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ABSTRACT

Microwave Class-F Power Amplifier Using Harmonics
Control CRLH Transmission Lines

Phanam Pech
Division of Electronics and Information Engineering
The Graduate School

Chonbuk National University

This dissertation presents the analysis of unbalance and asymmetric
composite right-/left-handed transmission line (CRLH TL) can control up to
third harmonic frequency for class-F power amplifier (PA). This CRLH TL
is applied into biasing circuit design with the harmonic control purpose. The
length of the TL in the proposed biasing circuit is smaller than a quarter
wavelength (A/4). Instead of using A/4 TL, the impedance transformer is also
analyzed with CRLH TL to obtain short and open circuit for 2fy and 3f; at the
drain terminal of the transistor, respectively. As a result, the proposed
impedance transformer circuit can complete the requirement with the
electrical length of the TL less than 90°.

Proposed microwave class-F PA using harmonic control CRLH TL was
designed and simulated at 1.96 GHz for personal communication services
(PCS) application. The proposed PA achieved output power and drain

efficiency of 13.61 W, 70.39%, respectively in non-ideal simulation.

Keywords: CRLH TL, Harmonic, PA, PCS.
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Chapter 1 Introduction

1.1 Literature Review

With the advancement of wireless communication systems, power
amplifiers (PAs) with high efficiency is becoming more and more important
as they consume small power of the system and closely relate to the thermal
dissipation. Extensive research has been devoted to improving the efficiency
of PAs through enhancement in all design methods. Finding materials
sustaining higher operating voltages, e.g., GaN, developing device structures
with higher breakdown voltage, e.g., LDMOS transistor and fashioning
circuit techniques to reduce power dissipation in the transistor, e.g., harmonic
control, are the example of the efforts made to improve the efficiency of PAs
[1].

In base station (BS) applications, power consumption is one of the most
critical requirements, which requires that the PAs used must have a high gain
to amplify the weak signal and a high power added efficiency (PAE),
regardless of whether the required PAs are working in a single band or
multiple bands concurrently. In order to improve the PAEs of the PAs,
switched-mode or harmonic-tuned PAs have been paid much consideration
and especially the class-F, as well as the inverse class-F (F') are being
adopted widely [2], [3]. However, the harmonic tuning circuits, such as those
used in class-F amplifiers, could increase the size and cost of the PAs which
are already complicated with the sophisticated architectures, unless effective

measures are taken to miniaturize and simplify the circuit. The researchers
1



have been used composite right-/left-handed (CRLH) transmission line (TL)
to reduce the size of the harmonic tuning circuit. Even though the small size
of harmonic tuning circuit but, the DC-biasing circuits using quarter
wavelength microstrip line (MSL) stub occupies in a large area, creates
difficulties for miniaturization of the overall amplifier circuit. Recently, a
novel DC-biasing circuit with harmonic control for compact high efficiency
power amplifiers have demonstrated by using CRLH TL . Despite the size of
the biasing circuit is reduced but a quarter wavelenght impedance transformer
transmission line is needed to control the harmonics for class-F PA and there
is no analysis of the structure. In this dissertation, a microwave class-F PA is
designed with harmonics control using CRLH TL to obtain high efficiency

and the mathematical analysis of the proposed structures are presented.
1.2 Dissertation Objective and Organization

The main objective of this dissertation is to design a microwave class-F
power amplifier using harmonics control CRLH TL for PCS downlink
communication system. Firstly, the CRLH TL stub operate as a bias circuit
with harmonics control is investigated. This bias circuit with 2 unit cells
CRLH TL can control the fundamental frequency (open circuit), the second
and third harmonics (short circuit) different from the bias circuit designed
with quarter wavelength transmission line. Secondly, the CRLH TL operates
as the harmonic impedance transformer to provide short and open circuit at
the drain terminal of the transistor to satisfy class-F PA condition.

This dissertation is organized as below. Chapter 1 introduces shortly about

PAs and some of its applications. Chapter 2 covers fundamental of PAs design,

2



classification, efficiency and harmonic control PAs. Chapter 3 introduce the
CRLH TL and its advantages in microwave circuit design. Chapter 4 describe
class-F PA design method, CRLH TL operates as the bias circuit and
harmonic impedance transformer TL. The analysis and simulation are
presented in this chapter.

Finally, Chapter 5 summarize the fundamental, design goal that

contributed to this dissertation and future work.



Chapter 2 Power Amplifier

In this chapter, the fundamental of the power amplifier and high efficiency

power amplifier are presented.

2.1 Fundamental of Power Amplifier

The amplifier is an electronic device used to increase the magnitude of
voltage, current, power of an input signal. It takes in a week electrical signal
or waveform and reproduces a similar stronger waveform at the output by
using an external power source. Depending on changes it makes to the input
signal, amplifiers are broadly classified into current, voltage and power
amplifiers.

A power amplifier is an electronic amplifier designed to increase the
magnitude of the power of a given input signal. RF and microwave PAs are
devices that amplify the input RF signal and deliver greater power at the
output. PA can also be considered as a device that converts DC power
provided from the supply into RF power at the output.

PAs are used in many different applications including the majority of
wireless and radio communication systems, wireless and cable TV broadcast

system, optical driver amplifier, audio systems, and radars.

2.1.1 Gain and Efficiency

One of the many important parameters of an amplifier is its gain. The
gain of an amplifier can be described as voltage gain, current gain, and power

gain. The power amplifier is generally defined as its power gain.

G=P

out Rn

2.1)



Another important parameter is power conversion efficiency. Power
conversion efficiency is a measure of how effectively an amplifier converts
power drawn from the external source (DC-supply) to useful RF signal power
delivered to the load. Most popular efficiencies in power amplifier are drain

efficiency () and power added efficiency (PAE) with units in percentage (%).

I:)O t
n=—%2 (2.2)
PDC
PAE = Fou =Ry (2.3)
I:)DC

Where, Pin, Pout and Ppc are RF input, RF output power and the DC-power
from DC-supply to the drain circuit of power amplifier, respectively.

The power that is not converted to useful signal power is dissipated as
heat. As a result, the efficiency of PA is reduced according to power
dissipation.

Power amplifiers are normally designed for operation over a specific
frequency or bandwidth. The transmitter band has a gain is almost constant
over this bandwidth. Outside of the transmitter band or passband, the gain

response tends to drop off at both lower and higher frequencies.

