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In this paper, a design procedure for multi-mode diplexers having closely located bands and an alternative
coupling matrix arrangement suitable for all types are reported. The proposed topology includes the interdigital
capacitive fingers as a loading element. In addition, the theoretical approach is based on the combination of a
polynomial synthesis procedure and the coupling matrix synthesis method. The validation is shown by the design
and fabrication of new microstrip diplexers having two different dual/quad modes bandpass filters to explain
how the required selectivity and the isolation between the close channels are obtained. To obtain the best
performance without an extra matching circuit, the capacitively loaded loop resonators used as a channel filter
are fed by a T-junction. To obtain a sufficient coupling effect a serial capacity is used in the input/output. The
proposed resonator is investigated by using the even—odd mode analysis to evaluate the resonance frequencies,
transmission zeros, and return loss level. An interdigital loading element not only achieves dual-mode charac-
teristics without the requirement of any extra surface area but also moves the transmission zeros to the desired
side of the passband. The proposed diplexers have advantages such as compact size, good selectivity, inter-
connection capability, and high isolation.

1. Introduction capability. A compact microstrip diplexer consisting of three dual-mode
stub-loaded microstrip resonators has been introduced by [10] in which

Recently, microwave multiplexers have been widely used in mobile two modes in each of a stub-loaded resonator and one mode in the main

communication and radar systems. The communication systems need
diplexers using separated double different signal bands within the wide
frequency ranges. The diplexer is one of the fundamental pieces of a
transceiver for either splitting a frequency band into two sub-bands or
combing two sub-bands into a wide frequency band. Diplexers having a
compact size, high isolation, high selectivity, easy fabrication, low cost,
etc. are very important for performance of mobile communication sys-
tems. Because their performance has very high-density effects on the
front-end systems at the radio frequencies (RFs) [1-8]. Modern micro-
wave multiplexer circuits are generally implemented in the planar
configurations because of their advantages [9-11]. In [9], a compact
diplexer used in the GSM and WLAN applications has been achieved by
locating a slotline stepped impedance resonator (SIR) in the ground
plane, which performs better out of band rejection and power handling
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resonator are excited to form the lower and higher passbands. The au-
thors have used the T-shaped resonator as a frequency selective signal
splitter to make the feasible design of a diplexer for a system with two
extremely close bands [11]. An approach used in the diplexer design is
simply combining two independent filters. The integration of a dual-
band filter with additional matching circuits has been reported for
reducing the occupied-area of the diplexer circuit [12,13]. However, the
extra area of the matching circuit has a disadvantage in reduction of the
circuit size. These circuits are not very useful when the TX and the RX
bands are extremely close to each other.

In this paper, microstrip diplexers are designed by combining two
dual-mode bandpass filters (BPFs) to adjust the center frequencies of the
two channels. The design is realized by using a T-junction that does not
require any combining and matching circuits. Feeding two BPFs from
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the common input port by means of this T-junction provides sufficient
impedance matching. A theoretical approach is described to exhibit the
design procedure for the diplexer. This approach used in the synthe-
sizing of microwave diplexers having very close RX and TX bands is
based on the combination of two syntheses proposed in [14,15] for
multiport circuits. In [14], a detailed polynomial synthesis procedure is
presented for diplexers with arbitrary topology while the coupling ma-
trix synthesis having analytical and exact method properties is described
for the three-port circuits in [15]. The proposed synthesis procedure
starts to determine suitable reflection and transmission zeros or poles for
a desired symmetrical frequency response of RX/TX channel filters then
a polynomial synthesis is realized for Hurwitz factorization to obtain the
relationships between the admittance parameters and scattering pa-
rameters of the three-port circuit. Finally, the coupling matrix elements
involved residues of the admittance parameters and source-load
coupling of each output are calculated by means of these relationships.

One of the main goals of diplexer designs is to achieve good isolation
between the output ports. To improve the diplexer isolation, the location
of the transmission zero (TZ) for a channel filter has been arranged as to
be at the passband of the other channel filter. As is well known in the
literature [16], the dual-mode characteristic for conventional loop fil-
ters is obtained by excitation of degenerate modes with a perturbation
element which this excitation provides a pair of TZs whereas a loading
element is used for open loop resonators [17], in this case, a single TZ
occurs near the passband. The location of the TZ can simply be deter-
mined depending on the configuration of the loading element. The
moving of the transmission zeros from the left/right side of the passband
to the right/left side is a very important factor to achieve the reconfig-
urable filtering characteristics, which is quite important to provide
sufficient isolation and desired selectivity. Therefore, these open loop
resonators are used to design a diplexer with high selectivity and good
isolation between the channel bands, in this paper. The proposed
diplexers have been simulated and fabricated and tested to validate the

Channel Filter #I
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theoretical and simulated results.

The organization of this paper is arranged as follows. In Section 2,
the theoretical approach for the three-port circuit topology is described
based on the combination of a polynomial synthesis procedure and the
coupling matrix synthesis method. Section 3.1 reports an analysis of the
capacitively loaded dual-mode resonator. The frequency responses ob-
tained from the configuration of the loading element and the arrange-
ment of the open loop resonator are also investigated in this section. As
is shown in Sections 3.2 and 3.3, the diplexer circuits having some
properties such as dual-mode, quad-mode and controllable transmission
zeros providing an effective selectivity can easily be constructed by
using the capacitively loaded and coupled resonators. Finally, Section 4
includes the performance test of the experimental studies to demon-
strate the validity of the proposed diplexer design.

2. Modification of coupling matrix technique for multi-mode
diplexers

In the design, a T-junction is used to combine two channel filters
having different sizes to avoid using an additional matching circuit. The
T-junction used in the input port of the diplexer behaves as an imped-
ance matching circuit, which is important to reduce the circuit size.
Thus, it is no need to use any extra matching circuit. Fig. 1(A) depicts the
general architecture of a diplexer, which is formed by extremely close
RX and TX bands with BPF topology. The proposed synthesis procedure
of the diplexer starts with determining suitable reflection and trans-
mission zeros or poles for a desired symmetrical frequency response of
RX/TX channel filters. Then a polynomial synthesis is realized for
Hurwitz factorization to obtain the relationships between the admit-
tance parameters and scattering parameters of the three-port circuit.
Finally, the coupling matrix elements involved residues of the admit-
tance parameters, and the source-load coupling of each output is
calculated by means of these relationships. Thus, the frequency response
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Fig. 1. (A) Architecture of general diplexer without using any impedance matching circuit (B) the frequency transform diagram (C) coupling diagram and (D)

proposed general coupling matrix for a diplexer with transversal form.
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of the whole diplexer instead of each filter is obtained from the admit-
tance parameters.

