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Figure 3 Voltage responses on the loaded TL of PCB according to
the analysis methods. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

1 mm, respectively, with the loaded resistors of Zy, = Z, =
82.75 Q.

Figure 3 delineates the voltage response on the loaded resis-
tor of PCB. The analyzed result using the combination of equiv-
alent TL theory and BLT equation is nearly the same as that
obtained from the commercially available software. In addition,
it can be expected that the result obtained from the analysis
using the combination of PWB method and BLT equation is
approximately approaching the average values of the other data.
Especially in high frequency region of Figure 3, it is seen that
the accuracy of PWB method and BLT equation becomes
higher. By comparing the resonant frequencies of Figures 3 and
4 it is guaranteed that the PCB structure given in this article
does not affect the original resonant frequency when the interior
of shielding enclosure is empty. Hence, the two methods men-
tioned in Sections 2.1 and 2.2 lead to the reliability of the SE
analysis inside shielding cavities.

In addition, we have saved a required time consumption and
computer resources caused using a complete mathematical equa-
tions as shown in Table 1. For this work, we adopted Intel core
17-3770 working at 3.4 GHz and 12 GB RAM as a processor.

Moreover, using the proposed method in the case of electri-
cally large-scaled structure and high frequency response, the SE
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Figure 4 The resonant frequencies of single shielding cavity with an
empty space. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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TABLE 1 Comparison of Time Consumption, Computational
Resource, and Accuracy

Analysis Type Time (s) Memory (kB) Accuracy

PWB method + BLT Eq (P&B) 0.76 47 Low
TL theory + BLT Eq (T&B) 110 104 High
Full-wave simulation (FDTD) 413 8,486,040 Ref.

estimation can be easily and fast performed and very helpful for
fast prediction of SE level.

4. CONCLUSION

This letter presented a simple estimation method to predict the
induced voltages on both sides of single TL inside shielding cav-
ity. This simple estimation method, which is combining the
statistically-based approaches and BLT equations, was proposed
by considering the dependence of incidence and polarization
angles. By performing the comparison of the data obtained from
the equivalent TL model and commercially available software
based on FDTD, a reasonably good agreement has been obtained
in the view point of an averaged value. Moreover, using the pro-
posed method in the case of electrically large-scaled structure and
high frequency response, the SE estimation can be easily per-
formed and very helpful for fast prediction of SE level.
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ABSTRACT: In this article, a high efficiency power amplifier (PA)
with frequency selective matching networks (MNs) that can provide
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passband impedance matching as well as suppression of out-of-band sig-
nals simultaneously is proposed. The proposed frequency selective MN
consists of a 7/4 length coupled line, a /12 length open step-impedance
resonator stub, and a /6 length bias line terminated with a bypass
capacitor. For experimental validation, the PA with input and output
[frequency selective MNs is designed and fabricated for the US PCS
band (1.93-1.99 GHz). The measurement results show that the output
power and power add efficiency are 43 dBm and 70.3%, respectively, at
the center frequency of 1.96 GHz, and the out-of-band suppression is
higher than 32 dB. © 2015 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 57:2031-2034, 2015; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.29263

Key words: coupled line; transmission zeros; wideband impedance
transformer

1. INTRODUCTION

As the frequency spectrum is limited for wireless systems, maxi-
mum and efficient utilization of the frequency spectrum
assigned to communication service providers must be ensured.
As modern wireless systems must transmit signals only on the
permitted frequency bands, high power amplifiers (PA) are fol-
lowed by a band pass filter (BPF) to minimize the interference
or noise with adjacent bands and out-of-bands on communica-
tion standards. Generally, the cavity BPF has a low insertion
loss caused by high quality (Q) factor. Whereas the band selec-
tion and out-of-bands suppression characteristics of the BPF can
be improved by increasing a number of filter stage, the passband
insertion loss is also increased. As a result, the insertion loss
increment of the BPF deteriorates the overall system efficiency.

Conventionally, the PA and filter are independently designed
based on a 50-Q system impedance. Recently, the codesign
approach of the PA and filter together was reported in [1]. The
designed cavity BPF could provide the output impedance match-
ing and band selection characteristics. However, it requires very
high Q factor filters to ensure low insertion loss and complex
structure due to output impedance of PA which is different with
50 Q.

