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Abstract—This study presents a novel miniaturized dual-band
coupled-line impedance transformer. This dual-band matching
technique uses the characteristics of coupled-line and dual-band stubs
to realize matching arbitrary complex impedance to arbitrary complex
impedance at two arbitrary uncorrelated frequencies. Especially, it
satisfies the demand of dual-band matching at two relatively closed
operating frequencies (n = fa/f1 < 1.2), and occupy a very small
circuit area with inherent DC-Block function. The proposed synthesis
approach is validated by the design and fabrication of a 30 W gallium
nitride (GaN)-based class-AB power amplifier (PA) for GSM and
WCDMA at 1800 MHz and 2140 MHz. The PA’s output matching
network based on the proposed structure can accurately match 50 €2 to
the ideal load impedances of the transistor at two designed frequency
simultaneously and has 20% and 15% bandwidth for which the
reflection coefficient magnitudes are less than 0.1, respectively.

1. INTRODUCTION

Nowadays, the requirement of dual-band operation for RF system
is obviously increased with the trend of multiband applications in
new technologies of wireless communication systems. For composing
compact and low-cost multiband systems, multiband components and
circuits are needed. The power amplifiers are the key part in the
transmitter for mobile communication systems.

To achieve practical structures for this kind of circuits, a number
of dual-band matching methods have been published [1-14]. Orfanidis
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presented dual-band transformers with Chebysheve response in [1].
Monzon proposed a small two-section transformer to deal with any
two uncorrelated frequencies [2]. Wu et al. extended a two-section
transformer to deal with a load of equal complex impedance at
two frequencies [3]. Liu et al. presented a dual-band transformer
using a three-section transmission line [4]. A compact Pi-structure
transformer operating at arbitrary dual band is proposed in [5] by Wu.
In [6], a modified shunt-stub dual-band impedance transformer was
used to achieve matching a load with different complex impedances
at two frequencies to a real impedance source by Chuang. Wu et
al. discusses the situation where both source and load impedances
are complex and frequency dependent in [7]. Recently, many novel
matching techniques have been proposed to improve the performance
of the dual-band matching [8-14]. However, these existing dual-band
matching techniques in [1-14] can not realize dual-band matching at
two relatively closed operating frequencies (n = fo/f1 < 1.2) in a
small circuit area because of their complex structure. Besides, The
application of coupled-line was extensively investigated recently [15—
21].

In the light of these issues, this paper presents a new dual-
band matching technique, which uses the dual-band coupled-line
transformer approach. The proposed dual-band matching technique
can realize matching arbitrary complex impedance to arbitrary
complex impedance at any two arbitrary frequencies, as well as at two
relatively closed operating frequencies (n = fao/f1 < 1.2), and occupy a
very small circuit area. The proposed design methodology requires the
use of a novel dual-band impedance transformer, which has different
electronic length at two operating frequencies. This transformer
ingenious uses the characteristics of coupled-line in a unique way to
realize dual-band complex impedance matching. To the best of the
authors’ knowledge, this circuit has never been used explicitly to
realize a dual-band impedance transformer with two different complex
impedances at two different operating frequencies.

It is very interesting that this novel dual-band transformer can also
be used in dual-band passive circuit design. This paper focuses on using
the proposed transformer to transform 50 €2 impedance to the ideal load
impedances of the transistor at two frequency bands. To validate the
proposed methodology, the matching circuits are designed to match
50 €2 to the ideal load impedances obtained from source-pull and load-
pull data of a 30 W gallium nitride (GaN)-based device (CGH27030
in Cree [22]) using Agilent’s Advanced Design System at two designed
frequency simultaneously. These matching circuits are further used in
the design of 30 W dual-band class-AB PA for Global System for Mobile
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Communications (GSM) and Wideband Code Division Multiple Access
(WCDMA) at 1800 and 2140 MHz, respectively.

