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Pi-shaped quarter wavelength structure
for multiband applications

ZHEBIN WANG AND CHAN-WANG PARK

In this paper, for the first time, we present a novel Pi-shaped structure using resonators for multiband applications. The multi-
band Pi-shaped structure with LC resonators is analyzed. In order to demonstrate the proposed multiband Pi-shaped struc-
ture, one tri-band Wilkinson power divider and one tri-band rat-race coupler are designed, fabricated, and tested. The
compactness of the two demonstrated components is well kept by putting all stubs with resonators inside the components
themselves. Measured results are in good agreement with the simulated results.
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Il. INTRODUCTION

With the tremendous growth in modern wireless communi-
cation systems, multiband operations of components and
devices are required for different frequency bands associated
with different standards and applications, such as the 0.9/
1.8/1.9 GHz global systems for mobile communication
systems (GSM) bands, the 1.5 GHz global position system
(GPS) band, the 2.5/3.5/5.5 GHz worldwide interoperability
microwave access (WiMAX) bands, and the 2.4/5.2/5.8 GHz
bands of wireless local area networks (WLAN) [1, 2].
Interoperability and co-existence between multi standards is
the main critical issue recently. To satisfy this harsh require-
ment, multi-frequency band operation of components has
increasingly become common.

To be used for multiband communication applications
and standards, it is required to develop new type of multi-
band components and devices. Recently, many researches
on multiband applications have been presented, such as
multiband filter [3, 4], Wilkinson power divider, and
rat-race coupler. Quarter wavelength transmission line
(TL) as the basic element used in Wilkinson power divider
and rat-race coupler has been studied and developed for
dual or tri-band performance. For example, coupled lines
[5] and T-type TL [6] have been applied effectively in dual-
band Wilkinson power divider; dual-band quarter-wave
composite right/left-handed TL (CRLH TL) is presented
and applied in rat-race coupler [7, 8]; the C-section together
with two TL sections is proposed and synthesized for dual-
band rat-race coupler [9]; stepped-impedance microstrip line
is employed both for multiband Wilkinson power divider
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[10] and rat-race coupler [11]. To design a multiband
Wilkinson power divider or rat-race coupler, a simple
quarter wavelength TL with multiband performance is the
key to find out.

Multiband power amplifiers (PAs) have been presented in
previous works also [12-17]. In traditional multiband PA,
parallel path structure with switches has been used [12].
However, the parallel path structure requires multiple PAs,
so the cost of component is multiple and the size of the
whole structure is large. To reduce the number of parallel
PAs, as a solution, a reconfigurable matching network (MN)
concept has been introduced in [12-14]. However, with this
technology, switches or electronic tunable elements are
required for additional signal control and they may introduce
distortions [15]. Because of switch or varactor, the multiband
performances of PA are unable to be realized simultaneously.
Multiband PA using one transistor and one branch of MN
without switches or varactor becomes a major solution for
multiband purpose recently [16, 17]. In the Doherty PA,
power divider and quarter wavelength TL are the key
element to divide power and to transform impedance [18].
For the application of multiband Doherty PA, multiband
Wilkinson power divider is required to combine the multi-
band carrier PA and peaking PA, and multiband quarter
wavelength TLs are required to transform impedance at the
tail of multiband Doherty PA.

Our objective is to develop the Pi-shaped structure to be
used as the quarter wavelength TL at each operating frequency
for multiband applications [19]. This work is general in terms
of number of the operating frequency bands and can be
applied in different classes of microwave circuits, such as
Wilkinson power divider, rat-race coupler, and PA. In
Section II, we will present the topology and principle of the
proposed multiband Pi-shaped structure in detail. One
tri-band Wilkinson power divider and one tri-band rat-race
coupler with compact size are designed, fabricated, and
tested in Section III for the demonstration.
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. ANALYSIS OF MULTIBAND
PI-SHAPED STRUCTURE

In this section, the proposed multiband (n-band, n > 3)
Pi-shaped structure will be presented and analyzed. Firstly,
the topology and principle of the tri-band (n = 3) Pi-shaped
structure will be explained in Section II(A). Secondly, in
Section II(B), the topology and principle of the multiband
(n-band, n > 3) Pi-shaped structure will be presented.