The first step for synthesis of the diplexer is to describe the
normalized frequencies, which the related frequency points are shown in
Fig. 1(B). The synthesis procedure given in [14] occurs by deriving
polynomials with a specific junction topology. Four polynomials are
required to define the S parameters of the proposed diplexer circuit since
it is a three-port circuit as formulated in (1). These polynomials are
obtained by using reflection zeros at the input port of the diplexer and
transmission zeros of the channel filters, as indicated in [14].

F(s)

Sll(S) :m, Sz](S) =

where E(s) is the common denominator polynomial of the reflection and
transfer functions while F(s) represents the numerator polynomial of the
reflection function. Also, P.(s) and P(s) are the numerator polynomials
of the transfer function for RX and TX channel filters, respectively,
which their roots denote the transmission zeros for output ports while
the roots of F(s) are the reflection zeros for the input port of the diplexer.
They are necessary to calculate the input admittance to derive the
characteristic polynomials of the diplexer by considering the expressions
of the scattering parameters given in (2).

P.(s)
E(s)

 Suls) = I;((j; )

1-Y;,
S = 157,
5, = S+ YY) &)
1+ YR 4yl
S (L+Y)
Sz =

1 YR yIX

in

The input admittance at common port 1 (Y;,) is calculated as the sum
of the input admittances of the two channel filters (Y:*,Y1X), as can be
seen in Fig. 1(A). Characteristic polynomials of the channel filters pri-
marily need to be obtained independently from the diplexer to obtain
the polynomials given in (2). At this stage, the characteristic poly-
nomials of RX and TX filters are defined in (3) and (4), respectively. The
polynomials are calculated using the methods available in [18].

RX Frx(s) ke s :ng Prx(s)
Sl] ( ) - ERX(S)7 SZ] ( ) ERX(S) (3)
ST (6) = ey, SBi(s) =P @

where Egy/7x(s) are common denominator polynomials of the reflection
and transfer functions for RX and TX filters, respectively. The roots of
Frx/rx(s) represent the reflection zeros while the roots of Prx/rx(s)
indicate the transmission zeros. The highest degrees of Ppy/rx(s) are
equal to 1 because of normalized polynomials with their suitable co-
efficients (p&X/plX). The relationship between the transmission poly-
nomials of channel filters and the diplexer can be explained by (5) and
(6).

Erx(s) + Frx(s)

> (5)

P.(s) :pgxPRx(s)
Egx(s) + Frx(s)

2 (6)

Pi(s) = py Prx(s)

To obtain the coupling matrix of the proposed diplexer, after
obtaining these characteristic polynomials, the next step in the theo-
retical approach is to develop the methods used in the literature [19,20].
Following to derive of the diplexer polynomials using the set of formulas
in (1)-(6), the synthesis of the rational functions that give the admit-
tance parameters (¥11, Y21, and y31) can be described. These parameters
are necessary for achieving the coupling matrix of the diplexer circuit.
The matrix of admittance parameters can be calculated from the scat-
tering parameters by the matrix equation, as shown in (7).
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Y] = [zo]” (U]~ ISH(U] = 8) (%] ™

[Zo] is the diagonal matrix of reference impedances at each port of
the circuit, [U] is the identity matrix, and [S] is the scattering matrix
[15]. The rational polynomials of the short-circuit admittance parame-
ters (y11, Y21, ¥31) can be calculated based on the method prescribed in
[20]. It should be noted that the admittance parameters must be ar-
ranged by using the rational characteristic polynomials given in (1)
according to the three-port circuit. As is well known [14] that the de-
nominator polynomials are equal to each other so thaty;14(s) =Y214(s) =
¥314(5) = ya(s). Thus;

ACR ool

O G
o

where

my(s) = Re(eo + fo) +jIm(er +f1) + Re(es +fo) + ... 9
ny(s) = jIm(eg + fo) + Re(ey +f1) +jlm(ex + fo) + ... 10)

ejand fji=0,1, 2, ..., 2 N (N is the degree of each identical channel
filter) are the complex coefficient of the E(s) and F(s) polynomials of the
diplexer circuit, and the degree of these polynomials is the same in case
the degree of the denominator is less than that of the numerator for all
channel filter types. The degree of P.(s) and P(s) is equal to the cross-
ways sum of reflection and transmission zero numbers for RX and TX,
respectively. As mentioned above, to obtain the admittance parameters
¥11(8), y21(s), and y31(s) in (8), the realizing of the rational polynomials
synthesis including the Hurwitz factorization procedure provides to
determine E(s), F(s), P.(s), and Py(s) polynomials. In this case, the
admittance matrix for the proposed diplexer becomes

RX  pTX
yi(s) yio(s) yis(s) 0 K" K
ya(s) yn(s) yn(s)| =j|KF 0 0
ya(s) ya(s) yu(s) KX 0 0
N 1 ik T2k T3k
+ Pk ok Pk 11
;(S*Mk)

3tk T3k 133k

where KISX/ ™ are couplings between the input and RX/TX outputs
(source-load couplings) that are non-zero when the number of trans-
mission zeros is equal to the filtering degree similar to the definition in
[20]. Ak real eigenvalues (k =1, 2, 3, ..., N) are the roots of the common
denominator polynomial (m;(s)) of the admittance parameters. rij (i, j
=1,2,3and k =1, 2, 3, ..., N) are residues of the numerator and de-
nominator polynomials for y;1(s), y21(s), and ys;1(s) at Ax eigenvalues
and can easily be obtained by using the residue calculation techniques in
the complex analysis. It is noted that these residues are the coefficients
in the case of the partial fraction expansions for the admittance pa-
rameters and are also related to not only the self-coupling of the modes
but also between input/outputs and modes.
The source-load couplings are calculated from

KRX — _ Ya1a(s) (12a)
0 / Yd(x) s=joo

K= panl) (12b)
T TN | e

where y4(s) is the common denominator polynomial while ys1,(s) and
¥31n(s) are the numerator polynomials. Coupling matrices of the
coupling diagram proposed for transversal formed diplexers shown in
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Fig. 1(C) are named initial coupling matrices. A general form for these
matrices is given in Fig. 1(D) and the values of coupling elements are
calculated by using the following equations.

yii(s) yiz(s) yi3(s) Yie Yine Yiz
N

y2(s) ya(s) yal(s) :[YSL1/5L2]+Z Yo You Yo
=

y31(8) yaa(s) yss(s) Ysie Yar Yasr

0 Mg, M, M3 MgMy, MgM,y,
N
. 1
=j|Msg, 0 0 +Z(Y—jlk) MgMy, My, Mg, M,
=1
Mg, O 0 MaMu, My, My, M/fLZ

(13)

As mentioned above, the coupling matrix elements (M;;) in Fig. 1(D)
are related to the elements values of the admittance matrix in (13),
which can easily be calculated rjjk residues in (11) by using the following
equations.