2.1.2 Amplifier Classification

The class of operation is referred to as the output waveform when an
input signal is applied or more specifically, the transistor conduction angle
has very important for power amplifiers in terms of linearity and efficiency.
In any given design there is always a trade-off between linearity and
efficiency, as linearity increases, efficiency decreases and efficiency increase
as linearity decreases. There are many types of power amplifiers and they
differ from each other in terms of their linearity, efficiency, and output power
capability. To design a power amplifier we have to understand the design
factor and choose the amplifier operation type most suited for the target
application. Depending on the linearity and efficiency requirements, the

operation classes of the amplifier can be divided into two groups. The first
5



group is for high linearity application such as class A, B, and AB. The second
group belongs to high efficiency but low linearity such as class C, D, E, F,
inverse class F, J, etc.

The conduction angle is defined as the proportion of the RF cycle during

which the transistor is conducting.

1)

Amplitude(Imax

o-e-at

D = - uray
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350 300 250 200 150 100 50 L]
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Fig. 2.1. Fourier analysis of reduced conduction angle current waveform.

Fig. 2.1 shows the current waveform of different conduction angles («)
for class A, B, AB, and C. The second up to fifth harmonics are plotted. At
class AB range up to the middle of class B, the second harmonic is also
presented with the fundamental. The conduction angle of drain current is
reduced by lowering the gate bias point. Besides this, the input voltage cycle
drops  below the threshold voltage and prevent the transistor from
conducting current. Fig. 2.2 shows the RF power and efficiency as a function
of conduction angles for optimum load and harmonics are assumed short.
Between class A and class B operation, the fundamental RF output power is
approximately constant, showing a few tenths dB increase in the mid-AB
range over the class A output power. The class B condition delivers the same
power as class A, but with a DC supply reduced by a factor of /2 compared
to class A, giving an ideal efficiency of /4. The class C condition shows an
increasing efficiency as the conduction angle is reduced to a low value, this

is, however, accompanied by a substantial reduction in RF output power [4].
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Fig. 2.2. RF power (relative to class A) and efficiency as a function of conduction

angle (optimum load and harmonic short assumed).
2.1.3 High Efficiency Power amplifier

High efficiency is a crucial design consideration not only for the power
amplifier (PA) itself but also for the transmitters. Several PA topologies, such
as class-E, class-F, and inverse class-F (F™'), have been proposed to achieve
high efficiencies. In the class-E PA, a transistor acts as a switch. The voltage
of the class-E amplifier is generated by charging and discharging of the
output capacitor in parallel with the switch. Since this amplifier tunes all
harmonic components using the LC resonator, it delivers the highest
efficiency among the proposed amplifiers. However, the charging step of the
capacitor cannot be abrupt. The capacitor cannot discharge fast enough to
support the ideal waveform when operates at very high frequency. As a result,
the efficiency of class-E PA is degraded significantly at high frequency.

To deliver high efficiency at high frequency, the harmonically tuned PAs,
such as class-F and class-F', have been extensively studied. The ideal class-

F power amplifier has half-sinusoidal current and rectangular voltage



waveforms in conjunction with the short circuit for even harmonics and open
circuit for odd harmonics. Thus, there is no overlapping between the current
and voltage, resulting in approximately zero internal dissipation power. In
addition, since there is no harmonic power, the class-F amplifier delivers the
efficiency of approximately 100%.

+Vpp

——

RFC

0=90°

Drive c
0— 1 %

17

50 Q

Fig. 2.3. Schematic of class-F power amplifier.

The class-F™' is a dual of the class-F PA where the current and voltage
waveforms are interchanged. With the same drain supply voltage, the class-
F' has a larger peak voltage value than that of class-F, incurring the reliability
problem due to the breakdown of the device. Thus, some research has
compared and analyzed the class-F and class-F' PAs under the condition of
the same voltage swing. Due to advances in wide bandgap semiconductor
technology such as gallium-nitride (GaN) high electron-mobility transistor
(HEMT) technology, a large voltage swing becomes feasible and the

obstacles in PA design are reduced.



2.2 Class-F Power Amplifier

High-power consumption mainly occurs due to the low efficiency of the
power amplifier, where a large portion of the DC-supply is converted into
heat. This requires the cost with large spacing for cooling of the system. The
power consumption causes degradation of the device performance such as
the battery lifetime. The class-F power amplifier can be used to improve the
power added efficiency (PAE) at low power levels, which uses an output filter
to control the harmonic content of the drain voltage or the current waveforms,
which shapes them to reduce the power dissipation by the transistor and to
increase the efficiency. The active device is assumed as an ideal device switch.
Therefore, the power amplifier achieves only a limited degree of compression,
so that a relatively small number of harmonic is generated at the drain output.
Even though the transistor acts as an ideal switch device for some part of the
duty cycle, it spends a considerable transition time between the switching
states, where this time is limited by the harmonic composition of the drain
waveforms.

The class-F power amplifier is characterized by a square waveform for
the drain voltage and a half-sinusoid waveform for the drain current. The
class-F response is achieved when the harmonic control circuit provides a
short circuit for the even harmonics and open circuit for the odd harmonics.
This technique can obtain a theoretical 100% drain efficiency using wave

shaping the drain voltage and current waveforms.
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Fig. 2.4. (a) A class-F power amplifier ideal topology and (b) ideal current and

voltage waveforms.

Therefore, it is widely used to increase the efficiency of PAs due to its
simplicity and high performance. The harmonic control circuit (HCC) is an
essential part of the design class-F PA, which can be implemented by the
lumped or distributed elements. All the harmonic control circuits, which use
the lumped and distributed elements, lead to the increment of the circuit size
and complexity of the design procedure. Additionally, the use of the
microstrip structures as a harmonic control circuit is widely used in the design.
On the other hand, the tuning procedure is too complicated to adjust the
structure at the desired frequency.

Fig. 2.4 (a) and (b) shows the simplified schematic of the class-F power
amplifier, the drain current, and voltage, respectively. The current has the
fundamental (first harmonic) and even harmonics, while the voltage has the
fundamental and odd harmonics. Therefore, the harmonic control circuit
should provide open circuit at odd harmonics and short circuit at even
harmonics. In order to have effective control over the harmonics in the drain
voltage and the drain current waveform, it is necessary to employ one of the

several compact filters at the output port of the PA as suitable loads (short or

10



open) for the different harmonics. In this case, the current and voltage
waveforms never overlap on each other and the dissipation of harmonic
power may be eliminated. Therefore, the improvement of efficiency is

expected.