A) Tri-band Pi-shaped structure

Figure 1(a) shows the topology of the tri-band Pi-shaped
structure. Figures 1(b)-1(d) show the equivalent circuit of
Fig. 1(a) at frequency f,, f,, and f,, respectively. Figures
1(e)-1(g) show the equivalent TL of Fig. 1(a) at frequency
fu for and f;, respectively. Figure 1(h) shows the topologies
of Wilkinson power divider and rat-race coupler. In this
paper, we choose the operating frequency as f, = 2.5, f, =
1.5, and f; = 1 GHz. The resonator f, and f, in Fig. 1(a) are
designed with the resonant frequency f, and f,, respectively.
The analysis procedure of the tri-band Pi-shaped structure
is shown below:

1) AT FREQUENCY F, (2.5 GHZ)

At frequency f,, in Fig. 1(a), because the resonator f, has the
resonant frequency f,, its impedance at frequency f, is infinite
ideally. So, input signal f, is blocked by the first resonators f,.
Therefore, the tri-band Pi-shaped structure shown in Fig. 1(a)
will become the equivalent circuit as shown in Fig. 1(b) at fre-
quency f,. The length and characteristic impedance of the
equivalent circuit (Fig. 1(b)) are [, and Z,. At frequency f,,
the equivalent circuit will be used as the quarter wavelength
branch in Wilkinson power divider and rat-race coupler as
shown in Fig. 1(h), so [, is equal to A,/4 and Z, is equal to

70.7 Q).
St Equivalent circuit
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2) AT FREQUENCY F, (1.5 GHZ)

At frequency f,, an input signal f, is passing through the reso-
nator f,, after then it is blocked by the resonator f,. Therefore
the tri-band Pi-shaped structure will be the equivalent circuit
as shown in Fig. 1(c). The length and characteristic impedance
of the open-circuited stubs of the equivalent circuit (Fig. 1(c))
are [, and Z,. As mentioned in Section II(A)(1), for the oper-
ating frequency f, (2.5 GHz), I, = A,/4, Z, = 70.7 ). By
setting the initial value of Z, as 50 () at frequency f,, the
ABCD matrix of the equivalent circuit (Fig. 1(c)) will be as
the following equation:

A, B, 1 o)
[cz DJ N [jthan(lez) 1}
cos(B,l,)  jZ,sin(B,1,)
'[jylsin(ﬁzzl) cos (B,1,) ]
1 (0]
'[mtanwzlz) }

cos (B,1,) — Y,Z, tan (B,1,) sin (B,1,)
j2Y, tan (B,1L,) cos (B,1,) + jY, sin (B,1,)
—jY?Z, tan® (B,1,) sin (B,1,)

jZ, sin (B,1,)

cos (B,1,) — Y,Z, tan (B,1,) sin (B,1,)
(1)

1

Z, = 70.7[9], L Z, = SO[Q]-

> >

where 3, = i\—ﬂ-
2

At frequency f,, the equivalent TL of Fig. 1(a) will be as
shown in Fig. 1(f). To be used as a branch of Wilkinson
power divider and rat-race coupler as shown in Fig. 1(h),

Equivalent TL gt
s the A/4 branch of (h) s A4 branch. b
_ - 70.7 Ohm 2

70.7 Ohm

Wilkinson power divider

i [ —

Ideal Z;: 70.7 Ohm

A4 branch,
_< 70.7 Ohm >_
() g
A ool
Rat-race coupler
(h)

Fig. 1. The principle of the tri-band Pi-shaped structure: (a) the topology of the tri-band Pi-shaped structure, (b-d) the equivalent circuit of (a), (e-g) the
equivalent TL of (a), (h) the topologies of Wilkinson power divider and rat-race coupler.
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the ideal length and characteristic impedance (Z,,) of the
equivalent TL should be A,/4 and 70.7 Q at frequency f,.
The ABCD matrix of the equivalent TL, which has quarter
wavelength at frequency f, can be expressed as:

A, By | _ | o jZn
AP B

In order to calculate the length I, shown in Fig. 1(c) and
the characteristic impedance Z,, of the equivalent TL
shown in Fig. 1(f), we equalize equations (1) and (2) and we
can deduce:

= Z, tan (B,],) = Z, cot (B,L,), (3)

= Zo, = Z, sin (B,1,). (4)

At frequency f, (1.5 GHz), the characteristic impedance Z,, of
the equivalent TL (Fig. 1(f)) is obtained as 57.19 ) by using
equation (4). To use this equivalent TL as a quarter wave-
length branch of Wilkinson power divider and rat-race
coupler, the ideal value of Z,, should be 70.7 €. To increase
the value of Z,, up to 70.7 £} instead of 57.19 (), we need to
increase Z, according to equation (4). But Z, has already
been determined for frequency f;, so it should be compromise
by doing trade-off between Z, and Z,, to satisfy both fre-
quency f, and f,. After fixing the values of Z,, B,, I, and Z,,
the value of [, can be calculated using equation (3).