Mg = /rink 14
21k

My, = (15)
K ik
31k

My, = (16)
e Fiik

My =4, k = 1,2, 3, ..., 2N a7

These equations can be used to calculate all the non-zero elements of
the coupling matrix by its admittance parameters for the coupling dia-
gram corresponding to the diplexer topology.

The general equation may be expressed as follows to derive the S-

parameters for the three-port circuit.

2
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by using

[A] = [g] +plU) —j{M] (20)
where p is the complex frequency variable, [M] is the coupling matrix,
[U] is the identity matrix, [q] is zero matrix, except for goo
1/qe0,9n+1)0 = 1/qevr1)s andqani2)o = 1/qe an+2)- All matrices are
(2N+3) x (2N+3) reciprocal matrices (Mij = Mj,p).

The approach method explained in detail above is an effective and
suitable method for synthesizing microwave diplexers having symmetric
or asymmetric characteristics. To illustrate the proposed synthesis pro-
cedure, a diplexer constructed with two dual-mode channel filters
having a symmetric frequency response with a pair of transmission zeros
has been synthesized as a sample three-port circuit. Sample coupling
diagrams for transversal and folded form dual-mode diplexers are shown
in Fig. 2(A) and 2(C) while their coupling matrices are depicted in Fig. 2
(B) and 2(D), respectively. As is well known, the coupling matrix of
transversal form is called “initial coupling matrix form”, which is ob-
tained from (14)-(17). Then, to obtain the proposed coupling matrix
shown in Fig. 2(D), similarity transformations can be applied to this
initial coupling matrix [20].

Firstly, specifications for the channel filters are determined to use in
the applying example of the proposed diplexer synthesis. RX/TX channel
filters have dual-mode characteristics and passbands with — 20 dB return
loss at center frequencies. The transmission zeros are located at — 9.45
and 1.45 for RX, —1.45 and 9.45 for TX. The reflection zeros placed at —
j4.27, —j3.72 for RX, j3.72 and j4.27 for TX, have a symmetrical distri-
bution according to the center frequencies of the channel filters. Also, the
rejection level of the out-of-band is better than — 30 dB for each filter.

For these specifications, the synthesis procedure steps are briefly
explained as follows:

- Specifying the channel filter properties such as center frequency,
bandwidth, selectivity, return loss or insertion loss level, etc.

- Computing the characteristic polynomials of channel filters given in
(3)-(4) by using the quasi-elliptical filtering characteristic [18]
based on the prescribed RX/TX specifications.

- Acquiring the diplexer’s reflection and transfer functions by
employing characteristic RX and TX polynomials with formulas in
(1)-(2) and (5)-(6). (seen in Table 1.).

s 1 2 L 3 4 1L
S 0 My My Mg Mg Mg Mg,
1 M, :M“ 0 MIL]} 0 0 0
2 Mg, 0 M, My, 0 0 0
Lo My My My 01 0 0 0
3 Mg, 0 0 0 M, 0 M,
4 My 0 0 0 10 M, M,
L, My, 0 0 0 My M, 0]
— (B) -
s 1 2 L, 3 4 L,
S 0 My 0 My My 0 My,
1 M, : M, M, 0} 0 0 0
2 0 (M, M, M, 0 0 0
L My 0 My 07 0 0 0,
3 Mg, 0 0 0 :Mgz My 0|
4 0 0 0 0 M, M, M,]
Lo My 0 0 0 Lo M, 0]
(D)

Fig. 2. Coupling diagrams and coupling matrices for different configurations of dual-mode diplexers; (A) and (B) for transversal, (C) and (D) folded forms,

respectively.
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- Calculating numerator and denominator polynomials of the admit-
tance parameters by using rational characteristic polynomials (given
in (8)-(10)).

- After synthesizing procedure, deriving the coupling matrix from the
reflection and transfer functions of the diplexer by means of (11)-
13).

- Computing the residues of y11(s), y21(s), and y31(s) to find values of
the initial coupling matrix elements (seen in (14)-(17)).

- Obtaining S-parameters of the three-port circuit by using the for-
mulas in (18)-(20).

The coefficients of rational characteristic polynomials normalized
according to the highest coefficient of E(s) are given in Table 1 for the
dual-mode diplexer.

After applying the synthesis process steps, the elements of the pro-
posed coupling matrix corresponding to the transversal coupling dia-
gram in Fig. 2(A) are obtained as

S 1 2 L, 3 4 L,
S 0 0.542 0525 —-0.012 0.525 0.542 -0.012
1 0542 —4.658 0 —0.524 0 0 0
2 0525 0 —3.383  0.541 0 0 0
L, -0012 -0.524 0.541 0 0 0 0
3 0525 0 0 0 0.383 0 —0.541
4 0542 0 0 0 0 4.658 0.524
L, —0.012 0 0 0 —0.541 0.524 0

@n

where S and, L;/Ly represents the input port and output ports, respec-
tively. Coupling elements in the first row/column of the coupling matrix
represent the coupling between the common input port, output ports
and modes of the channel filters. Nodes 1-2 and 3-4 depict modes of
channel filters #1 and #2, respectively. All non-zero element in the
matrix corresponds to a physical coupling element in the diplexer to-
pology. Diagonal elements in the matrix, M;; represents the self-coupling
of the modes and Mj; (i # j) shows the coupling between the modes. The
frequency response calculated by using this coupling matrix is shown in
Fig. 3.

S 1 2 3 4 L, 5 6

S 0 0.871 1.292 0 0 —0.003 0.871 1.292

1 0.871 —5.508 0 0 —-2.317 0 0 0

2 1.292 0 —4.351 1.388 0 0 0 0

3 0 0 1.388 —4.182 0 1.334 0 0

4 0 —-2.317 0 0 —2.715  0.949 0 0

L; -0.003 0 0 1.334 0.949 0 0 0

5 0.871 0 0 0 0 0 5.508 0

6 1.292 0 0 0 0 0 0 4.351

7 0 0 0 0 0 0 0 —1.388

8 0 0 0 0 0 0 2.317 0
LL, —0.003 0 0 0 0 0 0 0
Table 1

The coefficients of the rational characteristic polynomials for dual-mode
diplexer.

Coefficient Rational Characteristic Polynomials
(cn) S8 ocas™ = cast + €383 + cas® + 15t + co
E(s) F(s) Pr(s) Pi(s)
c4 1 0.999 0.0249 0.0249
c3 2.279 —0.000176 0.0142 0.0142
co 34.459 31.804 1.544 + 0.057i 1.544-0.057i
(o) 37.788 -0.384 0.648 — 5.8231i 0.648 + 5.8231i
co 248.281 248.164 —5.312-0.7771 —5.312 4+ 0.777i
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Fig. 3. Calculated frequency response for both transversal and folded forms
having two-channel filters with the symmetric dual-mode characteristic.