High efficiency PAs usually contain harmonic termination
networks and input/output matching networks (MNs) [2-8]. Fig-
ure 1 shows the general RF PA block diagram. At the drain port
of transistor, harmonics control network is designed by drain
output voltage and current waves forming and then connected to
the PA first for the high efficiency performance. Next, the out-
put passband MN is connected.

An impedance transformer with wide out-of-band suppres-
sion is realized in [9]. However, this circuit can provide only a
real-to-real impedance transformation and has the second spuri-
ous at the third harmonic frequency band. There are some limi-
tations to using the high efficiency PA design directly. In the
[10], the couple-line impedance transformer used at the output
network of PA for the impedance matching and DC-block. But,
it also did not consider harmonics termination that is essential
for the high efficiency PA design.

If the PA can be designed with frequency selective MNs
which can provide passband impedance matching, harmonics
termination, and suppression of out-of-band signals, these fre-
quency selective MNs can reduce the number of stage of cavity
BPF at the RF transmitter and it can improve overall system
efficiency. In this article, a novel design of the PA with fre-
quency selective MNs is presented. The proposed frequency MN
can provide passband impedance matching, frequency selection,
and harmonics termination characteristics simultaneously with a
single circuit. The theoretical analysis of the proposed frequency
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Figure 1 General RF PA block diagram

selective MN and experimental results of the PA with the fre-
quency selective MNs are provided.

2. DESIGN EQUATION

Figure 2 shows the structures of the proposed PA and the fre-
quency selective MN. The frequency selective MN consists of a
A4 parallel coupled line, a //2 open step-impedance resonator
(SIR) stub with impedances of Z; and Z,, and a A/6 bias line
terminated with a bypass capacitor connected at input port 1.
The reflection coefficient (S7;) and transmission coefficient
(S,1) of the proposed network at the center frequency (fp) can
be expressed by (1) and (2), where Zg indicates the source or
load impedances (Zg # 50 Q) of the transistor obtained from the
source- or load-pull methods, and Z; is a termination port
impedance (Z;, = 50 Q).

Sl = B2 4252, a

T (Zoe—Z00)} +4Zs21
—j4(Zoe —Zoo)VZ1LZs
47571 +(Zoe—Zoo )

a1l = )

where Zy. and Zj, are even- and odd-mode impedances of the
coupled line, respectively.
The input impedance of MN at f;, can be found as in (3).

_ (ZOe _ZOO)2
Zin \f:ﬁ) = T 3)
Input Output
Frequency Frequency
RF o— selective [— Selective [—© ORIFI
Input MN MN utpu
(a)
Bias
B
Z.. 1/6 @t I ypass cap

Zu=RetiXs @f Zoe, Z0o, /.14 @l
=0pen @2,
=Short  @3fy

Zs

Z,, A/4 @fo 4

Z, /4 @

(b)

Figure 2 Proposed block diagrams of (a) PA and (b) frequency selec-
tive MN
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Figure 3 Simulated S-parameters of frequency selective output MN
according to k (@Zs="7.8—/2.5 Q, Zyp.=75.5 Q, Zy, =35 Q, Z;, =50

Q, Z, =25 Q, and Z, =[50, 75, 100, and 125 Q]). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

where Zj. can be found as in (4) for the specific reflection coef-
ficient (S“), ZOO’ ZL’ and Zs.

ZsZ1. (] +S1 |f:ﬁ>)
(I_S”'f:fo)

Similarly, the transmission zeros of the proposed MN can be
determined as in (5).

2 [k _
fTZ,SIR_ % 'f() (sm 1+k+l’ln) (@}’Z—O7 1, 2 ) (Sa)

frocL=2+n)fy (@n=0,1,2-- ) (5b)

+Zoo C)

where k, frz sir, and frz cp are the impedance ratio of the SIR
stub (Z,/Z;) and the transmission zero frequencies generated by
the SIR stub and the coupled line, respectively. There are three

Figure 4 Simulated reflection coefficient of frequency selective MN
(k=3) and load-pull output power/PAE contours. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 5 Comparison of measured small-signal frequency responses
between the conventional, class F, and proposed PA. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com]

steps to match the optimum impedance (Z; =R, + jX;) of the
PA wusing the proposed frequency selective MN, which is
described as follows.

a. Calculate Z), impedance using (4) with the specific wanted
S11 by designer, the real part of the input impedance (Rg),
and Z,.

b. Locate the transmission zeros near the passband by changing
k= 7,/Z, of the SIR stub.

c. Finally, match the imaginary part of the optimum impedances
(X;) by optimization of the & and bias line length.

