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1 | INTRODUCTION

Multiband components such as antenna arrays’? and bandpass filters (BPFs)>* with high performance are in intensive
demand for the applications in microwave multi-service wireless communication systems. For the designs of dual-band
and tri-band BPFs, numerous methods and techniques have been proposed. The primary design strategy is to employ
multiple resonators or a multi-mode resonator>!? for the multi-band BPF realizations. But different techniques are uti-
lized such as stub loaded resonator methods,> substrate integrated waveguides,’® high-temperature superconducting®'°
and transversal signal interaction techniques.!! In References 6 and 9, the researchers employed one-wavelength ring res-
onators with stepped impedance structures or loading stubs to obtain dual-band filtering response. In References 7 and
10, half-wavelength stub-loaded open-loop resonators or slotlines were proposed to achieve different types of dual-band
BPFs. However, the designed prototypes of these filters are relatively complicated.

Due to the essential frequency selective functions, the parallel coupled lines are also widely applied in the design of
filters.1215 In this paper, we will present a dual-band BPF using two simple coupled microstrip rings with sharp roll-off
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skirts and high return losses. The generalized transmission matrix is used to characterize the BPF circuit model. The
transmission and reflection coefficients of the filter are derived smoothly and the positions of the seven transmission zeros
(TZs) are calculated accordingly.

2 | DESIGN AND ANALYSIS OF THE DUAL-BAND BPF

Figure 1 shows the ideal circuit of the proposed dual-band BPF, where two identical 34¢/2 microstrip rings are coupled
each other with A4/2 coupled length (ie, = 180°). Note that the 4, represents the guided wavelength corresponding to the
ring resonator’s eigenfrequency rather than the operating wavelength of the BPF. The even- and odd-mode characteristic
impedances of the Ay/2 parallel coupled lines are Zj, and Zy,, respectively. The remaining parts of the ring are the two
Ag/2 microstrip lines with characteristic impedances of Z; and Z, respectively, divided by input/output port. In order to
clarify the theoretically analysis process of the dual-band BPF, the circuit nodes 1 to 10 are marked and current directions
are also defined as seen in Figure 1.

The 2-port dual-band BPF can be analyzed indirectly through the derivation of 4-port circuit network (nodes 3, 4, 9,
and 10), since the input/output port is split into two transmission paths. Obviously, the total transfer matrix of the 4-port
network is the product of the three individual transfer matrices, expressed as

V3 V9
Ig 19
=M1.M2.M3. N (1)
Va4 V1o
L Lo
where
cosd  jZ,sind@ 0 0
jsiné/Z cos 0 0
w, = /S0 0 @
0 0 cosd  jZ,sind@
0 0 jsin6/Z;  cosé
Zoe + Zoo 2jZ()eZOo cotd 0 2jZ()eZOO/ sin 6
—2jcoté —Zoe — Zi 2j/sin 6 0
M=t | 7Y e =Zoo 2 , 3)
Zoe — Zoo 0 2iZ00Z00/ SINO  Zoe + Zoo  2jZy,Z00 COLO
2j/sin 6 0 —2jcoté —Zoe — Zoo
cosé —jZ,sin 6 0 0
—jsinf/Z cosé 0 0
= | sn0/Z ;! @)
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FIGURE 1 Ideal circuit of the dual-band BPF (Z, = 50 Q,
0 =180°)
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It can be easily obtained from Kirchhoff laws that
Vi=V3=V, Vo = Vo = Vi, (52)

L=L=1 L=1Iy=Io (5b)
Note that the overall 2-port network of the proposed filter has the ABCD matrix,
i A B V,
= o .
L Cc D L
By substituting (2) to (6) into (1), the entries A, B, C and D can be determined analytically.

a3 c08 0 + a,c08%0 + a3(cos®d + cos*0) — 2712 Z,*(Zoe + Zoe)

A (72)