Alternatively, the coupling diagrams for the transversal and folded
form quad-mode diplexers are given in Fig. 4(A) and 4(C), respectively.
For synthesizing such a quad-mode diplexer configuration, the fourth-
order RX having transmission zeros at — 16.75, —9.45, 1.45, and 8.75,
and TX having transmission zeros at — 8.75, —1.45, 9.45, and 16.75 are
considered. The reflection zeros of RX/TX are located at + j2.27,
+j3.26, +j4.73and =+ j5.72 in their passbands. Each filter has return loss
of — 25 dB at their center frequencies. The rejection level of out-of-band
is better than — 40 dB for RX/TX. The coupling matrix of the quad-mode
diplexer can be calculated by following the synthesis procedure steps
given for the dual-mode diplexer above. In this case, the resulting
polynomials of the quad-mode diplexer are seen in Table 2.

After determining these polynomials, the synthesis procedure yields
the initial coupling matrix in Fig. 4(B). Then, to obtain the proposed
coupling matrix in Fig. 4(D), similarity transformations described in
[20] can be applied to the initial coupling matrix. As a result, the values
of the coupling matrix elements are found as

7 8 L,

0 0 —0.003

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0 22)

0 2.317 0
—1.388 0 0
4.182 0 —1.334

0 2715 —0.949
—1.334 —0.949 0

where nodes 1-4 and 5-8 represent modes of channel filters #1 and #2,
as depicted in the folded coupling diagram (see Fig. 4(C)). Diagonal
elements in the matrix, Mj; represents the self-coupling of the modes and
M;j (i # j) shows the coupling between the modes. The response of the
coupling matrix is seen in Fig. 5, where it is clear that it meets all the
prescribed specifications.

3. Design steps for proposed multi-mode diplexer
In this section, the microstrip diplexers with a T-junction are

employed to demonstrate the validation of the theoretical approach.
This paper focuses on diplexer applications without using any
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Fig. 4. (A) Coupling diagram and (B) coupling matrix for a transversal form (C) coupling diagram and (D) coupling matrix for a folded form of quad-mode diplexer

3.2
Channel
Filter#1 Filter#2
©
configuration.
Table 2

The coefficients of the rational characteristic polynomials for quad-mode
diplexer having symmetrical frequency response.

Coefficients  Rational Characteristic Polynomials
(cn) S8 ocns™ = cgs® + 787 + co5® + c55° + Cas? + c38® + 28 + st +
Co
E(s) F(s) Pr(s) Pi(s)
cg 1 0.999 0.005897 0.005897
[ 9.717 - 0.0000422 0.0143 0.0143
Ce 112.333 65.104 1.566 + 0.057i  1.566 — 0.057i
Cs 643.039 —28.693 3.525-8.627i  3.525 + 8.627i
(7 3338.417 1276.792 67.317 — 67.317 +
7.268i 7.268i
c3 10409.22 - 1150.288 181.664 — 181.664 +
730.212i 730.212i
[ 24366.66 8679.012 - 2323.51 - -2323.51 +
1063.94i 1063.94i
(2] 29410.8 - 7254.708 -1962.21 + -1962.21 -
3051.54i 3051.54i
co 24393.42 24253.16 1427.27 + 1427.27 —
1172.351 1172.351

impedance matching circuit. The diplexer circuit based on a dual-mode
open loop resonator with a loading element can provide extremely close
frequency bands. The advantage of using such a resonator is that it
provides the possibility to be located a transmission zero on any side of
the passband. Utilization of the coupled open loop resonator with a
loading element increases the channel order and results in a compact
circuit size. The designed diplexers are based on the combination of two
filters, and the filters are arranged using the T-junction to acquire a
convenient configuration. Two microstrip diplexer designs are presented
in this section. The first one is a diplexer having two dual-mode channel
filters with asymmetric frequency response. The other has two asym-
metric channel filters with quad-mode and transmission zeros on both
sides of the passband. The dimensions of the resonators can be deter-
mined based on the resonator analysis to adjust the desired center fre-
quencies of the channel filters in all designed circuits. In addition,

0
20}
i} [
z I
q) -
E -40 i
2 .
g N
= 60"
-80 L
-20

Normalized frequency

Fig. 5. Calculated frequency response for both transversal and folded forms of
the diplexer with two-channel filters having symmetric fourth-degree
characteristics.

parameters of the loading element can be determined by using this
analysis to achieve multi-mode in the passband.
The design processes can be briefly summarized in 5 steps.

Step 1- Specifying the channel filter properties such as center fre-
quency, bandwidth, selectivity, return loss or insertion loss level, etc.
Step 2- Determining for each channel separately the dimension of the
open loop resonators by means of the even—odd mode analysis based
on the filter specification in Step 1.

Step 3- Adjusting the location of the transmission zeros as regards the
value of the loading element parameters (l;, I;) and the tap point
position (t) based on a desired external quality factor.

Step 4- Constructing the dual-mode diplexer by using the channel
filters (RX/TX) operating at lower and higher frequencies.
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Step 5- Constructing the quad mode diplexer based on the multi-
mode obtained by using the coupling gap arrangement of the
capacitively-loaded resonators in each passband.

For Step 4, a single TZ occurs on the left/right side of the passband
according to the even mode frequency lower/higher than that of the odd
mode as relating to the value of the loading element parameters (I3, ).
Thus, dual-mode diplexer is designed by connecting the two bandpass
channel filters having different electrical lengths with a T-junction to
achieve the required input matching at the two channels of the diplexer.

For Step 5, three TZs occur on the left/right side of the passband.
While one of them (called natural TZ) is a result of the coupling between
two resonators, the others are related to the coupling between the even
mode of the resonators. The left/right side location of them are arranged
by changing the even mode frequency as explained in Step 4. As a result,
increasing or decreasing of channel filter selectivity of the diplexer in
case of the presence or absence of the TZs located on the left/right side of
the passband provides design flexibility that is a very important factor
for designers. While the quad mode is obtained by coupling the two
identical dual-mode resonators, the quad mode diplexer is designed by
connecting the two quad mode bandpass channel filters the same way as
in the previous step.

Detailed design concepts are given in the following subsections.