2. DESIGN METHODOLOGY

As shown in Figure 1, this matching network configuration is
fundamentally based on extending the single-band coupled-line
transformer, which is an arbitrary complex impedance transformer
from [23], to dual-band application.

In this design, the key element of this network is a coupled-
line attached with two dual-band/dual-susceptance parts at its across
terminals. The coupled-line has even- and odd-mode characteristic
impedances Zye, Zo, and electrical length 6, at the first band center
frequency, fi. Then, it has corresponding even- and odd-mode
characteristic impedances Zp. and Zy,, and electrical leng 0y at the
second band center frequency f2. The two dual-band/dual-susceptance
parts present two different susceptances j X711, j X712 and jX7poq,
Jj X109 at f1 and fs, respectively. Due to these dual-band operating
characteristic, the proposed dual-band matching network can realize
an impedance transformation from Zj; to two arbitrary complex
impedances, Z;,1 and Z;,0 at f1 and fo, respectively. The methodology
will be explained in the following section.
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Figure 1. The circuit model of the proposed dual-band matching
network.
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2.1. Coupled-line Transformer

At each operate frequency, the proposed dual-band coupled-line
impedance transformer can be equivalent to a single-band coupled-
line impedance transformer. The single-band coupled-line impedance
transformer has been analyzed in [23].  Figure 2 shows the
generalized circuit configuration of the proposed single-band coupled-
line impedance transformer. It consists of an arbitrary-length coupled-
line section (Zpe, Zoo, #) and two reactive elements (j X771, jX72). Five
design parameters (Zpe, Zoo, 0, j X711, jX12) exist in this proposed
matching structure, resulting in the wide range of matched source and
load impedances (Zs = Rs + jXg, Zr, = Rr + jX|), various available
solutions, and a compact size.

If the values of Zy., Zy,, 0 are manually determined, other two
parameters j X1, j X719 can be calculated by closed-form equations.
The analytical design expressions, and the achieved results are

P :Cl+03+\/202
T1 04 ) (1a)

Cs + Cg + 20,

X = ;

\ Cy

X :C1+C3—\/202
T1 C4 ) (1b)

Cs + Cg — /20,

X = - ;

where C'1—C'7 were interim parameters calculated from Zy., Zo,, 0, Zg,
71, [23]. The values of Zye, Zyo, 6 can be freely chosen when Co > 0 is
satisfied.

7
30

ZOe; ZOn, 9

Figure 2. The circuit model of the single-band coupled-line impedance
transformer from [23].



Progress In Electromagnetics Research, Vol. 131, 2012 199

To make this coupled-line transformer satisfy dual-band applica-
tion requirements, these parameters should be considered in two fre-
quency bands. When the parameters Zy., Zg,, 01 are determined at
the first frequency fi, these parameters are turned to be Zy., Zpo,
0y = nbi(n = fa/ f1) at the second frequency fo. After that, the param-
eters X711, X9 can also be calculated by closed-form Equations (1a)
and (1b) at f; and fo when the design equations in [23] are considered.
In respect to that the total calculation is based on analytical formu-
las, and the design theory of the proposed coupled-line transformer is
direct and accurate.

2.2. Dual-band/Dual-susceptance Stub

The next step in the matching network design is to obtain the
calculated parameters X71, X7o by using dual-band/dual-susceptance
stubs, as shown in Figure 3.

The dual-band/dual-susceptance stub is realized by open-circuit
transmission line 77 or short-circuit transmission line T5. Each of them
has its own electronic length at two different operating frequencies, so
that they can present different susceptances at two different operating
frequencies seen into from point A. The choice of using either open-
circuit line or short-circuit line in order to realize dual-band/dual-
susceptance stub depends on the realization of it with a minimum
stub length.