. 1 1. 2 < 1
Idzld,peak[;-i_zs”]wot__ > 5 1cosnaoot] (2.4)

7 n=2,46,. M —
1 2. 2 & 1.
V=V oo [E—;sm ot = 73257 —sin na)otj (2.5)

Fig. 2.5 and Fig. 2.6 show a good example to understand harmonic
control for class-F PAs [5]. The network is composed of two shunt stubs
which control the second and third harmonic components. The transmission
line elements, TL2 and TL3, are short and open circuit in order to provide
terminating effect for even and odd harmonics, respectively. The physical
length of TL2 and TL3 are A/4 and A/12 at the fundamental frequencies so it
is equal to A/2 and A/4 at second and third harmonic frequencies. Then the
input impedance at the connection point of TL1, TL2, and TL3 are shorted.
These short impedances, 2S and 3S, are preserved constantly independent of
the connected fundamental matching network (M/N). These both short
impedances, 2S and 3S, are terminated to TL1 with the physical length of A/4
at fo. The input impedance (Zi») seen by the output stage of PAs is transformed
into short (2S) and open (30) impedances for the second and third harmonic

frequencies, respectively.

11
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Fig. 2.5. Harmonic control network for class-F PAs.
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for class-F PAs.
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Chapter 3 Composite Right-/Left-Handed (CRLH)

Transmission Line

3.1 Right-Handed and Left-Handed Transmission Line

The conventional transmission line (RH-TL) is represented by a series
inductor and a shunt capacitor, implying the use of a low pass topology. By
interchanging the position of the inductor and capacitor, the resulting
structure is referred to as a left-handed transmission line (LH-TL) with a high
pass configuration. The homogeneous models of a purely RH-TL and purely
LH-TL are shown in Fig. 3.1 and Fig. 3.2. In the LH-TL, the phase and group
velocities are composite to each other. Composite right-/left-handed (CRLH-
TL) represent practical LH-TL because RH-TL parasitic effects are

unavoidable when the realization of a LH-TL is attempt [6]-[8].

Lr/2 Lr/2

Lr
CR I:|: CR

@)

—

~
(=)
~

Fig. 3.1. RH-TL: (a) Asymmetric structure and (b) symmetric structure.

13



CL 2C. 2C,
— — o

Lo Lo

(@) (0)

Fig. 3.2. LH-TL: (a) Asymmetric structure and (b) symmetric structure.

In these circuits, Lg, Cr and L;, Cv are the distributed inductance and
capacitance for RH-TL and LH-TL, respectively. For these equivalent
circuits, the propagation constant and the characteristic impedance can be

determined with the following formulas:

yzﬂ/Z'(a))Y'(a)):a+jﬂ 3.1

_ |Z(e)
=¥ (o) (3.2)

Where Z'(w) and Y'(w) are the impedance of the series branch and the
admittance of the parallel branch, a is the attenuation constant and £ is the
phase constant.

If the line is lossless (o = 0), then the propagation constant is purely
imaginary and the impedance is purely real. For RH-TL in Fig. 2.1 we can

write:

Z'(0)=joL;, Y'(®)=joC; (3.3ab)

B=w\LJC >0, Z, = (3.3c,d)

14



For LH-TL in Fig. 2.2 we can write:

Z'(w)= , Yo
(@)= ¥
B=- L <0, Z. =
oL, 'C/

We consider the phase constant in equation (3.3c) and (3.4c¢). These equations
are the dispersion equation for RH-TL and LH-TL, respectively. The phase

response representation by these equations is given in Fig. 3.3.

360
1 —=— CRLH TL

270 4 —e— LHTL

—a— RH TL

Phase response(deg)

T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
Frequency(GHz)

Fig. 3.3. The phase responses of RH-TL and LH-TL.

From the dispersion equations (3.3¢) and (3.4c¢), the phase velocity can
be obtained as, v, = @/f is positive for RH-TL and negative for LH-TL. The
group velocity, v, = 1/(df/dw), is positive for both RH-TL and LH-TL.
Therefore, the energy is transported from generator to the load in both cases.
Due to the negative phase velocity of LH-TL, the wave is propagated

backward from load to generator.

15



3.2 CRLH TLs

The equivalent circuit of CRLH-TL is a combination of the RH-TL and
LH-TL equivalent circuits. Fig. 3.4 shows the equivalent circuit of CRLH-
TL, where, it is similar to RH-TL and LH-TL. It consists of a per-unit-length
impedance Z' (2/m) constitute by a RH per-unit-length inductance L'z (H/m)
in series with a LH times-unit-length capacitance C'. (F.m) and a per-unit-
length admittance Y’ (S/m) constituted by a RH per-unit-length capacitance

C'r (F/m) in parallel with a LH time-unit-length inductance L'y (H.m).

Fig. 3.4. Equivalent circuit model for the ideal CRLH TL.

Through Fig. 3.4 the equivalent impedance and admittance of CRLH-

TL can be determined as:

. 1
Z'= L, ——— 3.5a
J(a} R a;cJ (3.52)
Y'= j[cocg —ij (3.5b)
ol

16



Using (3.5a) and (3.5b) with the relations to (3.1) considered as a

lossless circuit, we can obtain:

y=NZY' =0+

:)ﬂ:ZT,Y,

_ 1 1
-t e -t
_JJ[a’ R wq][a’ R wLJ

’ 1 ! 1 ! ’
—\/[CULR _E](wCR —EJ <0, for w < oy, 0, :]/JLRCL (3.6a)

L

; \/(COL; —%j[aﬁé - C;_ , J >0, for > w,. @, =1/ LIy (3.6b)
L L

where wse is the resonance frequency determined by the series combination
of L'r and C'y and ws is the resonance frequency determined by the shunt
combination of L't and C'r. For mse < @ < wsn the phase constant, f, is an
imaginary number, therefore the propagation constant y, is a real number,
which means that the signal on the line is attenuated. Therefore, for ws. < @
< wsh, the circuit obtain a band-stop filter characteristic. If ws = wsn then there
is no stop-band. The circuit that can obtain ws. = wsh = wy is called a balanced

circuit and if not, then it is an unbalanced circuit.