3.1. Dual-mode resonator design

Two different center frequencies should be specified to realize the
left and right passband filters. As can be seen in the flowchart given in
Fig. 6(A), the first step of the design is determining the electrical length
of the open loop resonators according to the center frequencies of the
filters. At the same time, miniaturization is achieved in dimensions by
obtaining dual-mode with a single resonator utilizing a loading element.
Since the open loop resonator with a loading element excites two modes,
the dual-mode microstrip open loop resonators for the design of the
channel filters are firstly investigated in this section. The two degenerate
modes are split by virtue of a loading element, as discussed in [17].
However, the effect of the patch loading element is limited since the
loading element will be placed into the resonator shown in Fig. 7(A).
This limitation can be annihilated by the slow-wave effect constructed

Specifying
the channel
filter
properties

Determining
the dimension of the
resonators according to the
center frequency (fo) of each
channel filter

~“Adjusting
the loading element
configuration according to the
desired location of the
transmission zeros

feven<fodd feven>foda

\ 4
Dual mode
resonator having a

TZ on the rigth side
of the passband of the passband

,{ _

Dual mode
resonator having a
TZ on the left side

(A)
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by means of the loading element. It can be seen from Fig. 7(B) that the
loading element is occurred by an interdigital structure composed of the
combination of the interdigital unit cells. The interdigital unit cells
placed as the loading element ensure that the structure becomes more
capacitive. Additionally, the interdigital structure is connected to the
resonator by means of an inductive line. The capacitance and inductance
per unit length of the loading element can be adjusted by the lengths of
the interdigital fingers and the inductive line (I, lp), respectively.
Configuration of the loading element can be varied geometrically ac-
cording to the required capacitive or inductive effect. An equivalent
circuit of the single/dual-mode open loop resonator is shown in Fig. 7
(C). C; is the total serial capacitance by representing the required
coupling strength between the input/output feed lines and the reso-
nator. It is noted that Cs includes the lumped capacitor (Cy) used to adjust
the energy level required in case the connection of the loading elements
to the open loop resonators for obtaining the dual-mode characteristic.
The electrical length of the resonator is equal to 2(8; + ), which is
equivalent to A/2 at the resonance frequency. The electrical lengths of
the transmission lines (9; and 6, for the top and bottom arms of the
resonator, respectively) are based on the tap point (). The values of t can
be adjusted by changing the connection point of the lumped capacitor
(Cp). The gap of the microstrip open loop resonator is represented by a
n-equivalent circuit model, as depicted in Fig. 7(C). While the loading
element is not used for the single-mode, an interdigital loading element
is connected to the open loop resonator to obtain the dual-mode char-
acteristic. The interdigital structure is connected to the ground by vias
on one side to occur the shunt capacitance effect. The change of the
fundamental parameters such as the number of unit cells, the width and
length of the finger, and the space between the fingers determine the
capacitance the width and length of the finger, and the space between
the fingers determine the capacitance per unit length of the structure. At
the same time, this structure is connected to the resonator by a thin
inductive line at the middle point of the bottom arm of the resonator.
Therefore, the loading element can represent by a variable capacitor and
inductor connected in series due to its geometrical variation. Mean-
while, the interdigital unit cells result in compact circuit size.

It should be noted that since the widths of the top and bottom arms
are equal, their characteristic admittances in the equivalent circuit
model are also equal (Yp; = Ypz). For even—odd mode analysis, the

Constructing
two different size
dual mode resonators
to design the channel
filters

v

Determining
the degree of
each channel filter
according to
the number of
the resonato

Quad Coupling
mode the two identical
dual mode
resonators

Dual
mode

Obtaining a diplexer
by connecting the two
dual mode filters by
means of a

T-junction

Obtaining a diplexer
by connecting the two
quad mode filters by
means of a
T-junction

(B)

Fig. 6. Design steps of the (A) constructing the dual-mode open loop resonator having a transmission zero (B) the dual/quad mode diplexer circuit.
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Fig. 7. The configuration of (A) single-mode (B) dual-mode resonator and (C) the equivalent circuit of the open loop resonator with/without a loading element.

equivalent circuit having the loading element is divided into two equal
parts along the symmetry axis. The even/odd mode input admittances
can be expressed as,

-1
1 1
Yevenjoasd = | -+ + iy (23)
/ (jwcx Yle\en/add I Y;Len/mfd)

where Cs represents the coupling between I/0 ports and the resonator.

Y&en/odd and Y2/°™ are the input admittances seen from the top and
bottom arms of the equivalent circuit under even/odd mode excitation.
For even mode excitation, the input admittances seen from the top/
bottom arms can be calculated as,

by + tan(6,)

Yevfn — 'Y
! Tro bgtan(6;)

(24)

by, + tan(6,)

YE\’eﬂ — 'Y
2 Jroe — bjtan(6;)

(25)

where bg and by, are susceptances of the gap and the loading element for
even mode excitation, which can easily be found by using;

bge = C()Cp201

1\ 'Zy
bie = | OLpas ———] —
! (w foad mcload) 2

Even mode resonance condition is determined by equating the
imaginary parts of Y. to zero. Hence, the even mode resonance con-
dition can be written as,

(26)

(27)

bge +bie + (1 — by.by,)tan(0; +6,) =0 (28)

For odd mode excitation, the input admittances seen from the top
and bottom arms can be calculated as,

by, + tan(6;)

1 — by,tan(6;) (29)

ded =JYo

Y34 = — j¥pcot(6;) (30)

where bg, is susceptance of the equivalent circuit of the gap for odd mode
excitation and determined by

by = w(C, + 2C,) Zo1. (31)

Similarly, the odd mode resonance condition can be found by
equating imaginary part of input admittances (Y,4q4) of the circuit to zero
under odd mode excitation

byotan(0; +6,) —1 =0 (32)

It should be noted from (28) and (32) that the odd mode resonance
condition does not include any parameters related to the loading
element, while the even mode resonance condition is calculated based
on the parameters of the loading element. The center frequency of the
proposed resonator can be calculated by the arithmetic mean of the even
and odd mode resonance frequencies [21]. Hence, the center frequency
and bandwidth are controlled depending on the gap, tap point position
of the resonator, and dimensions related to the loading element,
respectively. Finally, the dimensions of the resonators can be deter-
mined by employing the formula sets (23)-(32) in order to obtain the
desired center frequency.

The circumference of the resonator is an important factor in deter-
mining the fundamental resonant frequency, and the mode due to the
resonator size is called odd mode. When the gap of the open loop
resonator (g) increases, the perimeter of the open loop resonator de-
creases, and the odd mode frequency (fp44) and coupling coefficient (k)
change, as can be seen in Fig. 8(A). Another parameter related to
determining the odd mode frequency is the tap point position (t) of the
feed lines. Variation of the tap point affects the frequency response and
coupling coefficient, as illustrated in Fig. 8(B). In these figures, the solid
and dashed lines represent the status of the capacitively loaded open
loop resonator having transmission zeros on the left and right side of the
passband, respectively.

