resonator @ to form the
second passband with the center frequency f> at 7.4556 GHz.
Their first harmonics denoted by f31 and f3, to form the third
passband with the center frequency f3 at 9.8946 GHz.

By using the quality factors and the coupling coefficients
derived in Section IV, the initial dimensions of the microstrip

FIGURE 7. Microstrip realization of the quad-band bandpass filter.

construction in Figure 7 can be determined. The procedure
follows that described in [34]. After full-wave optimization,
the final dimensions are (unit: mm): L; = 4.10, L, = 3.25,
Ly =282, Ly =425, Ls = 5.75,L¢ = 1.4, L7 = 0.78,
Lg =4.63, Ly = 1.35, Lip = 9.10, L;; = 1.805, W; = 0.80,
W, = 0.50, W3 = 0.50, W4 = 5.80, W5 = 0.50, We = 1.10,
S1 =0.33,5, =0.21, 53 = 0.81, S4 = 0.12, S5 = 0.12 and
Se = 0.13, respectively.

Figure 8 depicts the comparison between the synthesis
result and the simulation result of the microstrip filter in
Figure 7. The simulated center frequencies are 5.40, 7.39,
9.81 and 11.83 GHz, respectively. The fractional band-
widths are 3.7%, 2.2%, 1.9% and 1.7%, respectively. The
in-band return losses are 16.0, 32.0, 18.0, and 19.0 dB,
respectively. The insertion losses are 1.43, 1.56, 2.16, and

0 -0.1457 0.1394 -0.1343 0.1425 -0.1355 0.1468 0.1197 -0.1342 0
-0.1457 -1.0185 0 0 0 0 0 0 0 0.1457
0.1394 0 1.0167 0 0 0 0 0 0 0.1394
-0.1343 0 0 0.9303 0 0 0 0 0 0.1343
0.1425 0 0 0 -0.9227 0 0 0 0 0.1425
-0.1355 0 0 0 0 0.4135 0 0 0 0.1355
0.1468 0 0 0 0 0 -0.4017 0 0 0.1468
0.1197 0 0 0 0 0 0 0.3382 0 0.1197
-0.1342 0 0 0 0 0 0 0 -0.3102 0.1342

0 0.1457 0.1394 0.1343 0.1425 0.1355 0.1468 0.1197 0.1342 0

(32)
[m] [v]
0 -0.2038 0 0 0 0.1989 0 0
-0.2038 -0.9716 -0.0479 0.0044 0.1989 -0.3601 -0.0456 0.0179
0 -0.0479 -0.9696 0.2037 0 -0.0456 -0.3518 0.1981
0 0.0044 0.2037 0 0 0.0179 0.1981 0
[M] [m7]
0 0.1808 0 0 0 -0.1936 0 0
0.1808 0.3805 -0.0373 -0.0223 -0.1936 0.9751 -0.0432 -0.0071
0 -0.0373 0.3712 0.1794 0 -0.0432 0.9719 0.1935
0 -0.0223 0.1794 0 0 -0.0071 0.1935 0
(33)
[ [
0 0.2038 0 0 0 -0.1989 0 0
0.2038 -0.9716 0.0479 0 -0.1989 -0.3601 0.0456 0
0 0.0479 -0.9696 0.2037 0 0.0456 -0.3518 0.1981
0 0 0.2037 0 0 0 0.1981 0
(4] [
0 0.1808 0 0 0 0.1936 0 0
0.1808 0.3805 -0.0373 0 0.1936 0.9751 -0.0432 0
0 -0.0373 0.3712 0.1794 0 -0.0432 0.9719 -0.1935
0 0 0.1794 0 0 0 -0.1935 0
(34)
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FIGURE 8. Theoretical result and the full-wave simulation result.

FIGURE 9. Photo of the fabricated microstrip quad-band bandpass filter
example.
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FIGURE 10. Simulated and measured results of the fabricated microstrip
quad-band bandpass filter example.

2.54 dB, respectively. The simulation results coincide very
well with the synthesized ones except that one transmission
zero between the first two passbands and the one between the
last two passbands are not so obvious. This is because that the
susceptance slope of each resonator in the theory is a constant
in all frequency range but that of each microstrip resonator is
not.

B. MEASUREMENT

The microstrip quad-band bandpass filter was fabricated and
measured. The photo of the fabricated filter is shown in Fig-
ure 9. The measured and simulated S parameters are depicted
in Figure 10. The measured center frequencies are 5.39, 7.36,
9.85 and 11.81 GHz, respectively. The fractional bandwidths
are 3.0%, 1.4%, 1.6% and 1.8% respectively. The in-band
return losses are 30.0, 13.0, 15.0, and 10.0 dB, respectively.
The insertion losses are 1.52, 2.00, 2.95, and 3.60 dB respec-
tively. The measured results coincide well with the simulated
ones except that the measured return losses of the second and
the fourth passband deteriorate to some extent. As analysis
shows, the response of the filter is sensitive to the variation
of the dimension parameter L7. The required value of L7
is 0.78 mm. However, fabrication precision unfortunately
causes minor deviation. We found out that the simulated
response with L7; = 0.75 mm is very close to the measured
response.
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VI. CONCLUSION

As a very important circuit component for frequency selec-
tion, MB-BPF is receiving much attention. But, to design
a MB-BPF is still very challenging. In this paper, a hybrid
approach is proposed for the synthesis of MB-BPF, which
is named the RP-FT method. It includes two main parts,
i.e., the rough prototype construction and the fine tuning
optimization. The rough prototype construction contains nec-
essary information of the MB-BPF to be synthesized, which
efficiently narrow scope for the fine tuning optimization.
In addition, the Nelder—-Mead algorithm is utilized for fine
tuning, which can accelerate search process. The proposed
RP-FT method is featured by fast convergence and flexibly
controlling the performance of a MB-BPF such as passband
number, performance of each passband, transmission zeros,

etc.
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