3) AT FREQUENCY F; (1 GHZ)

At frequency f;, input signal f; can pass through the resonator
f, and resonator f,. The tri-band Pi-shaped structure shown in
Fig. 1(a) becomes the equivalent circuit as shown in Fig. 1(d).
The ABCD matrix of the equivalent circuit at frequency f; will
be as equation (5), where the values of Z, and [, are as 70.7 ()
and A,/4, those are already determined in Section II(A)(1).
The initial value of Z, has been given in Section II(A)(2) as
50 ().

A; B 1 0
[q D3] - [jthan (B,(L, +1,) 1}

[ cos(B,l)  jZysin(B,l,)
LiY.sin(B,L)  cos(B,) ]

B 1 o
i, tan (B, (L + 1)) 1]

[ cos(B,1,) — Y, Z, tan (B, (L, + 1)) sin (B, 1,)
= | j2Yatan (B,(L + 1)) cos (By1h) +jY, sin (B;1,)
| —jY2Z, tan* (B, (L, + 1)) sin (B,1,)

iZ,sin(B,1,)

cos (B,1,) — Y2 Z, tan(B, (L, + 1)) sin (B, 1,)
(5)

A
where B8, = f\—ﬂ-, Z,=707[Q], I = o Z, = 50[Q].
At frequencSy /5> the equivalent TL of Fig. 1(a) is shown in

Fig. 1(g). To be used as a branch of Wilkinson power divider
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and rat-race coupler at frequency f,, the ideal length and
characteristic impedance (Z,;) of Fig. 1(g) should be A,/4
and 70.7 ). The equivalent TL with quarter wavelength at fre-
quency f, can be expressed as:

Ay By | _ | o jZs
BN ©

By equalizing (5) and (6), we get

= Z, tan (B_?,ll) = Z, cot (33(12 + 13)), (7)

= Zoy = Z, sin (B,11). (8)

At frequency f, (1 GHz), the characteristic impedance Z,, of
the equivalent TL in Fig. 1(g) is calculated as 41.56 () using
equation (8). For the Wilkinson power divider and rat-race
coupler application, the idea value of Z, is 70.7 (). So we
need to increase the value of Z,; up to 70.7 £). To do that, the
compromise between Z,; and Z, should be made in equation
(8). By fixing Z,, B3;, I,, and Z,, the length of the open-circuited
stub (I, + ;) in Fig. 1(d) can be calculated by equation (7).

As analyzed before, at each operating frequency the
tri-band Pi-shaped structure (Fig. 1(a)) is equal to the
quarter wavelength TL (Figs 1(e)-1(g)). So we can apply the
tri-band Pi-shaped structure (Fig. 1(a)) as a quarter wave-
length branch (Fig. 1(h)) in the power divider and coupler.
In addition, /, is the length of the tri-band Pi-shaped structure
(Fig. 1(a)), so it determines the length of the branch of the
power divider and coupler. To reduce the size of the com-
ponents, we set [, equal to the quarter wavelength of the
highest operating frequency. As mentioned before, frequency
£, is 2.5 GHz. By equation (3), by fixing the values of Z,, [,, and
Z,, the lower frequency f, is, the longer the stub length I,
(Fig. 1(c)) will be. Because the stub length [, at frequency f,
(Fig. 1(c)) is shorter than the stub length (I, + 1) at frequency
f; as shown in Fig. 1(d), we have to choose that the frequency
f; (1 GHz) is lower than the frequency f, (1.5 GHz).

The used substrate in this paper is TLX-8 of TACONIC
with dielectric constant 2.55 and dielectric thickness 31 mil.
For more precise simulation, the highly accurate, scalable
measurement-based chip capacitor and chip inductor models
of Modelithics Inc. are used. For microstrip applications, the
measured models take into account substrate related parasitic
effects and effective series resistance (ESR). With the same
capacitance and inductance value for the same resonant fre-
quency, the simulated results of the LC resonators using the
ideal (parasitic free) component models and the measurement-
based component models of Modelithics Inc. are compared in
Fig. 2. We can also use electrically narrow microstrip TL
(MTL)-type inductor instead of using chip inductor in the
LC resonator. The LC resonator composed of chip inductor
and chip capacitor has the advantage of compact size and
simple design structure. However, the standard values of the
components are limited by the manufactures. For the selected
components (the measured models of Modelithics, capacitor
model: CAP-ATC-0603-101, 0.1 to 100 pF; inductor model:
IND-CLC-0603-102, 1.8-390 nH), the resonant frequency
range of the LC resonator is 0.02-8.16 GHz. Parallel LC reso-
nator composed of MTL-type inductor and chip capacitor can
avoid the limitation of standard value of lumped element