To satisfy the demand of the dual-band coupled-line impedance
transformer, the result of the first dual-band/dual-susceptance stub
should be as follows:

{ZTl(fl) =jX1=jXr11 Qf

Zr1(f2) = jXo = j X112 Qfp’ (22)

e T Z,6,@/f, S Z,6,@f,
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= Z =
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Figure 3. Proposed dual-band/dual-susceptance stub. (a) Open-
circuit, (b) short-circuit.
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And the second dual-band/dual-susceptance stub should be as follows:
{ Zro(f1) = j X1 = jXra1 Qf

Zra(f2) = jXo = j X792 Qfp"
where X1, X5 can be positive or negative, depending on the required
susceptance value calculated from (la) and (1b). X711, X712, X721,
X799 are the calculated parameters shown in Figure 1. In the following
subsection, the use of the open-circuit transmission line and short-
circuit transmission line for the design of such a dual-band/dual-
susceptance stub are discussed.

Ty is an open-circuit transmission line which has characteristic
impedance Z; and electrical length 6y at the first frequency. The
impedance of the open-circuit transmission line seen into from point A
can be obtained by transmission line impedance equation as follow [24]:

ZTl(fl) = —jZycotf; Qf. (3)
when it works at the second operating frequency fo, it has the same
characteristic impedance Z; and physical length with the situation of
it works at the first operating frequency fi. Thus, the impedance of
the open-circuit transmission line seen into from point A at the second
operating frequency turned to be:

Zr1(f2) = —jZicotndy  Qfs, (4)
where n is the frequency ratio n = fo/f1 greater than 1. Thus, the
main goal is to obtain the design parameters Z; and 60 as illustrated in
Figure 3(a). Equations (3) and (4) can be solved simultaneously using
graphical methods or numerical techniques to obtain the values of Z;
and #;. The obtained value of 6; is assumed at f7, furthermore we can
use it to calculate the physical length of the open-circuit transmission
line. Once these parameters for the open-circuit transmission line are
known, the design parameters for the dual-band /dual-susceptance stub
can be easily determined.

In the same way, the design parameters for the short-circuit
transmission line T5 can be determined from the following equations:

Zra(fi) = jZatanby Qfy, (5)

ZTQ(fQ) = jZstannfy Qfs. (6)
The last step of the dual-band coupled-line impedance transformer
design is attaching two dual-band/dual-susceptance stubs to the two
across ports of coupled-line, as shown in Figure 4. When the two
cross-ports of coupled-line have corresponding reactive load at the
two operating frequencies, the remaining two ports will realize the
required impedance transformation from Zj, to Z;,1 @f; and Z;,0 Qfs.
After that, the required dual-band impedance matching network can
be implemented finally.

(2b)
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Figure 4. Proposed dual-band matching network.
Table 1. Source-pull and load-pull results.

Impedance/2 f1 fa
Source-pull impedance 6.3 +j%7.7 3.9—-j"1.3
Load-pull impedance 10.8 +j*6.7 7.3—j"1.2

Desired input impedance 8.613 +j*1.030 7.277 +j719.930
Desired output impedance | 12.878 +j*5-190 | 12.132 + j*20.903

3. EXPERIMENT

Based on the proposed methodology, a dual-band matching circuit is
realized for matching specific complex impedances to a 502 load. The
values of the complex impedances to be matched are obtained from
the source-pull and load-pull analysis of a stabilized GaN based device
(CGH27030 from Cree), which is biased at a drain voltage and current
of 28V and 150mA, respectively, as listed in Table 1. The source-
pull and load-pull data are based on obtaining optimal PAE at the
two frequencies of 1800 MHz and 2140 MHz. The design methodology
of dual-band matching network is validated by designing input and
output matching networks for a class-AB power amplifier.

3.1. Matching Network Design

For presenting the ideal source and load impedance to the transistor,
the coupled-line impedance transformers need to match 502 load to
the desired impedances listed in Table 1. The input and output
matching circuits are designed on a Rogers’ RO4350B substrate which
has a dielectric constant of 3.48, a substrate thickness of 0.76 mm and
a tangent of dielectric loss angle of 0.003.