The loading element is constructed by interdigital unit cells which
increase the capacitance per unit length, and hence the propagation
velocity decreases and the even mode resonance frequency shifts down.
Effects of the lengths of the capacitive fingers and the inductive line on
the even mode frequency characteristics (feyen) and coupling coefficient
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Fig. 8. The frequency response and coupling coefficient of the capacitively loaded open loop resonator: for different values of (A) g, (B) ¢, (C) [; and (D) I, (for C, =

2.0 pF).
Table 3
Dimensions of the capacitively loaded open loop resonator for Fig. 8.
g (mm) t (mm) 1; (mm) I, (mm)
(a) solid lines variable 1.7 0.3 0.4
dashed lines variable 1.7 0.8 1.0
(b) solid lines 0.2 variable 0.4 0.8
dashed lines 0.2 variable 1.4 1.2
(c) 0.2 1.7 variable 0.8
(d) 0.2 1.7 0.7 variable

(k) are shown in Fig. 8(C) and Fig. 8(D), respectively. As can be seen
from the figures, the even mode resonance frequency and the location of
the transmission zero can be controlled by using the lengths of the
interdigital fingers and the inductive line (I;, l), which are the most
effective parameter of the proposed design so that the transmission zero
can easily be moved on a wide frequency range and located on the
desired side of the passband. All dimensions of the capacitively loaded
open loop resonator to obtain simulated responses illustrated in Fig. 8
are given in Table 3.

0
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In order to move transmission zero to provide higher selectivity in
the desired edge of the passband, the dimensions of the loading elements
should be adjusted to suitable values while the total surface area of each
open loop resonator is fixed, or vice versa. The even mode frequency can
be lower/higher than that of the odd mode by increasing/decreasing the
length of the interdigital fingers (I;) and inductive line (I;) so that the
transmission zero is expected to shift from the right (left) side to the left
(right) side of the passband. An interdigital loaded resonator excites
dual-mode in a narrow passband. A narrow passband is significant for
high selectivity and external quality factor (Q.). To exhibit the difference
between the quality factors of single and dual-mode open loop resona-
tors, insertion losses of half wavelength microstrip open loop resonator
and proposed dual-mode open loop resonator are compared in normal-
ized frequency, as illustrated in Fig. 9(A). The figure shows normalized
frequency responses of the single-mode resonator and dual-mode open
loop resonator having a transmission zero on the left (DMR#1) and right
(DMR#2) side of the passband. It is necessary to determine the band-
width to calculate the external quality factor based on the fractional
bandwidth. As illustrated in Fig. 9(A), the loaded open loop resonator

80
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Fig. 9. (A)The comparison of S parameters for the single-mode and dual-mode open loop resonators (B) the effect of I, on external quality factor versus different tap
point position for dual-mode. (w = 0.5, g = 0.2, 1; = 0.7, w; = 1.3, wy = 0.2, all units in mm and C¢ = 0.2 pF.).
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having transmission zero on the left or right side of the passband has a
narrower bandwidth than that of a single-mode resonator. Therefore,
the quality factor of the microstrip open loop resonator with a loading
element is higher than that of the single-mode resonator. It can be seen
in Fig. 9(A) that the transmission zero can be located on each side of the
passband by controlling parameters related to the loading element.

It is well known that the tap point position is a significant and
necessary parameter for calculating the external quality factor (Q.).
Although the tap point position does not change the transmission zero
and even mode frequency, it affects the quality factor since it changes
the odd mode frequency, as described above. For these reasons, the ef-
fect of the length of the inductive line (I2) on the external quality factor is
also investigated for different tap point positions in the dual-mode
resonator. Fig. 9(B) depicts the behavior of the external quality factor
for the capacitively loaded resonator having a transmission zero on the
right side of the passband depending on three different tap point loca-
tions. It can be seen that the external quality factor also increases when
the length of [, is increased. As a result of the above discussion, it is clear
that flexible control of the frequency response is available.

Each capacitively loaded open loop resonator can generate two
modes and one transmission zero. The design of multi-mode BPFs is
based on a dual-mode property with a proper coupling strength between
1/0 ports. Two dual-mode resonators should be coupled to each other to
increase the number of transmission poles and zeros. The type of
coupling also changes depending on the orientation of the open loop
resonators. The loading element adds one more transmission pole within
each passband and one transmission zero near the stopbands. Distance
between the resonators affects the bandwidth and locations of the
transmission poles within each passband. Based on the proposed
method, a multi-mode bandpass filter with a higher selectivity can be
designed by coupling two loaded resonators having different electrical
lengths, as known from [22,23].

The next stage is to design the dual and quad-mode diplexer by
applying the flowchart in Fig. 6(B).
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3.2. Dual-mode diplexer application

Two second-order bandpass filters with different sizes are designed
to form the lower and higher passband of the diplexer. The proposed
diplexer is constructed by the two bandpass filters (BPF#1 and BPF#2)
and a T-junction as illustrated in Fig. 10(A). Fig. 10(B) shows 3D image
of the diplexer. For the design, firstly, the resonator dimensions were
determined according to the desired center frequency, and a loading
element was used to obtain a dual mode. Loading element parameters
are determined according to the desired second mode frequency and the
position of the transmission zero. It has been determined that the di-
mensions could be as follows. BPF#1 and BPF#2 have a loading element
consisting of interdigital fingers of 0.2 and 0.7 mm in length, respec-
tively. The spacing between the interdigital fingers is taken as 0.2 mm in
both filter circuits. The interdigital loading elements are connected to
the resonator by an inductive line with length of 0.2 mm (for BPF#1)
and 0.4 mm (for BPF#2). The gap of both open loop resonators is 0.2
mm, and the tap point position of the feed lines is adjusted to be 3.0/2.0
mm in BPF#1/BPF#2. I/0 ports are fed by a lumped capacitor to ach-
ieve the required coupling strength in both passbands. The lumped ca-
pacitors (Cy) are used to increase coupling levels due to the high energy
loss in the interdigital cells. Their capacitance values are taken as 0.2
and 0.1 pF in BPF#1 and BPF#2, respectively. Values of the capacitor
have been determined based on the even-odd mode analysis. The
capacitance of the lumped capacitors should be adjusted to a convenient
value that the bandwidth and return loss to be the desired level in the
passband. The total surface area of the proposed circuit is 26.8 mm x
11.5 mm. The layout of the filters given in Fig. 10(B) is optimized
through a full wave EM simulator [24]. The simulated response of the
proposed diplexer is illustrated in Fig. 10(C). To obtain the required
impedance matching, the input impedance at the T-junction is deter-
mined by the conditions specified in [25]. These conditions can be
ensured by using the T-shaped microstrip line, which provides an open
circuit at the frequency of the other passband. As can be seen from
Fig. 10(D), the input impedances of BPF#1 at 2.12 GHz and BPF#2 at
1.75 GHz are very low and so close to the shorted circuit as depicted in

Impedance (Q)

1.8

2.0
Frequency (GHz)

(D)

Fig. 10. (A) Configuration, (B) 3D image, (C) the comparison of the simulated and calculated frequency response of the dual-mode diplexer, (D) input impedances of

the BPF#1 and BPF#2.
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Table 4
The coefficients of characteristic polynomial for the dual-mode diplexer.