737


https://doi.org/10.1017/S175907871300072X

738

ZHEBIN WANG AND CHAN-WANG PARK

Ideal models
Models of Modelithics

Magnitude (dB)

[T CONN O

(8] o o o (8] o
| | | | |

-30 T T T T T 1
00 05 10 15 20 25 30 35 4.0
Frequency (GHz)
(a)

0
5
o
< 10
2 # |
= -15_ J"‘ ‘
= P
§-20—
Sl f |
25— s
;Models of Modelithic ‘
e | |

I I [ [ I I '
1.0 15 20 25 30 35 40

0.0 05
Frequency (GHz)
(b)

Fig. 2. Simulated comparison of the LC resonators designed by using the ideal models and the measured models of Modelithics Inc. with the same value of
capacitance and inductance at (a) 1.5 GHz and (b) 2.5 GHz. Solid line, insertion loss; dot, return loss.

provided by the manufacturers and it can reduce the parasitic
effect of chip inductor. In this paper, we use the LC resonator
composed of chip capacitor and chip inductor for the tri-band
Wilkinson power divider, and use the LC resonator composed
of chip capacitor and MTL-type inductor for the tri-band
rat-race coupler to demonstrate our proposed multiband
design method.

In Advanced Design System (ADS) simulation, the opti-
mized simulation parameters of the tri-band Pi-shaped struc-
ture (Fig. 1(a)) are shown in Table 1.

The simulated phase result of the tri-band Pi-shaped struc-
ture is shown in Fig. 3. At 1, 1.5, and 2.5 GHz, the S,, phase
of the tri-band Pi-shaped structure (Fig. 1(a)) is —89.93°,
—89.92°%, and —90.10°, respectively.

The simulated result of impedance of the tri-band
Pi-shaped structure is shown in Fig. 4. The normalized impe-
dance of the Smith chart is 70.7 ). At 1.5 GHz, with the load
of 70.7 ) at Port 2 in Fig. 1(a), the impedance at Port 1
(Fig. 1(a)) of the tri-band Pi-shaped structure is 72.8 (),
whereas the compromised impedances are 36.8 and
135.7 ) at 1 and 2.5 GHz, respectively. Because the tri-band
Pi-shaped structure is equal to the quarter wavelength TL at
1/1.5/2.5 GHz as shown in Fig. 3, the characteristic impedance
of the tri-band Pi-shaped structure can be calculated using the
single-section quarter-wave matching transformer equation
[20] as 51.0/71.8/98.0 () at 1/1.5/2.5 GHz, respectively.

The simulated result of insertion loss S,, and return loss S, ,
of the tri-band Pi-shaped structure is shown in Fig. 5. At the
three operating frequencies 1/1.5/2.5 GHz, the insertion loss is
less than 0.64 dB and the return loss is better than 10.02 dB.

B) Multiband (n-band, n > 3) Pi-shaped
structure

Right now we do a generalization of the multiband (n-band,
n > 3) Pi-shaped structure. The topology of the multiband

Pi-shaped structure is shown in Fig. 6(a). For the n-band
(n > 3) Pi-shaped structure, the number of the resonators in
the open-circuited stub at each side is # — 1. The resonator
filx=1,...,and n — 1) in Fig. 6(a) is used to block frequency
f» while other frequency can pass through it. At frequency f,
and f,, as discussed in Section II(A), the equivalent circuit of
the multiband Pi-shaped structure is shown in Fig. 6(b) and
(c), respectively. At frequency f,(n > 3), the equivalent circuit
of Fig. 6(a) is shown in Fig. 6(d). The total length of the open-
circuited stub at frequency f,, is equal to (I, + ... + [,) with a
characteristic impedance of Z,.

The ABCD matrix of the equivalent circuit at frequency f,
(Fig. 6(d)) is shown as equation (9). As discussed in Section
II(A), for the Wilkinson power divider and rat-race coupler
applications, we set Z, = 70.7 ) and I, = A,/4 for frequency
f,. The initial value of Z, is given as 50 ().