4271 Z5(Zoe — Zoo)

2b 0+1

- 2hileosfr D) (7b)

Jb2(Zoe — Zoo) sin 6

2¢1 + 82122,2Z0e Z, 0—1
C= ( 01. 21 22 0e 00)(00§ ) (70)
]b221 Zz (ZOe — Z()o) sin @
D=A, (7d)
where a1, a,, a3, a4, by, b, and ¢; are expressed in (8a) to (8g), as shown below.
a1 = Z1Z5[(Z2% = Z1*) Zoe — (22 + 219 Zoo — (Z2 + Z1)(Zoe* + Zoo®) — 2Z1Z2(Z2 + Z1 + Zoe + Zoo)]s (8a)
Ay = a1 — 22125[(ZoeZoo + 1)(Zoe + Zoo) + 2Z0eZoo(Z1 + Z3)], (8b)
as = 2Z1>(Z2* + ZoeZoo) + 22:°(Z1* + ZoeZoo) + 2Z1Z:[(Z1 + Z2)*(Zoe + Zoo) + (Z1 + Z2)(Zoe* + Zoo?)]

+2Z0eZ0o[(Z1 + Z2)Zoo + (Z1* + Z5*)(Zoe + Zoo) + (3Z1 + 3Z, + 2Zoe + 2Z00)Z1 2], (8c)

a4 = 2Z1Z,(1 + cos ) + (Z12 + Z,2)(c0s*0 + cos 0) + (Z1 + Z>)(Zoe + Zo)(€0s20 + 08 0) + 2Zp0Z0.c0s*0,  (8d)
by = [Z0.2c0S*0 — Z1Z, + Z1Z,c080 + (Z) + Z1)Z0.c0s>0)[ Zoo2c08?0 + Z,Z,c08°0 + (Z1 + Z5)Zpoc0s*0 — Z1Z,],  (8e)
by = [Z1* + Z2* + (Zy + Z2)(Zoe + Zoo) + 220062061080 + [(Z1 + Z2)* + (Z1 + Z5)(Zoe + Zoo)] cOS O + 272, Z,,  (8F)

c1 = (2122 + 712 Zoo + 21222 + 27,2700 + Z1Z00% + Z2°Zoo + Z2Z00%)

(Z12Z5 + 212 Z0e + 21222 + 27122700 + Z1Z00% + Z2> Zoe + Z2Z0.2)(COS O + c0s20)>. (8g)

Therefore, the scattering parameters of the BPF ideal circuit can be obtained according to the following equations,

AZy+B - CZ; - DZ,

" AZy+B+CZ+DZy
27,

" AZy+B+CZ+DZ,

(9a)

11

(9b)

So1

For demonstration, Figure 2 shows the comparisons between the calculated frequency responses and Keysight ADS
simulations of the proposed ideal BPF circuit model, which are in good agreement.
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——simulation
calculation

FIGURE 2 Calculated and simulated frequency responses of
Figure 1(Zo =50Q, Z; = 109.2 Q, Z, = 52.4 Q, Zo, = 131.5 Q,
Zgo = 90.3Q, 0 = 180°)
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FIGURE 3 (A)Frequency response variations with different values of Z,,, Z, and Z, when Z;, = 90 Q is fixed. (B) Frequency response

variations with different values of Z,,, Z, and Z, when Z,,, = 130 Q is fixed

Seen from Figure 2, seven finite TZs (i1, f1z2, f1z3, fz4» fiz5, fiz6 and fi7) in the stopband at the frequency range from
0 to 2f, are obtained through calculation by setting S,; = 0, shown as follows,

ftzl = Oﬁz4 = 7'L'ftz7 = 271', (103.)
E+272,Z,—\/F
fizz = ™ — arccos - Vo \/— (10b)
E+ 274200
E+27Z,Z,+\F
fiz3 = m + arccos 1—2\/_ (10c)
E + 2Z0.Z00
Jizs = 27 — fiafize = 27 — fi2s (10d)
where
E = Z1Zoe + ZsZoe + Z1Z0o + Z2Z0o + Z1* + Z3, (11a)
F=Z{+27Z5-4Z}Z, — 42, Z; + 62,°Z;
+(2Z} = 2237, — 22,73 + 2Z3)(Zoe + Zoo)
+(Z1 + Z2)X(Z3, + Z3) + 2Z3 + 272 — 122125) Zoe Zoo.- (11b)