17



We can design a balanced CRLH TL circuit, wse= ws= wo, When:

LiC! =L/C! (3.7a)
,L ’L
ZRH :ZLH: C_';: C—:-_ (37b)
11

(3.7¢)

0 = ! ! - ! ’
JLCl  JLC
The characteristic impedance of CRLH TL in an unbalance case is

obtained by substitute (3.5a) and (3.5b) into (3.2).

Z' L |&’LiC] —
Lo \/Y' (o] 2|_(:'—1

In a balanced case, the impedance of CRLH-TL can be determined by

(3.7b). This means that Zcriu = Zru = ZLu and the impedance matching over

a large frequency domain can be easily matched in a balanced case.

p B

!
|
I
| RH-
RH-TL ©, I 1L
|
o | Stopband o 0 \4| ®

|
|
LH-TL LH-TL :
1

(@) (b)
Fig. 3.5. Graphic representation of the dispersion equations for CRLH TL:

(a) unbalance case and (b) balance case.
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For the balanced case, used the same methodes to calculate phase

constant  as mentioned above, then we can determine fScrin as following:
21 r
oL ,C -1 — 1
Berin = + = WA/ L:Cr B e Bru + B (3.9)
JLC/ @\JL/C|
As a result, the equivalent circuit for a balanced CRLH-TL can be
increased the number of the unit cell (V) by connecting in cascade the

equivalent circuits of RH-TL and LH-TL.
3.3 Balanced CRLH TL and Dual-Band Property

Balanced CRLH TL is most popular in dual-band application. The merit of
CRLH TL is not only dual-band property but also can reduce the size of the
circuit. Fig. 3.6 shows the balanced circuit of CRLH TL combination as a T-

type network.
Lr

2C. 2C, Z60 2C. 2C

— l i — i
CRi|: L|_ I—L
(a) (b)

Fig. 3.6. Balanced CRLH TL: (a) Lumped element structure and (b) equivalent

circuit with transmission line model.
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In many works with the application of CRLH TL, the balance structure
with C-first type combination of LH component is used and analyzed. In this
chapter, we consider the balance CRLH TL with L-first type combination of
LH component that it may be useful for the application that needs this kind
of structure. The balanced CRLH TL with L-first type is constructed as a Pi-
type network and it can obtian the same characteristic to balance CRLH TL
with C-first type in T-type network model. The way to analyze this structure

can be done as following.

Lr c Lr/2 C Lr/2
G G
Cr L. Crl2 2L, Cgr/2 2L,

(a) (b)
I, C I,
— 1 | I
2L, 2L,

(c)

Fig. 3.7. Balanced L-first type CRLH TL: (a) Asymmetric structure,

(b) symmetric structure, and (c) equivalent cicuit of (b) in Pi-type model.
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At first, we consider the ABCD parameters of the LH component.

A B 1 0 1 .1 1 0
= 1 1 jaC 1
LH

CD — —
j2mL 0 1 j2mL
1 L 1 0
B jaC 1
|t 1 +1|\ j2oL
j20L  202LC )N
11 1
| T 20Lc joC
11 P S
j2oL  j4&’L’C  j2olL 20°LC
11 L
| T 20Lc joC
[ S S
joL j4o’L’C 20°LC

We can determine the phase response of the LH material through it

S-parameter (S21).

2
S21,|_H =
A+B/Z,+CZ,+D

2

1 11 1 1 1
I TIPS A Il K e
20°LC  Z, jwC joL j4o’L°C ) 20°LC
2

1 1 1 1 1
S T +Lo| e
o'LC Z, joC joL j4w’L°C

1 Z, Z, 1 Z, 1
t T a2 + 4-—
4| Z,wC oL 40’L°C 4| Z,@oC 4ol o°LC
= ¢, =tan 1 =tan 1
2——5— 2——5—
o’LC o’LC
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We can determine the overall phase of balanced CRLH TL as the

combination of RH and LH phase responses.

1, Z ( 1 j
Z,0C, 4oL L C
Perin = Pan TP = 0y LiCq +tant| =—* b LY

2— 21
oL C,
IwaH:#,so
JL.C,
2
1,z {4_[0)”
Z,0C, 4ol 1)
gy =tant| —————

Assume: o >> oy, , Z, = ,i and
CL
2 2
1,7 4_£a)LH] 1,7 4_(a)LHj
| ZooC 4ol 1) N Z,oC 4ol 1)
2 = 2
[0 [0
2| “H 2| “H
( o’ j ( o’ )
= = 5| 20
2\ Z,0C, ol

1

=X o ,—LLCL
1
Perin * Y L:Cr +Tm

tan

N
~ N JL,Cq + ——— 3.10
¢CRLH R™~R a)m ( )
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Through equation (3.10) we can consider the dual-band property of

balanced CRLH with L-first in Pi-type structure as below.

N
N JLiCr +——~=~ ¢ (3.11a)
1 R™~R a)l {LLCL
N
~Nay, JL;Cr + ——=~ ¢, (3.11b)
@,4JL, C,

where N and ¢ are the number of the unit cell and phase of CRLH TL. Fig.
3.8 shows the simulation results to confirm the characteristic of this Pi-type
balanced structure. The method to calculate the value of Lr, Cr, L1, and Cv is
already provided in [7] for T-type balance structure and we can also apply to
Pi-type balance structure.

The simulation results in Fig. 3.8 is obtained from a Pi-type balance
structure with N =2, fi = 1GHz, f,= 2 GHz, and the phase difference between
¢1 and ¢, is 180°. When this structure operates as a stub, it will provide two

transmission zeros (TZs) at these mentioned frequencies.
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. L5
c L=15.19817764672 nH
o - i

C=5.079271018 pF

L2
g L=15.198177546 nH

C=5.079271018 pF

: TermG ~ ° 7

i TermG1 - - -

d Num=1 . . .
Z=50 Ohm

(a)

m1
freq=1.000GHz
dB(S(2,1))=-32.228

m2
freq=2.000GHz
dB(S(2,1))=-50.287

-~ 0

20—
==
aca m1
QAN Y
mmm
TOT

40—

2
-60 \Illl\lII|\III'|\III|IIII|IIII|IIII|III
0.0 05 10 15 2.0 25 30 35
freq, GHz
(b)

Fig. 3.8. Pi-type balanced CRLH TL.: (a) simulated circuit and (b)

S-parameters.
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Chapter 4 Class-F PA using Harmonic Control

CRLH TL

This chapter demonstrates the class-F PA with harmonic control circuit
using CRLH TL. The analysis and simulation results are presented to prove

the proposed idea.