Coefficients  Rational Characteristic Polynomials

(cn) S oCns™ = cas* + €383 + c28% + c1s + ¢o
E(s) F(s) P.(s) Py(s)

[ 1 1 - -

c3 2.315-1.879i —1.879i 0.521 —0.391

co 11.580 — 9.113 0.291 - —0.234 +
3.606i 0.2361 2.078i

1 11.987 - —0.326 - 6.326 — 2.397 +
11.966i 9.196i 07251 0.658i

Co 24.719-2 23.873 + 1.975 + —0.160 +
6261 0.231i 6.601i 0.650i

[25]. Two transmission lines with high impedances are needed for
transforming these low impedances into an open circuit at the junction.
Finally, the lengths of the T-junction and tap point distance of the
channel filters are optimized such that each filter in the diplexer has the
best return and insertion loss level in the passband and a good isolation
level between channels.

To demonstrate the use of the proposed theoretical approach in
practical diplexer applications, the characteristic polynomials for the
dual-mode diplexer constructed with the open-loop resonators by
sequentially applying the synthesis procedure steps described in Section
2 are found as given in Table 4.

The characteristic polynomials are used to determine the coupling
matrix of the proposed diplexer. The input port of each channel is
directly connected to the common port of the diplexer, as shown in
Fig. 10(B). A transversal coupling diagram in Fig. 2(A) can be used for
this configuration of dual-mode diplexer. In this case, it can be defined
(7 x 7) coupling matrix for this three-port circuit having dual-mode
channel filters, as can be seen in (33). The values of the coupling ele-
ments available according to the coupling diagram are computed as
given in this coupling matrix. The simulated and calculated frequency
response are compared in Fig. 10(C).
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S 1 2 L, 3 4 L,

S 0 0.627  0.407 0 0.644  0.429 0

1 0627 -2452 0 —0.601 0 0 0

2 0407 0 —1.302  0.466 0 0 0

L, 0 —0.601 0.446 0 0 0 0

3 0.644 0 0 0 2.247 0 0.668

4 0429 0 0 0 0 3.386 —0.395

| L, 0 0 0 0 0.668 —0.395 0

© (33
3.3. Quad-mode diplexer application

The high selective microstrip diplexer is performed by fourth-order
dual-mode microstrip filters having two different sizes. Transmission
zeros of a channel filter have been arranged at the other channel filter
passband to improve the diplexer isolation in this design. The fourth-
order microstrip filter is designed by using the two coupled microstrip
open loop resonators with the properties detailed in Section 3.1. The
dual-mode resonators used in the design have a narrow band frequency
response with a transmission zero and, two modes so the proposed filter
has high selectivity and quality factor. High selectivity is achieved by
locating three finite transmission zeros in each channel filter design. To
obtain the proposed high selective channel filter the single-mode two
identical microstrip open loop resonators are situated with an appro-
priate gap and investigated with an EM simulator, firstly [24]. In this
case, two degenerate modes appear and a transmission zero occurs on
the right side of the passband which is inherent with the structure and
so-called natural TZ. These modes are the odd modes and resulted from
the coupling of the identical single-mode resonators. A natural trans-
mission zero can be located on the desired side of the passband,
depending on the different orientations of a pair of open loop resonators.
It is obvious that any coupling type in those structures is basically
related to fringe fields. The configuration is arranged for the mixed-
coupling type. Similarly, when two identical open loop resonators
with loading elements have coupled to each other, the four poles and
three transmission zeros are excited, as estimated. A transmission zero
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Fig. 11. (A) Configuration of the quad mode diplexer (B) comparison of the calculated polynomial and coupling matrix response.
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Table 5
Dimensions of the quad mode diplexer.

Channel Filters Parameters (mm)

w g t I Iy Wi Wo
#1 0.5 0.2 3.0 1.3 1.1 0.7 0.2
#2 0.5 0.2 1.4 0.7 1.3 0.7 0.2

on the right side of the passband is a natural transmission zero occurred
depending on the tap position of I/O ports and the orientation of the
resonators. The others arise from the configuration of the loading
element. Thus, the position of the first transmission zero (at the right
side of the passband) does not change, while the other two zeros can be
moved to the desired stopbands by adjusting the parameters of the
loading element.

The high selective microstrip diplexer shown in Fig. 11(A) is ach-
ieved by fourth-order filters having two resonators of different sizes.
Two dual-mode resonators are combined by a T-shaped open ended
input feed line to obtain the proposed diplexer. To obtain the required
impedance matching, the input impedances of the diplexer at the T-
junction are adjusted to be 50 Q at the center frequency of the related
channel filters. There is no need for any impedance matching circuit
with the proposed configuration, which is result in reduced circuit size.
The total surface area of the proposed circuit is 44.2 mm x 12.0 mm. To
verify the above theoretical analysis and optimize the proposed BPFs
with a reduced-size and a high selectivity, a full-wave EM simulation is
carried out by using a full wave EM Simulator [24]. The optimized

S 1 2 3 4 L, 5 6
S 0 0.698 0.602 0.285 0.516 0 0.508 0.662
1 0.698 —1.320 0 0 0 —0.662 0 0
2 0.602 0 —2.758 0 0 0.622 0 0
3 0285 0 0 —-0.417 0 0.412 0 0
4 0.516 0 0 0 —3.049 —-0.259 0 0
L 0 —-0.662 0.622 0.412  —0.259 0 0 0
5 0.508 0 0 0 0 0 2.385 0
6 0.662 0 0 0 0 0 0 1.729
7 0475 0 0 0 0 0 0 0
8 0.143 0 0 0 0 0 0 0
L, 0 0 0 0 0 0 —0.301 0.598

Table 6

The coefficients of the rational characteristic polynomials for quad mode
diplexer.

Coefficients ~ Rational Characteristic Polynomials

(cn) S8 ocas" = cgs® + c757 + Co5® + 555 + Cast + C35% + cas? + 15 +
Co
E(s) F(s) Py(s) Pi(s)

cs 1 1 - -

c7 —4.281 + 2.581i 0.240 -0.179
2.581i

Ce 15.181 - 6.063 —0.218 + 0.221 -
9.104i 0.798i 0.878i

cs —34.958 + 2.371 + 3.659 - -0.292 +
29.784i 14.696i 0.996i 0.707i

[ 58.765 — 8.640 + —1.958 + 1.374 -
53.072i 3.876i 5.066i 7.242i

c3 —70.380 + 11.465 + 19.635 - 12.062 +
65.2751 17.569i 6.391i 6.325i1

[ 48.709 — 2.316 + —9.600 — —5.708 +
37.186i 9.940i 13.204i 6.875i

c1 —18.626 + 7.788 + —3.087 + —1.031 -
9.352i 6.369i 3.196i 1.322i

co 2.921 - 0.451i 2.923 + 0.295 + —0.080 +

0.198i 0.233i 0.069i
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dimensions of the channel filters used in the diplexer design are repre-
sented in Table 5. The transmission zero of each resonator needs to be
carefully located to achieve high isolation between two channels in the
design of the diplexer. As can be seen in Fig. 11(B), the diplexers have
two transmission zeros on the left side and one transmission zero on the
right side of the passband for each filter channel. Two transmission zeros
are located on the left side of the passband since the even mode fre-
quency is lower than that of the odd mode. It means that the trans-
mission zeros can be moved to the right side of the passband by
increasing the electrical length of the loading element. The natural
transmission zero located on the right side of the passband is resulted
from different orientations of a couple of dual-mode open loop resona-
tors, which are coupled by proper spacing. As a result of the transmission
zeros on both sides of the passband, the proposed diplexer by using
multi-mode resonators has high selectivity.