The above-mentioned f, represents the eigenfrequency of the ring resonator rather than the center frequency of the
BPF. When the characteristic impedance Z, = 50 Q and electrical length 6 = & are fixed, four other impedance variables
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Z1,Z3, Zy, and Z,, can be adjusted to control the center frequencies and bandwidths of the two passbands as shown in
Figure 3. When adjusting Zy,, Z; and Z, with fixed Z,, in Figure 3A, the second and sixth TZs (f,, and fi,) will be shift,
resulting in the movement of the left (right) edge of the first (second) passband. Similarly, when tuning Zy,, Z; and Z,
with fixed Z,, the third and fifth TZs (fi,; and f,5) will be moved as illustrated in Figure 3B, thus the right (left) edge
of the first (second) passband will be tuned accordingly. Therefore, the center frequencies and bandwidths of the two
passbands can be both tuned as long as these four impedance variables are changed appropriately.

3 | IMPLEMENTATION RESULTS

To validate the proposed dual-band filter scheme, a prototype is fabricated on a F4B substrate with relative dielectric
constant of 2.65 and thickness of 1 mm. The layout of this proposed filter and its fabricated photograph are shown in
Figure 4. A slot etched on the metallic ground of the bottom layer is to achieve a stronger coupling effect for the coupled
lines of the top layer. The simulated and measured S-parameters of the filter are given in Figure 5, which agree reasonably
well with each other. The first and second passbands of the proposed dual-band BPF have the measured center frequencies
at 1.33 and 2.82 GHz with 3-dB bandwidths of 100 and 80 MHz (ie, 7.5% and 2.83%), respectively. The measured insertion
losses (ILs) of the two passbands are smaller than 1.16 dB and 2.46 dB, while the return losses (RLs) are better than
38 dB and 42 dB, respectively. Table 1 tabulates the performance comparisons of the proposed dual-band BPF with some
previous reported works. It can be seen that the presented study has good passband RLs and ILs with multiple TZs at the
stopband.

Port 2

54.06——3% —+—+ —»

27.83

—4<—0. 32

FIGURE 4 Layout of the proposed BPF
(unit: mm) and its fabricated photograph
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0 P O FIGURE 5 Simulated and measured S-parameters of the
j dual-band BPF
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TABLE 1 Comparisons with
CFs (GHz) FBWs (%) TZs RLs (dB) ILs (dB) Size ()»gz) . p
some previous BPFs
45 36&7.1 82&6.7 4 14 & 14 1.3&1.2 0.29 x0.29
g 3.78 & 4.82 11.3 & 10.7 6 14 & 33 1.38&1.82 1.28 X 0.05
o 24&52 8 & 3.69 4 16.4 & 16.4 1.6&2.5 NM
10 2.49 & 3.49 15.6 & 8.0 5 12 & 12 1.2&1.2 NM
This work 1.33 & 2.82 7.5% & 2.83% 7 38& 42 1.16 & 2.46 0.29x0.30

Abbreviations: CFs, center frequencies; FBWS, 3-dB fractional bandwidths; NM, not mentioned.

4 | CONCLUSION

We have proposed a new dual-band BPF with very simple structure and good performance. Using two identical coupled
microstrip rings, the filter circuit generates two passbands with multiple TZs, sharp roll-off skirts, and high return losses.
The full-wave electromagnetic simulations and measurements of the demonstrative BPF are in good agreement, which
validates the proposed idea.
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