202 Li et al.

Figure 5. Photograph of the fabricated example.

Table 2. Design parameters for input and output dual-band coupled-
line impedance transformers.

Proposed
Transformer ZUe ZOo e1@fl e2@](2 XTll XT12 XT21 szz

Input Match | 120 Q | 50 Q 41° 48.74° | —64.67| —48.42| -38.17 | —13.43
Output Match | 120 Q| 50 © 48° 57.07° | =76.29| —61.75| —66.10 | =39.58

The input matching circuit and the output matching circuit are
designed in the same way. Therefore, in this paper, we only discuss
and test the output matching circuit as an example to show the
performance of the proposed dual-band matching structure. The
size of the whole output matching circuit is 22 mm x 25 mm and the
photograph of it is shown in Figure 5.

Table 2 list the numerically obtained design parameters of the
input and output dual-band coupled-line impedance transformers.
Table 3 lists the numerically obtained design parameters for all dual-
band/dual-susceptance stubs. Table 4 represents the physical design
parameters for the fabricated dual-band power amplifier including
stabilized circuit, input- and output-matching networks corresponding
to the numerically calculated design parameters reported in Tables 2
and 3. An optimization of the physical design parameters is done to
compensate for the effects of discontinuities. The slight optimization
is evaluated in Agilent’s Advanced Design System used as circuit
simulator, and the optimized results are listed in Table 4 compare
with the calculated results.
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Table 3. Design parameters for input and output dual-band/dual-
susceptance stubs.

Dual-band /dual-susceptance stub Zo 01Qf | 62Qf5
Input Match stub 1 61.46Q | 43.54° | 51.76°
Input Match stub 2 101.25€ | 69.32° | 82.41°
Output Match stub 1 40.81Q | 28.13° | 33.44°
Output Match stub 2 110.63 | 59.13° | 70.30°

Table 4. Physical design parameters for proposed dual-band power

amplifier.
Parameters Caculated Optimized Parameters Caculated Optimized
T W=1.18 mm W=1.18 mm T W=1.68 mm W=1.68 mm
! L=12.41 mm L=1171 mm 4o0s L=23.08 mm L=23.08 mm
W=0.52 mm W=0.52 mm Murata Murata
CL, $=0.17 mm $=0.17 mm C3,Cs ERB21B5C2ES8R | ERB21B5C2ESR
L=12.35 mm L=12.35 mm 2DDX1; C=8.2 pF | 2DDX1; C=8.2 pF
Murata Murata
T, W=0.38 mm W=0.38 mm C..Cs | ERB21B5C2E150 | ERB21B5C2E150
L=20.54 mm L=20.34 mm JDX1; C=15 pF IDX1; C=15 pF
Murata Murata
W=1.68 mm W=1.68 mm
C, ERB21B5C2E3R | ERB21B5C2E3R Te L=4.49 mm 1.=4.29 mm
9CDX1; C=3.9 pF| 9CDXI; C=3.9pF
Murata Murata
T ‘LV:; 7698;‘1‘;“ VLV:; 'gg mm fol ERB21BSC2E3R | ERB21B5C2E3R
- ’ 6CDX1; C=3.6p 6CDX1; C=3.6p
W=0.29 mm W=0.29 mm
R, CRO05-101J 100Q [ CR05-101J 100 O T, 1=17.65 mm 1=17.44 mm
Murata Murata W=0.52mm W=0.52 mm
C, GRM1885C1H3R | GRM1885CI1H3R CL, $=0.17 mm $=0.17 mm
0CZ01; C=3 pF 0CZ01; C=3 pF L=14.46 mm L=14.46 mm
W=2.31 mm W=2.31 mm
R, CR05-470J 47Q | RO05-470J 47Q Ty 1=7.79 mm 1=7.58 mm

3.2. Dual-band Class-AB Power Amplifier Design

Based on the above designed matching network, a 30 W class-AB
power amplifier has been designed to verify the performance of the
proposed coupled-line transformer in the application of high power
active circuits. The architecture of the proposed dual-band power
amplifier is shown in Figure 6.