Similarly, the characteristic polynomials of the proposed quad-mode
diplexer can be achieved according to the procedure steps in Section 2.
The characteristic polynomial coefficients of the quad-mode diplexer are
given in descending order, as can be seen in Table 6. Since quad-mode
channel filters are used in the design, an (11 x 11) coupling matrix is
obtained by means of the calculated characteristic polynomials. The
values of the coupling matrix elements are shown in (34). The com-
parison of the frequency response computed using the polynomial syn-
thesis procedure and the coupling matrix synthesis method is illustrated
in Fig. 11(B).

7 8 L,
0475 0.143 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0 G4

0 0 —0.301

0 0 0.598
0.588 0 —0.417

0 0.261  0.292

—-0.417 0.292 0

4. Experimental applications

Based on the above analysis, the proposed dual-mode and quad-
mode circuits are designed. To demonstrate the proposed approaches,
the two designed circuits have been fabricated on RT/Duroid substrate
with a relative dielectric constant of 10.2 and a thickness of 1.27 mm as
shown in Fig. 12. The characteristic impedance of microstrip feed lines is
50 Q and the fabricated circuits are fed by 50 Q connectors. The mea-
surements are realized by Agilent E5071C Network Analyzer. The first
circuit is a dual-mode diplexer circuit as shown in Fig. 12(A). The overall
size of the circuit is 26.8 mm x 11.5 mm. The center frequencies of the
channel filters are measured as 1.76 GHz and 2.12 GHz. The insertion
loss changes between the —1.6 dB and —2.2 dB for the first passband
while it changes between the —1.2 dB and —1.9 dB for the second
passband, as illustrated in Fig. 12(A). The fabricated quad-mode
diplexer circuit has a surface area of 44.2 mm x 12 mm as shown in
Fig. 12(B). All four transmission poles and four transmission zeros
appear in the measured frequency response. It is clear from Fig. 12(B)
that a natural transmission zero occurs between the two passbands. Due
to the presence of transmission zeros on both sides of passbands of
channel filters, the proposed diplexer has considerable selectivity. The
measured center frequencies of the two channels are 1.66 GHz and 1.95
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Fig. 12. Fabricated photographs and comparison of the simulated and measured frequency response of the proposed diplexers (A) dual-mode (B) quad-
mode diplexer.

Table 7
Comparison between dual/quad mode diplexers.
Refs. fo1 / foz Order 3-dB FBW (%) IL Band isolation (dB) Size
GH: dB Az
(GHz) (dB) First Second Out of )
[26] 2.41 /3.61 2 6.7 /3.6 1.46 / 2.15 >38 >38 >50 0.099
[27] 2.44 / 3.52 2 - 1.43 /1.59 >45 >42 >45 0.283
[28] 11/13 2 8.0/9.2 1.83/1.52 >40 >30 >60 0.705
This work 1.76 / 2.12 2 9.1/9.6 14/1.6 >20 >30 >50 0.073
[29] 2.13 / 2.65 3 8.6/9.3 1.9/1.6 - - - 0.310
[30] 1.0/1.2 4 10.0 /9.0 2.24 7 2.22 >40 >40 >27 0.22
[31] 1.75/1.95 4 4.0/ 4.0 2.88 / 2.95 >50 >50 >50 0.391
[32] 2.4/ 2.8 4 9.1/10.7 2.13/1.95 >32 >40 >45 0.127
This work 1.66 / 1.95 4 11.5/10.1 29/28 >45 >30 >55 0.111

*Mg is the guided wavelength at the center frequency of the passband.
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Fig. 13. Comparison of the measured and calculated isolation of the proposed diplexers; (A) dual-mode, (B) quad-mode diplexer.
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GHz with insertion losses of approximately —2.9 dB and —2.8 dB,
respectively. Out of the band rejection for each channel is measured
below —20 dB. Table 7 exhibits the comparison among the proposed
dual/quad mode diplexer and some studies in the literature. It can be
seen from Table 7 that the proposed diplexers have compact sizes, close
channel bands and sufficient isolation. The isolation for out-of-band is
obtained as better than the 50 dB level aimed design value, this isolation
level is better than some studies in the literature as shown in Table 7.
Also, the comparison of the measured and calculated isolation level of
the dual/quad mode diplexer is depicted in Fig. 13.

When the photographs of the produced diplexers given in Fig. 12 are
viewed in detail, it can be seen that there are some production diffi-
culties such as the connection of the interdigital parallel capacitor to the
ground and the lumped serial capacitors to the feed lines. Unfortunately,
these difficulties result in a negative effect on the measurement results
because of production in our individual laboratory. The effect of the
conductor and dielectric loss on the frequency responses must be
considered in the proposed design process. Especially, the effect on the
measured results is a little more than that of simulation as can be seen
from the differences between the measurement and simulated results in
the bandwidth. This effect can be considered a disadvantage for de-
signers. However, this disadvantage can be annihilated by decreasing
the manufacturing tolerances and measurement difficulties.

5. Conclusion

A design procedure for microstrip multi-mode diplexer realized with
high selectivity and compact size has been presented in this paper. A
theoretical approach is discussed to indicate the design procedure for
the diplexer having close TX and RX bands. The theoretical approach for
the proposed diplexers has been described by using a polynomial syn-
thesis procedure and the coupling matrix synthesis method. The pro-
posed diplexers are designed using open loop resonators and interdigital
loading elements that allow easy determination of the center frequencies
of each channel filter. Two configurations, including two types of
diplexers a dual-mode and a quad-mode, have been designed and per-
formed to verify the theoretical approach and to demonstrate practical
design. The efficiency of the interdigital unit cells and the placement of
the loading element inside the resonator have been resulted in a more
compact structure property. Having sufficient power distribution for
each channel filter with a simple feed line configuration and not using an
extra matching circuit are important advantages. Taking advantage of
the multi-mode generated by the capacitively-loaded open loop reso-
nators, the lower and higher channel filters achieve high selectivity.
Moreover, controllable transmission zeros have been created by these
compact structures to improve the selectivity of both passbands with an
acceptable isolation level. Finally, the designed circuits were simulated
and fabricated to illustrate their validity. The measurements were ob-
tained in good agreement with the predicted and simulated results.
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