3. SIMULATION AND MEASUREMENT RESULTS

For experimental validation, the proposed PA was designed with
a 25-W GaN HEMT transistor (NPTB00025B) from Nitronex
for the US PCS downlink band (1.93-1.99 GHz). The desired
source impedance Ziyop =3.5—j4.8 and load impedance
Zowopt = 7.8—j2.5 at fy =196 GHz were extracted from the
source- and load-pull methods using ADS 2013. The circuit was
fabricated on a RT/Duriod 5880 substrate from Rogers, with a
dielectric constant (&) of 2.2 and a thickness (/) of 31 mils.

Figure 3 shows the simulated frequency response of the fre-
quency selective output MN according to k. As seen in the fig-
ure, the return loss at f,=1.96 GHz is better than 30 dB.
Similarly, the out-of-band signals are suppressed by transmission
zeros located at 1.3, 2.6, 3.92, 525, and 5.88 GHz. As %k
increases, the out-of-band attenuation characteristic near the
passband becomes steeper.

Figure 4 shows the simulated reflection coefficient (S;;) of
the frequency selective output MN and the output power/power
added efficiency (PAE) contours in the case of £k = 3. As seen in
the figure, the proposed MN is matched with the maximum
power delivery impedance (Zyy.op). Moreover, the impedances
at 2fy and 3f; are almost open-circuited and short-circuited,
respectively, which can provide high efficiency characteristics in
the PA design.

Figure 5 shows a comparison of the measured small-signal
gain responses of the fabricated conventional PA, passband
matched class F PA [11], and proposed PAs. The return loss of
the proposed PA is higher than 21.92 dB at f, = 1.96 GHz. The
frequency selective gain characteristics are achieved with a
small-signal gain of 15.46 dB at f;. Moreover, the signal attenu-
ations at 2fy and 3f, are 38.5 dB and 32.97 dB, respectively,
and the out-of-band signal suppression is more than 20 dB. The
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Figure 6 Measured power gain and PAE of conventional, class F, and
proposed PA at 1.96 GHz. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

difference between the passband and out-of-band gains is more
than 37 dB. In addition, a maximum 60-dB difference between
the passband and the out-of-band gains is obtained at the trans-
mission zero frequency of 2.6 GHz.

Figure 6 shows the measured gains and PAE performances
of three PAs at f; according to the output powers. The measure-
ment results show that the output power and PAE of the pro-
posed PA are determined to be 43.1 dBm and 70.3%,
respectively, at the 3-dB gain compression point, while the out-
put power and PAE achieved using the conventional PA are
43.1 dBm and 57%, respectively. Similarly, class F PA output
MN was designed using [11] structure. The 3-dB gain compres-
sion point output power and PAE of class F PA is 42.9 dBm
and 68%, respectively.

Figure 7 shows photographs of the proposed PAs. The pro-
posed PA has a slightly larger size, but the size of the //2 open
SIR stub can be minimized with a meander transmission line
structure.

4. CONCLUSION

In this article, the design of a PA with frequency selective MNs
is described. With the frequency selective characteristics of the
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Figure 7 Photographs of proposed PA. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com]

proposed MNs, the proposed PA provides sharp passband selec-
tive characteristics with out-of-band suppression. The proposed
PA can achieve high efficiency and high power performance
due to the proper harmonics termination. The proposed PA can
also reduce the burden of the RF transmitting BPF. In micro-
wave active circuits operated at higher than 10 GHz, a //4 par-
allel coupled line is generally used instead of a DC-blocking
capacitor. Because the proposed frequency selective MN can be
used as a DC-blocking capacitor as well as a MN and harmonics
termination, simultaneously, the proposed MN can be applicable
in microwave circuit design.
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ABSTRACT: Dual-band Wilkinson power dividers were constructed
using I-shaped lines. Inserting a stepped-impedance stub in the middle
of the lines could induce a shunt susceptance to achieve dual-band 90°
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