There are two more works need to do in the design of the proposed
amplifier: biasing and stabilizing the transistor. The quarter-wave
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Figure 6. Architecture of the proposed dual-band power amplifier.

short circuited stub (SCSS) has the advantage of being an open circuit
at the fundamental, and presents a short circurt at successive even
harmonics. It can additionally provide a convenient bias insertion
point, if the RF short is made using a suitable bypass capacitor [25].
So a short-circuit quarter-wave transmission line which is calculated
at the middle frequency of fi; and fo has been used in the present
application as DC feed. The characteristic impedance of this quarter-
wave transmission line is chosen as 50 €2 and the short-circuit is realized
by two capacitances which resonates at fi; and fs, respectively. The
transistor is stabilized using paralleled resistance and capacitance at
its input and a resistance at its gate DC feed circuit.

When use the dual-band coupled-line transformer to match the
load-pull impedance to 50 ) directly, output matching network results
in high-impedance lines which is difficult to realize accurately with the
authors’ fabrication facility. As a result, we add an L-type transformer
to transform the load-pull impedance to intermediate impedance which
is easy to realize accurately with the authors’ fabrication facility, as
listed in Table 1.

The corresponding physical design parameters of the amplifier are
listed in Table 4. Make the appropriate adjustments of the direction
of these transmission lines in the circuit to avoid unwanted coupling
between them and obtain a smaller circuit size. The size of the input-
and output-matching networks are 26 mm x 30 mm and 26 mm x 24 mm,
respectively. Matching circuit is the largest part of the power amplifier
module, so the miniaturization of the matching circuit can greatly
reduce the size of the power amplifier module. The overall size of the
designed class-AB PA is 63 mm x 57mm. If the DC feed transmission
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Figure 7. Photograph of the fabricated dual-band power amplifier.

line layout in a bend way, the size of the PA will be reduced to
63mm x 30mm. The photograph of the fabricated dual-band power
amplifier is shown in Figure 7.

4. RESULTS AND DISCUSSION

To validate the matching capability of the designed matching network,
we terminate it with a 50 2 impedance load and measure another port’s
return loss and test the performance of the dual-band PA which is
matched by the proposed matching network. The calibrated vector
network analyzer Agilent E5071C PNA-L Network Analyzer was used
to test the frequency responses of them.

4.1. Matching Network

Figure 8 shows the calculated results of the proposed dual-band
coupled-line impedance transformer’s reflection coefficient magnitudes
at Port 2 when Port 1 terminated with a fictitious load which
has different impedance at the two frequency bands. As shown
in Figure 8, the proposed impedance transformer can accurately
match two different complex impedances at two designed frequency
simultaneously and has 20% and 15% bandwidth for which the
reflection coefficient magnitudes are less than 0.1, respectively.