4.1 Harmonic control circuit using CRLH TL

As mentioned in chapter 2, class-F power amplifier require short circuit at
even harmonics and open circuit at odd harmonics to the drain of the
transistor. In here, the bias circuit using CRLH TL operate as a quarter
wavelength TL to control the second and third harmonics component and also

reduce the size of the bias circuit.
4.1.1 Bias Circuit using CRLH TL

In chapter 3, the structure and characteristic of CRLH TL are already
described. In designing a CRLH TL stub for bias circuit, L-first type structure
is only one possible choice. The combination of this structure is RH-TL
followed by shunt inductor and series of the capacitor. It is possible to feed
the DC from the shunt inductor. In order to design a bias circuit with the
ability to control the harmonic frequencies, in this work, we use the
unbalanced and asymmetric structure of CRLH TL [9]-[12]. Fig. 4.1a shows
the unbalanced and asymmetric CRLH TL structure with N = 2 where the
first unit cell of LH is constructed by L; followed by series C; and the second
unit cell is constructed by C, followed by shunt L,. As a result, we can obtain

the equivalent circuit as Fig. 4.1b and the number of the lumped elements are
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reduced.

21,9 Cl C2 Zl,H

(@)

L, L, Ly Lo

(a) (b)
Fig. 4.1. Unbalanced and asymmetric CRLH TL: (a) 2 unit cells structure and
(b) the equivalent circuit of (a).

The structure in Fig. 4.1b is preferable for biasing circuit design. When
we use this structure to design a biasing circuit, it will operate as a one-port
network (open-ended at port 2). The important thing is, it must provide an
open circuit for fundamental frequency (fo), the short circuit for the second

(2fo) and third (3/p) harmonic frequencies at the connection point as shown

e
C

Ly

in Fig. 4.2.

Z1,0
Connection point \

(o,

Fig. 4.2. Unbalance and asymmetric CRLH TL biasing circuit.

26



4.1.2 Analysis of an Unbalance CRLH TL Biasing Circuit

To obtain open circuit for fundamental (fo) and short circuit for the
second (2fo) and third (3fp) harmonic frequencies at the connection point of
the circuit in Fig. 4.2, the impedance at this point is considered. Fig. 4.3 show
the equivalent circuit of the bias circuit for our analysis. We can analyze this

structure like the following.

40 C

— } al

| = -%3
Zini Zinli = Zin2i =

Fig. 4.3. The equivalent circuit of the biasing circuit.

> Determine for Zin:

» Determine for Zi:

) ) 1
_ngxam_‘”“X’@“f‘wc)

intl = - -
JoL +Z;, ij1+j(a)L2_1j
oC

a)Ll(a)szC —1)
: o’LC+a’L,C-1
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> Determine for Zi,:

7 Z + ) tan@
" Z 4§z, tand
oL, (o’LC-1)
o’LC+a’LC-1

oL, (o’LC-1)
' @’LC+o’LC-1

+jZ,tané

:Z1

(41)

tan @

To obtain an open circuit or reflection zero (RZ) at the fundamental
frequency, Zi, must be infinite. This means that the denominator of (4.1) must
equal to zero and we can determine the impedance of the RH-TL as following.

» Zn is infinite at f;, so we consider @ in (4.1) is equal to wo and we

can write:
oL (0fLC-1 .
E (4 k ) +jZ,tan@
o, LC+ayL,C -1
Zin:Zl 2 =
a)OLl(a)OLZC—l)t )
172 2 an
w,LC+ayL,C-1
w,L (0?L,C -1
ST ZOLl( ° 22 ) tand =0
o, LC+ayL,C -1
Assume:x, = a}L,
C-1
~7, - az’OLi(xi ) tano (4.2)
w,L,C+xC-1

28



To obtain short circuit or transmission zeros (TZs) at second and third
harmonic frequencies, Zi, must be zero. This means that the numerator of (4.1)
is equal to zero and we can determine the value of L and C through this
condition.

» Determine for L, when Z;, = 0 at the third harmonic frequency (3/;),

so we consider w in (4.1) is equal to 3w and € is replaced by 36, then

we can write:

3w L (90°LC -1
' 20L1( — ) +jZ,tan @

7 _7 9w, L,C +9a;L,C -1 _0
in — “1 -
3w L (90°LC -1

_ OLl( 02 ) tanH

' 90fLC +90?L,C -1

Assume: X, =9a?L,

3m,L, (%,C -1
M_i_zltan\?ﬂzo
90 LC +x,C -1
3w, L, (x,C -1) +a)0L1(xlC —1)tan ftan 3¢9 0
902L,C +x,C -1 oLC+xC-1

Assume: X, = o, tan & tan 3¢

3w, (x,C -1) s L(xC-1)x,

90]LC+x,C-1 @&’LC+xC-1

& 3w, (%,C ~1)( @S L,C +%C -1)+ Lx, (xC ~1)(9eL,C + x,C ~1) =0

< (3w,Lx,C - a)3L1)(a)§L1C +xC —l)+(le2x1C - lez)(9a)02L1C +x,C —1) =0
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& %, 305 2C% = 3wl 2C + 3m,%, %, L,C* — 3, x,L,C —3m,%,L,.C + 3w, L,
+9a)02X1X2 LfCZ + X X1 % L1C2 -x%x,L,C _9505)(2 LfC =X %LC +x,L, =0

Assume : X, = 3@,

= X11X3LfC2 _Xsl-fc "'36‘)0)(1)(11L1C2 —3a)0L1C(X1 +X11)+3a70|-1 +9a)§X1X2LfC2
+ )(1)(11)(2|-1C2 _X2L1C(X1 +X11)_9w§X2LfC +X2L1 =0