A, B, i 1 o

[cn Dn] ~Ljvaan (B, L+ +1) 1}
cos(B,l,) jZ,sin(B,l,)

. | jYysin(B,1) cos(B,L) ]

i 1 o
LjYatan(B,(l+-+1,)) 1]
[(cos(B,L)—Y,Z tan(B, (I, +---+1,))sin (8,1,
=| j2Y,tan(B, (I, +---+1,))cos(B,,)+jY,sin(B,1,)
| —jY2Z tan*(B, (L, ++--+1,))sin(B,,)

jZ,sin(B,1,)

cos(B,l,)—Y,Z, tan(B,(L,+---+1,))sin(B,1,)

A
where 8, = f\—ﬂ- Z,=707[Q], I,= : Z, = 50[Q].

n

Table 1. Optimized simulation parameters of the tri-band Pi-shaped structure in ADS.

I, (mil) 1, (mil) I, (mil)

Resonator f, LC model of Modelithics

Resonator f, LC model of Modelithics

678 96 241

3.6 nH CLCo0603CS
0.8 pF ATC600S

5.1 nH CLCo0603CS
1.8 pF ATC600S
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Fig. 3. The simulated result of phase of the tri-band Pi-shaped structure.

At frequency f,,, the ABCD matrix of the equivalent quarter
wavelength TL (Fig. 6(g)) can be expressed as:

A, By, _ o jZon
Ci Dy| | jYou o |

For Wilkinson power divider and rat-race coupler, ideally the
equivalent length of the equivalent circuit (Fig. 6(d)) should be
An/4 at frequency f,. To do that, by equalizing equations (9)
and (10), it is deduced:

(10)

= Z, tan (B,l,) = Z, cot (B, (L, + - - - + 1)), (11)

= Zon = Z, sin (B,). (12)
At frequency f,, the equivalent characteristic impedance Z,,
should be approached 0.7 ) for Wilkinson power divider
and rat-race coupler by trading off between Z,, and Z,
using equation (12). By fixing the value of Z,, B,, I,, and Z,,

the length of the open-circuited stub (I, + ...+ 1,) can be
obtained with equation (11).

1. FABRICATION AND
MEASUREMENT

A) Tri-band Wilkinson power divider

To demonstrate the proposed multiband design method, by
using multiband Pi-shaped structure in Section II, we fabricated
one tri-band Wilkinson power divider. The topology and fabri-
cated circuit of the tri-band Wilkinson power divider are shown
in Fig. 7. To reduce the size of the circuit, we put all stubs inside
the tri-band Wilkinson power divider itself.

The LC resonators f, and resonators f, in Fig. 7 are com-
posed of chip capacitor and chip inductor. The ideal resonant
frequency of LC resonator can be calculated using equation
(13), where f, is the resonant frequency, L is the inductance
of inductor, and C is the capacitance of capacitor. The resonant
frequency (f,) of LC resonator increases or decreases while the

m1

freq=1.00GHz

S(1,1)=0.32/ 1.80E2

impedance = Z0 * (0.52 + j1.46E-4)
m2

freq=1.50GHz

S(1,1)=0.02/ 6.51

impedance = Z0 * (1.03 + j3.51E-3)
m3

S5(1,1)

Fig. 4. The simulated result of impedance of the tri-band Pi-shaped structure.
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5(1,1)=0.32/0.06
impedance = 20 * (1.92 + j1.32E-3)
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Fig. 5. The simulated result of insertion loss (solid line) and return loss (dot) of the tri-band Pi-shaped structure.

product of L and C decreases or increases. The resonator f, in
Fig. 7 has the resonant frequency of 2.5 GHz. As shown in
Table 1, the initial capacitance value of the used ATC capacitor
model of Modelithics Inc. for the resonator f, is 0.8 pF. Figure 8
shows the simulated comparison of the tri-band Wilkinson
power divider by only changing the capacitance value of the
capacitors in the resonators f, in Fig. 7. Because the capacitance
value of the resonators f, reduces, the highest operating fre-
quency band (2.5 GHz) shifts to a higher frequency band
region. To increase the bandwidth of the middle operating fre-
quency band (1.5 GHz) and have a better performance at
2.5 GHz, we reduced the capacitance value of the capacitor
models in the resonators f, from 0.8 to 0.4 pF as shown in
Fig. 8. Figure 9 shows the simulated comparison of the
tri-band Wilkinson power divider by only changing the capaci-
tance value of the capacitors in the resonators f, in Fig. 7.

Because the resonator f, has a resonant frequency of
1.5 GHz, it affects the middle operating frequency band
(1.5 GHz). As shown in Fig. 9, the middle operating frequency
band (1.5 GHz) shifts to be higher and the bandwidth of the
lowest operating frequency band (1 GHz) increases when the
capacitance value in the resonators f, reduces. The final used
capacitance and inductance value in the resonators f, and reso-
nators f, for the tri-band Wilkinson power divider is 0.4 pF and
3.6 nH, and 1.8 pF and 5.1 nH, respectively.