Figure 9(a) shows the simulated and measured results of the
fabricated matching networks which is shown in Figure 5 at the
first frequency 1800 MHz. To demonstrate the performance of the
fabricated matching network, the s-parameters data plotted in Figure 9
have been equivalent to terminate the Port 1 with (12.878 —j*5.190)
load which is the conjugate of the complex impedance as the network
designed to present at the first frequency 1800 MHz. Therefore,
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Figure 8. Calculated result of the proposed dual-band coupled-line
impedance transformer.
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Figure 9. Simulated and measured performance of the fabricated
examples: (a) at 1800 MHz, (b) at 2140 MHz.
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Figure 10. Simulated and measured S-parameters of the proposed
dual-band power amplifier.
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Table 5. Comparison with the current state of the art.
. Performance . Size of the PA
Methodology Matching rang return loss | EXperiment matching network | design Refil'oénce
Dual-ban Chebyshey Same real ilppedance RL<-20 dB for
transformer to same real impedance | +75 MHz @ f,,f> No N/A No (1
Arbitrary complex
A . - RL<-20 dB for
Bt | mperes o s ol e |
P > complex impedance +50 MHz @ f}.f;
Three-section Arbitrary complex
step-i . . RL<-20 dBf
step-impedance impedances to same real < or No N/A No [4]
transformer impedance +50 MHz @ f}.f;
Step-impedance Arbitrary complex
transformer with impedances to same real RL<-15 dB for Yes 76mm x 10 mm No [6]
two-section stubs impedance +70 MHz @ f.f>
Dual-band multi-section | Al’bi‘lfflf)’ real RL<-20 dBfor
step-impedance impedances to arbitrary o Yes 111 mm x18mm | No [7]
transformer real impedance +200 MHz @ f.f
Arbitrary compl
Dual-band/dual-charateristic| . r Hrary compiex RL<-15 dBfor
impedance transformer | .ropedances fo same real Yes 74mm x75mm | Yes (8]
P ’ impedance +10MHz @ fi.f;
T-section dual-band . ﬁrbiu‘ari/ complex ! RL<-10 dBfor N N/A N 9]
: impedances to same real o o
impedance transformer impedance 90 MHz @ f,.f>
Using resonators with . ﬁrbi"?ri' complex \ . 50 0
microstrip lines impe: Ji[rl;:;;d:n(feame real Not given Yes 20 mm x50 mm Yes [10]
. RL<-10 dBfor
. Arbitrary complex . .
Dual-Band coupled-line | | N +200 MHz @ f; This
Y 22 mm x 25 Yes
impedance transformer 1mpedance. to arbitrary RL<-10 dB for s s mm work
complex impedance +150 MHz @ f

the matching capability and bandwidth of the matching network
is easy to evaluate in this figure. As shown in Figure 9(a), the
proposed impedance transformer can accurately match the complex
impedance at the designed frequency and has 20% bandwidth for which
the reflection coefficient magnitudes are less than 0.1. Because the
transformer is not designed to transform the load to (12.878+j*5.190)
at 2140 MHz, the reflection coefficient magnitude is not small at
2140 MHz. In the same way, Figure 9(b) shows the simulated and
measured results of the fabricated matching networks which is shown
in Figure 5 at the second frequency 2140 MHz. One can also find the
deviation between the measured and simulated results is small and
that approved the validity of the proposed matching technique. This
matching circuit is then used in designing a class-AB Power Amplifier.

4.2. Dual-band Class-AB Power Amplifier Design

The bias point of the power amplifier is Vpg = 28 V and Ipg = 150 mA
at a Class-AB operation. Figure 10 shows the simulated and measured
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frequency responses of the fabricated dual-band PA based on small
signal S-parameters. As shown in Figure 10, the dual-band PA
achieves a power gain exceeding 13.5dB and 12.5dB in the 1800 MHz
and 2140 MHz operation bands, respectively. The PA has a 1-dB
transmission bandwidth of 420 MHz and 70 MHz in the 1800 MHz and
2140 MHz operation bands, respectively. These bandwidths of the PA
can satisfy the requirement of base stations in the GSM 1800 and
WCDMA concurrent communication systems. Finally, they indicated
that the matching conditions of the input and output terminals are
good for both of the desired bands.

The comparative perspective of the present work in light with the
existing state of the art is presented in Table 5.

5. CONCLUSION

A miniaturized and novel dual-band impedance transformer based on
single coupled-line section has been proposed. The rigorous analysis of
the corresponding closed-form design equations are given in this paper.
Furthermore, fabricated transformer examples with good simulated
and measured results verify the proposed structure and its design
method. Finally, a novel miniaturized dual-band power amplifier by
using this new dual-band impedance matching technique is designed,
fabricated and demonstrated. As a result, this proposed dual-band
matching technique with an analytical design approach provides a
miniaturized matching method with inherent DC-block function for
the design of dual-band components and systems.
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