& X%, LC? = X, L,C + 3w ¥,%,C? — 0,C (X, + X, ) + 3@, + 99y x,X,L,C?
+ XX, %,C% = X,C (X, + %, ) — 95 %, LLC + X, =0

=" (xnxaC2 - X%,C + 9w ¥x,C% - 9a)02x2C) =3w,C (%, + X ) —30,%%,C* — 3,
- )(1)(11)(2(:2 + ch (Xl + X11)_ Xz

_ 3,C (% + %1y ) =30 %%,,C* =3 — XX, X,C” + %,C (% + X3 ) — X,
(X%, + 905 %X, ) C* = (%, + 95X, )C

=1,

_ C (X, + %) (3w, +%, ) — (3 + %, ) X,%,C% = (3, + X, )

(X11X3 +9a)§x1x2)c2 _(X3+9a)§X2)C (4.32)

:I:(X1+X11)C_Xlxllcz_1j|(3a)0+X2) (4 3b)
(%,C ~1)(%,C +923x,C) '
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» Determine C when Zi, = 0 at the second harmonic frequency (2/;), so
we consider w in (4.1) is equal to 2w and 0 is replaced by 26, then

we can write:

20,1, (4 L,C-1)

, _40gLC+4mpL,C-1
"o L 20,1, (4} L,C-1)
' 40lLC+4mlLC-1

+ jZ,tan 20

tan 26

20, (40§ L,C -1)
40}LC +4a}L,C -1

+2Z,tan260=0

Assume :x,, = 4a?L,

2 Cc-1
CZOLl(X“ ) +Z,tan20=0
40LC +x,C -1

& 20,%,L,C 20,1, +40Z,LCtan 20+ Z,x,Ctan20—Z,tan20=0  (4.4)

From (4.3a)

L= C (X, + %y ) (20 + X, ) — (3@, + X, ) X,%,C* = (3, + X, )
(X% +9%%,05 )C* =(%; +9%,05 ) C

From (2)
_ o, (xC-1) tan g < 2L BN OXC -, L tan 0
' @LC+xC-1 o?L,C+xC-1

Assume: a, =(X, +X;; ) (30, +X,)
a, = (35"0 +X, ) %X
a, = 3w, + X,
a, =X X +9X1X2a)§
a, =X, +9%,0;
as =aw,tand
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We can write:

p— 2 _
=354 7% (45)
a,C"-aC
_ a;xLC-La, _ Ll(a6X1C _a6) (4.6)
' @fLC+xC-1 @LC+xC-1
Substitute (4.6)to (4.4) :
L, (a;%,C —a;)
& 2%,0,,C —2a,L, + mmg L,C tan 26
C- C-
+MX12C tan ZQ_Mtan 20=0

ofL,C+xC-1 wL,C+xC-1

Divideequation with L1:
(a;%C —a;)
ofLC+xC-1

i (aexlc_ae) (aexlc_as)
ofLC+xC-1 ofLC+xC-1

< 2%,0,C =2, + 4w?LCtan 26

X,,C tan 260 — tan26=0

& 2%,0,C (0} L,C + XC ~1) - 2, (0 L,C + xC -1)
+(as%,C —ag ) 4w; L,C tan 20+ (a,x,C —ag ) x,,C tan 26
—(asxC—a,)tan20=0

< 2X,03L,C% + 2X,0,%,C* — 2X,@,C — 2} L,C — 20, x,C

+ 2w, + 4a,x,w;L,C* tan 20 — 4a,0. L,C tan 20 + 4a,x,x,,w;C* tan 20
—a,x,C*tan20-a,xCtan 20 +a, tan 20 =0
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Assume: b, = 2}
b, = 2,0,
b, =20, (x1+ x12)
b, = 4a,@. tan 20
b, =a,x, tan 26
b, =a, tan 20

Wecan write:
xlzblLlc2 +b2C2 -b,C-bLC+ 2w, +b4lelC2
—b,L,C +b,xC*-b,C —-b,xC+b, =0

& (%,bC +bx,C—b, ~b,)CL, =b,C —b,C? - 20,
—-b,x,C? +b,C +b,xC b,

a1C—a2C2 -8

=b,C-b,C*-2
a,C*-aC j o “

< (%,bC+bxC —bl—b4)C(

—b,x,C*+b,C +b,xC b,

a,C-2a,C" -3
a,C—a,

<:>((X12b1+b4X1)C—(b1+b4))( ]:(b3+b5+b6X1)C

— (b, +0,x)C* - (2w, +b,)
Assume :E, =b, + b, +bX;
E, =2, +bs
Es =X, +0,%
E,=b +b,
Es =b, +byX
< (EC-E,)(aC-aC’-a,)=(a,C-a,)(EC-EC’-E,)

< C*(a,E,-E;a,)+C*(E,a, +E,a,—Eja, —E,a;)
-C(E;a,+E,a —aE -a,E,)+Ea,—aE, =0 (4.7
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According to the derived equation, we can use (4.7), (4.3b), and (4.2) to
solve for C, L1, and Z;, respectively. We can obtain the value of the elements

in the biasing circuit using CRLH TL as the following flowchart.

Enter the value of L, 0, fy

N~
A

\ 4

Solve for C, Ly,
and Z;

\ 4

C, Ly, and Z1
Realizable?

Yes

\ 4

Over

Fig. 4.4. The flowing chart to optimize the value of the elements in CRLH

bias circuit.
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4.1.3 Analysis of an Impedance Transformer Using CRLH TL

Now we can obtain a reflection zero (open circuit) for fundamental and
two transmission zero (short circuit) for second and third harmonic
frequencies at the connection point of the circuit in Fig. 4.2, but we still have
to consider how to obtain short circuit for the second harmonic and open
circuit for the third harmonic at the drain terminal of the transistor. Most of
the previouse works, the quarter wavelength transmission line are presented
to obtain this condition [9]. As a result, the overall size of the circuit is
increased. In this work, we use the CRLH structure instead of the quarter
wavelength transmission line. Our target is to obtain short (2fy) and open (3fy)
circuits at the drain terminal of the transistor by transforming the impedance
at the connection point in Fig. 4.2. We can obtain this condition by the
following analysis. Fig. 4.4 shows the proposed structure that will take the

place of quarter wavelength transmission line.

3 Zse,0sc ! Cese
— 1 I} i

Fig. 4.4. The structure of the impedance transformer circuit.

We use the same analysis method in the above section to fulfill the
requirement of class-F PAs. The subscript Se, representation the series

connection of the structure when applying to PA design.