1

fo :chm (13)

The simulated and measured results of the tri-band
Wilkinson power divider are compared from Figs 10-13.

Equivalent TL

Equivalent circuit

Signal f7 ; T
B _h’Z} == N4 ZI
Signal f at frequency fi it Ideal Z1:70.7 Ohm
* .7 (b) (e)
Port 1 Port 2 11, Z1
at frequency /2 ih‘: Z2 I Zi’i
. . s A2/4, Zo2
- : . © (f)
\ i1 .
s iyl at frequency fn = — A4, Zon —
& Ideal Zon:70.7 Ohm
I2+...+in, Z2 (2)

An/4, Zon
(d)

Fig. 6. The principle of the multiband (n-band, n > 3) Pi-shaped structure: (a) the topology of the multiband Pi-shaped structure, (b-d) the equivalent circuit of

(a), (e-g) the equivalent TL of (a).
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Port 1 |Zo
Suggested
Pi-shaped
structure
1, Z1

20

Fig. 7. The topology (a) and fabricated circuit (b) of the tri-band Wilkinson power divider.

The measured insertion loss at 1/1.5/2.5 GHz is less than  phase difference between the two output ports is less than 2.1°
3.78 dB, input and output return loss is more than 12.29 dB,  as shown in Fig. 24 (solid line).

and output isolation is better than 19.93 dB. The simulated In Fig. 10, the measured insertion loss S,, and S;, at 1/1.5
results are consistent with the measured results. The measured /2.5 GHz is 3.58/3.64/3.78 and 3.59/3.64/3.74 dB, respectively.
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Fig. 8. Simulated comparison of the different capacitance values in the resonators f, in Fig. 7: (a) insertion loss of S,, and S;,, (b) isolation of S,,, (c) input return
loss of S,,, (d) output return loss of S,, and S,; Solid line, 0.4 pF; dot, 0.1 pF; and short dash, 0.8 pF.
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In Fig. 11, the measured isolation S,, at 1/1.5 /2.5 GHz is
29.05/19.93/21.65 dB.

In Fig. 12, the measured input return loss S,, at 1/1.5
/2.5 GHz is 12.29/13.56/14.49 dB.

In Fig. 13, the measured output return loss S,, and S, at 1/
1.5/2.5 GHz is 13.89/21.82/19.49 and 13.43/21.53/22.78 dB,
respectively.

Comparing the simulated and measured results, there is a
slight difference between them. The authors consider the
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difference comes from the tolerance of the used components.
For the used ATC 600S 0.4 pF capacitor, the tolerance is + 0.1
pFE; for the used ATC 600S 1.8 pF capacitor, the tolerance is
+0.25 pF; for the used Coilcraft 0603 inductor, the tolerance
is 2%.

The measured results of the tri-band Wilkinson power
divider are summarized in Table 2.

The tri-band Wilkinson power divider in this work is com-
pared with the work of Chongcheawchamnan et al. [10] as
shown in Table 3. Chongcheawchamnan et al. [10] show a
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tri-band Wilkinson power divider with the excellent and wide-
band performance. Being different from the reference, our
work presents a relative narrow-band type and intrinsically

multiband Wilkinson power divider. The signal between the
desired operating bands is well attenuated to avoid the poten-
tial interference between each operating frequency band. The
proposed tri-band Wilkinson power divider in this work can
be used for concurrent multiband PA applications. The size
of the tri-band Wilkinson power divider in this work is
290 mm X 32 mm compared with the size of the power
divider presented in [10] which is 31 mm X 55 mm. For
the future work, the authors are considering increasing
the operating frequency bandwidth by employing micro-
strip radial stub (MRS) according to its wideband character-
istic [21].

B) Tri-band rat-race coupler

The topology and fabricated circuit of the proposed tri-band
rat-race coupler are shown in Fig. 14. In the fabricated
tri-band rat-race coupler, we used the thin MTL-type inductor
instead of a chip inductor to avoid the limited standard induc-
tance values provided by the manufacturers. To keep the com-
pactness of the tri-band rat-race coupler, all stubs with
resonators are putted inside the circuit itself.

In Fig. 14, the initial capacitance value of the capacitors in
the resonators f, is 1.2 pF, and that of the capacitors in the
resonators f, is 2.7 pF. The resonator f, composed of the
chip capacitor and the MTL-type inductor has the resonant
frequency of 2.5 GHz. Figures 15 and 16 show the simulated
comparisons of only changing the capacitance value of the
resonators f, in the tri-band rat-race coupler. By decreasing
the capacitance value of the resonators f,, the bandwidth of
the middle operating frequency (1.5 GHz) can be increased
and the highest operating frequency band (2.5 GHz) will
shift to a higher band region. The resonators f, do not affect
the performance of the lowest frequency band (1 GHz).
Figures 17 and 18 show the simulated comparisons of only
changing the capacitance value of the resonators f, in
Fig. 14. The resonator f, has the resonant frequency of
1.5 GHz. It affects the performance of the middle operating

Table 2. Measured results of the tri-band Wilkinson power divider.

Freq. (GHz) S21 (dB) S31 (dB) S32 (dB) S11 (dB) S22 (dB) S$33(dB) /821 -/831 (°)
1 —3.58 —3.59 —29.05 —12.29 —13.89 —13.43 —0.28
1.5 —3.64 —3.64 —19.93 —13.56 —21.82 —21.53 —2.09
2.5 —3.78 —3.74 —21.65 —14.49 —19.49 —22.78 1.65
Design target -3 -3 <-15 <-10 <-10 <-10 o
Table 3. Comparison between this work and the work of [10].

This work Ref. [10]

Freq. (GHz) Freq. (GHz)

1 1.5 2.5 0.9 1.17 2.43
S21 (dB) —3.58 —3.64 —3.78 Better than —3.4 Better than —3.4 Better than —3.4
S31 (dB) —3.59 —3.64 —3.74 Better than —3.4 Better than —3.4 Better than —3.4
S32 (dB) —29.05 —19.93 —21.65 Better than —30 Better than —25 Better than —15
S11 (dB) —12.29 —13.56 —14.49 Better than —30 Better than —30 Better than —25
S22 (dB) —13.89 —21.82 —19.49 Better than —20 Better than —20 Better than —20
S33(dB) —13.43 —21.53 —22.78 Better than —20 Better than —20 Better than —20
/.S821-/831(°) —0.28 —2.09 1.65 0.2 0.45 1.5
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Suggested Pi-shaped structure
gy

Fig. 14. The topology (a) and fabricated circuit (b) of the tri-band rat-race coupler.

frequency band (1.5 GHz). As Figs 17 and 18 show us, if the
capacitance value of the resonators f, decreases, the middle
operating frequency band (1.5 GHz) shifts to be higher,
whereas the highest operating frequency band (2.5 GHz)
being affected little. The final used capacitance values of the
capacitors in the resonators f, and the resonators f, in the
tri-band rat-race coupler are 1.2 and 2.7 pF, respectively.
The simulated and measured results of the fabricated
tri-band rat-race coupler are compared from Figs 19-23. At
1/1.5/2.5 GHz, the measured results show that the insertion
loss is less than 4.04 dB, the return loss is better than
10.16 dB; and the isolation between Ports 1 and 3, and Ports

Insertion loss (S23)
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10~ AR
@ 20
§ 0
= -50-
Z 60
-70 VL W) NS00 RS SR I B I
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2 and 4 are better than 26.09 and 22.13 dB, respectively. As
shown in Fig. 24, in-phase difference 2S,; — £8,; is less
than 2.32°, and out-of-phase difference 2S,, — 28, is less
than 183.84°. The measured results of the tri-band rat-race
coupler in this paper are compared with the dual-band
rat-race couplers proposed in [7, 8, 11] as shown in Table 5.
The results are comparable. However, the proposed multiband
design method in this paper is more general in terms of
number of the operating frequency bands. As mentioned in
the end of Section ITI(A), the authors are considering increas-
ing the bandwidth of each operating frequency band by using
MRS instead of using microstrip rectangular stub.

Insertion loss (S43)

-70 K‘TYIYY.YTY‘YYITYYYIYYlY
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Fig. 15. Simulated comparison of insertion loss of using the different capacitance values in the resonators f, in Fig. 14, (a) S,5, (b) S,3, (¢) S,,, (d) S,,. Solid line, 1.2

pF; dot, 1 pF; and short dash, 1.5 pF.
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S,, and S,,. Solid line, 1.2 pF; dot, 1 pF, and short dash, 1.5 pF.