35



» Determine Zinse

jolLg, x— .
' Ja)CSe Ja)LSe
ZinSe = 1 zl— 2L C
ja)LSe + - @ Lg Lo,
aC,
ZinSe — ZSe ZinSe +-JZISe tan GSe
ZSe + JzinSe tan HSe
j wZLSe + jZg, tan &,
1-o°L C,,

— 4.8

! ol ( )

e "7 2 A~ tands,
1-0°L C,

» Determine Zs. when Zinse = o0 at the third harmonic frequency (3/;).
The ratio of 3fy/2fy is 1.5, so we consider w in (4.8) is equal to 1.5w-
and Os.is replaced 1.50s., where w>= 2wy, Os. is the electrical length
of RH TL at 2fy. For Zixse = o0, the denominator of (4.8) must be equal

to zero.

15l
> 1_(1'5602)2 LSeCSe

tan1.56,, =0

150l
* 1- (15602)2 LSeCSe

=7 tan1.56;,

_ 15x2apl,
1-(1.5%x2m,)’L.Cq,

tan1.56;,

3wyl

=—— _tanl.56, 4.8
1- 9(05 LSeCSe * ( )
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» Determine Zse when Zinse = 0 at second harmonic frequency (2/;). We
consider w in (4.8) is equal to w», where w,= 2wo, Os. is the electrical
length of RH TL at 2fy. For Zixse = 0, the numerator of (4.8) must be
equal to zero.

w,L,

+Z. tand,. =0
1- a)ZZ LSeCSe * >

w,Ls, 3oL,
=
1- 0)22 LSeCSe 1- 96002 LSeCSe

tanl1.56,, tang,, =0

Assume : P =3a, L, tan1.56,, tan 6,

© ,(1-90]L,,C, )+ P(1- 0} L,Cq, ) =0
< 0, 90,0, L, Cy, +P-Pw?L,C, =0
© ,+P =(90,0]L, + PojL, )C,,

w,+P

=C, = 5 5 5
@,y L, + P L,

B 20, +P
18(03 L, + 4Pa)§ L,

(4.9)

According to the derived equation, we can use (4.8), and (4.9) to solve
for Cse, and Zse, respectively, where Ls. and s, are assumed. We can obtain
the value of the elements in the harmonic impedance transformer circuit with

the same process to the flow chart in Fig. 4.4.
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4.2 Class-F Power Amplifier Design

This section presents the design procedure of class-F PA using

harmonic control CRLH TL.
4.2.1 Load-pull method

For many years, the exact value of power impedance at RF and
microwave frequencies was regarded as something that could be measured
only experimentally. Thus, the art and science of Load-pull are provided in a
computer-controlled system, the complexity of the procedure to find the
optimum impedances for PAs design are reduced. Microwave simulation
software ADS has load-pull and source-pull control simulation tools. Large
signal model of the transistor can be imported into ADS to process load-pull
and source-pull to select the optimum source and load impedances. Load-pull
data has been the mainstay of RF and microwave PA design for many years.
It gives the designer a simple target area on the Smith chart on which to base
the strategy for suitable matching network design. The simulation model of
CGH40010F GaN HEMT provided by Woflspeed is used in this design. The
bias condition were Vpp = 25 V, Vgs = -2.75 V, and lgg = 202 mA at. The
optimum load impedance is Z, = 15.66 + j13.76 Q and optimum source
impedance is Zs = 17.53 — j11.42 Q. In this design, the impedance of the

second and third haromonics are assumed as short and open, respectively.

Fig. 4.5 shows the procedure to obtain the load impedance for output
matching network design. After we import the CRLH TLs structure of bias

circuit and impedance transformer to the load-pull simulaltion, the load
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impedance is transformed to 110.48 + j77.12 Q. The contours of PAE and

power delivered to the load is presented in Fig. 4.6.

ZSource

Fig. 4.5. The procedure to obtain the impedance to the output matching network.

_p
P

PAE contours

Pdel_contours

110.48 +j77.12 Q

//

indep(PAE_contours_p) (0.000 to 98.000)
indep(Pdel_contours_p) (0.000 to 96 000)

Fig. 4.6. Contours of PAE and power delivered to the load obtain from load-

pull simulation.
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4.2.2 Biasing Circuit Design

In this work, the bias circuit is designed by using CRLH TL. The purpose
of using this CRLH TL structure is to reduce the size of the bias circuit and
it also can provide open circuit at fo, short circuit at 2f, and 3f. Generally, the
quarter wavelength (A/4 ) TL used for bias line can obtain open circuit at fo,
short circuit at 2fy and open circuit at 3f,. According to this result, the
harmonic control circuit is added to PA design in class-F. In this work, we
can control the harmonic components to fulfill the class-F PA requirement
easily by using impedance transformer TL. The structure of the bias circuit
using CRLH TL is presented in Fig. 4.7. The DC is feed from the inductor L.

A shunt capacitor is connected to the DC feed point for RF-short.

B i "

C =
RF short

_ \—J_—|\I »l

2,0

(o, O

al
Open@f,
ShOrt@2f0,3f0

Fig. 4.7. Biasing circuit with harmonic control using CRLH TL.



Using (4.7), (4.3b), and (4.2) to solve for C, L and the impedance of
microstrip line (MSL), when the electrical length of MSL is58°and L, =7.4
nH. As the result the impedance of MSL is 79.11 Q, L, =3.75nH and C =

0.1 pF. Fig. 4.8 shows the simulation results of the biasing circuit using

CRLH TL.
D aeiAdanes [P
C tg,tlnH
c21 R=

=~ C=01023 pF

o o 2ﬁ) 3f0
%—1‘"‘"—_]_@. . > fo
L c25 g
tlg 750H Coa5pF ;ms/ A\ Y7
e I ¥
10 4
58 oo

~1.96 GHz

= o o s e freq (100.0MHz to 7.000GHz)

@ (b)
—.,_"M\_._._IH
. L12 m1 2fo 3o
L E:”"H 0.0 x
~~ C=0.1023 pF
1 Jo
-17.5
R, |
@‘-;E?JH -35.0-
@@
T
-52 5+ 3
] 4 2
00+
0 1 2 3 4 5 5] 7
freq, GHz
(d)

Fig. 4.8. Bias circuit: (a) one-port network, (b) impedances point, (c) two-ports

network, and (d) S-parameters.
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4.2.3 Impedance Transformer

In this work, we don’t use A/4 TL to transform the impedance at the
connection point of the biasing cricuit. To obtain the short circuit for 2f and
open circuit for 3fy at the drain terminal of the transistor we use the structure
in Fig. 4.5 and its analysis in section 4.1.3. Fig. 4.9 shows the impedance

transforming structure.