In Fig. 19, the measured in-phase insertion loss S,; and S, In Fig. 20, the measured out-of-phase insertion loss S,, and S,
at 1/1.5 /2.5 GHz is 3.58/3.59/3.47 and 3.84/4.00/4.03 dB,  at1/1.5/2.5 GHzis 3.77/3.87/3.92 and 3.88/4.04/3.87 dB, respect-
respectively. The measured in-phase difference at 1/1.5/  ively. The measured out-of-phase difference at 1/1.5/2.5 GHz is

2.5 GHz is 1.02°/2.32°/1.14° as shown in Fig. 24 (dash). 180.31°/183.84°/181.87° as shown in Fig. 24 (dot).
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Fig. 17. Simulated comparison of insertion loss of using the different capacitance values in the resonators f, in Fig. 14: (a) S,;, (b) S,;, () S,1, (d) S,,. Solid line, 2.7
pF; dot, 2.2 pF; and short dash, 3.3 pF.
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Fig. 19. Simulated (x and cross) and measured (round and triangle) insertion
loss of S,, and S,; of the tri-band rat-race coupler.
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Fig. 20. Simulated (x and cross) and measured (round and triangle) insertion
loss of S,, and S,, of the tri-band rat-race coupler.
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In Fig. 21, the measured return loss S,, and S,, at 1/1.5/
2.5 GHz is 10.16/16.23/13.38 and 10.59/15.80/13.31 dB,
respectively.

In Fig. 22, the measured return loss S,, and S, at 1/1.5/
2.5 GHz is 11.77/18.46/14.75 and 10.82/18.63/13.10 dB,
respectively.

In Fig. 23, the measured isolation S;, and S,, at 1/1.5/
2.5 GHz is 37.13/26.09/30.59 and 22.13/33.31/29.00 dB,
respectively.

The measured results of the tri-band rat-race coupler are
summarized in Tables 4 and s.

V. CONCLUSION

This paper presents a novel Pi-shaped structure for multi-
band applications. For the first time, the multiband
(n-band, n > 3) Pi-shaped structure which is equal to multi-
band quarter wavelength TL has been investigated and ana-
lyzed by employing ABCD matrix. Resonators are used in the
multiband Pi-shape structure to select operating frequency.
This proposed Pi-shaped structure can be applied in multi-
band Doherty PA for its Wilkinson power divider and
quarter wavelength TLs. To demonstrate the proposed mul-
tiband design method, at three frequencies 1/1.5/2.5 GHz,
one tri-band Wilkinson power divider and one tri-band
rat-race coupler are designed, fabricated, and tested. The
compactness of the demonstrated circuits is kept by
putting all stubs with resonators inside the circuits them-
selves. In addition, by choosing the series circuit element
in the highest operating frequency, the total size of the
demonstrated circuits is smaller than the single band
circuit designed for the lower frequency. The excellence per-
formance of the proposed multiband circuits is shown both
by measurement and simulation. The multiband design
method proposed in this paper can be widely applied in mul-
tiband applications.

Table 4. Measured results of tri-band rat-race coupler.

Freq. (GHz) S,; (dB) S,; (dB) £S,,-2S,;(°) S,, (dB) S,, (dB) £S,,-2S,, (°) S,, (dB)

S,, (dB) S,,(dB) S;,(dB) S;, (dB) S,,(dB)

1 —3.58 —3.84 1.02 —3.77 —3.88 180.31 —10.16 —10.59 —11.77 —10.82 —37.13 —22.13
1.5 —3.59 —4.00 232 —3.87 —4.04 183.84 —16.23 —1580 —1846 —18.63 —26.09 —33.31
2.5 —3.47 —4.03 1.14 —3.92 —3.87 181.87 —13.38 —13.31 —14.75 —13.10 —30.59 —29.00
Design target —3 -3 o -3 -3 180 <—-10 <-10 <—10 <—10 <—15 <-15
Table 5. Comparison between this work and the works of [7], [8], and [11].

This work Ref.[7] Ref.[8] Ref.[11]

Freq. (GHz) Freq. (GHz) Freq. (GHz) Freq. (GHz)

1 1.5 2.5 1.544 3.043 2.4 5.2 2.34 5
In-phase insertion loss (dB) 3.84 4.00 4.03 - - 4.04 4.53 3.48 4.22
In-phase phase difference (°) 1.02 2.32 1.14 - - 4.3 1.9 1.12 2.07
Out-of-phase insertion loss (dB) 3.88 4.04 3.92 4.126 4.065 - - - -
Out-of-phase phase difference (°) 180.31 183.84 181.87 176.20 182.24 - - 181.48 179.1
Isolation (dB) (S;,, S,.) 22.13 26.09 29.00 31.003 32.857 29.97 22.11 29.6 43.21
Return loss (dB) (S,,, S,,) 10.16 15.80 13.31 12.185 22.524 - - - -
Return loss (dB) (S,.,, S;) 10.82 18.46 13.10 - - 19.62 23.39 20.86 18.08
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