Open@jsfg ZSeﬁSe

Short@2f; opn@t,

Short@2f,,3fo

Fig. 4.9. Impedance transforming structure.

Using (4.8) and (4.9) to solve for Zs. and Cs., when the electrical length
of TL, fse = 41° and Lse = 1 nH. As a result, the impedance of Zs. = 39.24
Q, and Cse = 1.79 pF. Fig. 4.10 shows the simulation results of the impedance

transforming circuit.
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\
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20—

@
T
@,@,‘407
m
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60—
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(c)
Fig. 4.10. Impedance transformer: (a) simulated circuit, (b) impedance points

and (c) S-parameters.
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4.2.4 Matching Networks Design

Impedance matching is very important in PAs design. In conventional
PA design, the output matching network (OMN) is normally choose the
impedances at the point of the maximum power or maximum power added
efficiency (PAE) depending on the load-pull process. As shown in Fig. 4.11,
PA is modeled as a two-port network. I's is the reflection coefficient seen
from the output port of the input matching network toward the generator. I'r
is the reflection coefficient seen from the input port of the output matching
network toward the load. ['opiin is the optimum reflection coefficient seen
from the gate terminal of the transistor when the drain terminal is terminated
with an output matching network. I'opou 1S the optimum reflection coefficient
seen from the drain terminal when the gate terminal is terminated with an
input matching network. The input and output matching networks are
designed to match the optimum impedances at the gate and drain terminal for
maximum output power and efficiency.

Iﬂopt-in ropt-out

2, >

—VVV— | ﬁ r Output
M np#_t re IT Matching z
@ atching S |7t Network 0
Network

Fig. 4.11. PAs design and impedance matching.
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Fig. 4.12 shows the equivalent circuit of class-F PA in this work. CRLH
TL biasing circuits are applied to input and output parts. Stability and
oscillation suppression are important factors to be considered in amplifier
design. The parallel of 10 Q resistor with a 0.74 pF capacitor followed by 47
Q resistor at the gate bias line are worked as amplifier stabilizer. This stability
circuit obtained the stability factor larger than 1. The input matching network
(IMN) and output matching network (OMN) are designed with lump
elements. These lumped elements in the circuit will realize to the

transmission lines.
Bias Circuit Bias Circuit

1l
L.
C

RF short
™

—T

Impedance Transformer

Zse,6 s
1USe
1 1l ” [ oMN

DCB
CSe
50Q

—i—

Fig. 4.12. The equivalent circuit of class-F PA with harmonic control using
CRLH TLs.
In [13], the equivalent value of lumped elements to the transmission line

is presented below.
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@
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Fig. 4.13 and Fig. 4.14 show the input and output circuit of the designed
class-F PA. The input circuit is constructed by IMN, stability circuit, DC-
block and bias circuit to the gate terminal of the transistor.
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Fig. 4.13. Input circuit: (a) input matching network with stability and bias circuits
and (b) S-parameters.
The output circuit is constructed by harmonic impedance transformer

circuit, drain bias circuit, DC-block, and OMN to the 50Q load. According to
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the parasitics components within the package of the transistor, the length of
the impedance transformer TL is required more than A/4 to obtain short circuit
at 2fo and open circuit at 3fy. In this work, our harmonic impedance
transformer circuit has a relation to CRLH TL and it can obtain these
requirements with the overall length smaller than A/4. The IMN and OMN of
PA are designed on RT/Duriod 5880 substrate from Roger Inc., with a

dielectric constant (&) of 2.2 and thickness (%) of 31 mils.
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Fig. 4.14. Output circuit: (a) harmonic control circuit with matching network and

(b) S-parameters.
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4.2.5 Simulation results

In this section, the simulation results of class-F PA are presented. The
bias condition Vpp =25V, Vgs =-2.75 V, and lyg = 202 mA. Fig. 4.16 shows
the S-parameters of the simulated PA. The magnitude at f, of S21, Si1, and S2
are 14.31 dB, -6.55 dB, and -11 dB, respectively. Fig. 4.17 shows the
performances of the PA. The output power, drain efficiency and PAE are

13.61 W, 70.39% and 66.63% at center frequency 1.96 GHz.
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Fig. 4.15. S-parameters of class-F PA.
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Fig. 4.16. Gain, drain efficiency and PAE along the output power.
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Fig. 4.17. Stability factor of the simulated PA.
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Fig. 4.18. Output power, gain, and drain efficiency along the frequencies.

Fig. 4.18 presents the stability factor of the designed PA. As a result, the
Mu-factor is greater than 1 at all any frequency and it confirms that the
stability circuit can suppress the oscillation. Fig. 4.19 present the

performance of the designed PA along the frequencies.
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As the results in Fig. 4.19, the designed PA provided the similar
performance when it operates in PCS downlink-band. The saturation gain,
drain efficiency, and output power are dropped at lower and upper PCS band.

In this section, the design method and analysis is done and confirmed by
the simulation. A class-F PA for PCS downlink frequency band operation

provide output power more than 10 W.
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Chapter 5 Conclusions and Future Work

A microwave class-F power amplifier using the harmonic control CRLH
transmission line is designed in this thesis. The mathematical analysis of the
harmonic control circuit is provided. The biasing circuit has the ability to
control up to the third harmonic at the exact frequency position. The length
of the TL in the biasing circuit is smaller than A/4. According to the parasitic
components within the transistor package, it required more than A/4 TL to
obtain short and open circuit for second and third harmonic frequencies,
respectively, but to obtain this requirement, the proposed impedance
transformer required less than A/4 of TL. The output power, drain efficiency
and PAE of the designed PA are 13.61 W, 70.39% and 66.63% at center
frequency 1.96 GHz. It provides almost the same performance when operate
in whole of PCS downlink frequency band from 1.93 GHz to 1.99 GHz.

Taking advantages of the unique property of CRLH TL, these proposed

circuits should be able to use in wider application.
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