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Abstract

By multiplying with the continuous factor (CF), the conventional Class- F / F - 1 , Class-J power amplifier (PA) can be
expanded to their corresponding continuous modes, resulting in a great degree of freedom for broadband design. However, this
method can hardly apply to other types of PAs. In view of this problem, the continuous mode is deeply analyzed from the
perspective of equation solving for the first time, and a general theory for high-efficiency broadband continuous PA design is
proposed. In this theory, the continuous impedance space does not rely on a mapping relationship achieved by multiplying
with the CF, but on a direct solution of the high-efficiency equations to obtain the broadband design space. This approach is
simpler and has the potential to provide greater design space. As a validation, this theory is used for the analysis of Class-E
PAs and a new continuous Class-E (NC-E) PA is presented. With knee-point voltage and finite harmonics taken into account,
this type of PA greatly expands the broadband design space of Class-E PAs, and also has the advantage of harmonic matching.
The NC-E PA is designed and manufactured using GaN HEMT CGH40010F, which achieves 40.6 41.6dBm output power and
66.2% 74.2% drain efficiency (DE) in the frequency band of 2.5-3.8GHz.
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1 | INTRODUCTION

With the development of technology, radio frequency (RF) PAs play more and more important roles in wireless communication
systems. The huge energy consumption and high-speed data transmission rates of the new generation communication system
put forward higher requirements for the efficiency and bandwidth of PAs.

1.1 | Basic Theory of PAs

PAs can be divided into two categories according to their operating mode characteristics: switch-mode power amplifiers
(SMPAs) and harmonic-tuned power amplifiers (HTPAs).

The Class-E PAs is a typical representative of SMPAs. Traditional Class-E PAs made up of lumped elements are not applicable
in RF band, and transmission lines have been introduced into the matching network to solve this problem. But this theory
can often control second and third harmonics only'23, These designs are actually based on approximate switching modes and
harmonic tuning strategies*'. The HTPA is another way to achieve high efficiency. The Class-F PA is a widely studied HTPA
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with theoretical efficiency of 100% and specific load impedance with infinite harmonics”. However, its high-efficiency design
space requires to switch back and forth between open and short points, so most Class-F PAs tune harmonics up to the 3rd order
with the consideration of circuit complexity 8210,

1.2 | The Continuous Design Theory of PAs and its Limitations

In terms of broadband Class-E design theory, a continuous Class-E (C-E) theory had been proposed 12, The current phase was
viewed as a free factor in this theory, resulting in a broadband impedance space switching among Class-EF, Class-E, and Class-
E/F. Besides, other explorations on broadband Class-E PAs were often based on Load-Pull techniques'® or on circuit structure
innovations to match the ideal impedance point within the bandwidth4643

In terms of broadband HTPA design theory, the continuous mode provides better bandwidth performance and constant ef-
ficiency by offering greater design flexibility in fundamental and harmonics>"'01718, Unlike C-E PAs, the core of continuous
Class-F/F~!, Class-J PAs is CF (1 — ysin(#)), which expands a single voltage or current waveform into a series of waveforms
through an ingenious multiplicative mapping relationship. These waveforms may deviate from the original waveform in shape,
but maintain a constant output efficiency, thus resulting in greater design space in frequency domain.

This mapping relationship is an effective way to achieve broadband design space of PAs. However, the CF has limitations.
Firstly, the application scope of the CF is limited. It is known that only Class-J, Class-F/F~! PAs and their derived types can
be extended with CF. Secondly, the relationships between the harmonics are not independent when multiplied, resulting in
computational complexity. This is also one of the reasons why CF can hardly be applied to other types of PAs. Thirdly, the
continuous waveforms obtained by multiplication generally retain some of the characteristics of the original waveform, which
may limit the degrees of freedom.

1.3 | The Idea of This Article

Here the continuous theory is analyzed from the perspective of equation solving, and the cluster of waveforms obtained by
continuous mode is actually the set of solutions of the high-efficiency equation. With above idea, a new general theory for high-
efficiency broadband continuous PA is proposed. This theory is based on the solution of high-efficiency equations rather than the
multiplication of CF. With the boundary conditions in time domain and the high-efficiency linear equations in frequency domain,
the high-efficiency design space can be can be expressed directly in terms of the solution space of the system of equations. Most
importantly, as the type of PA is not specifically designated in analysis, the theory has general applicability.

As a validation, waveforms of Class-E PAs are analyzed. Therefore, a NC-E PA design theory is proposed and its high-
efficiency impedance space are given. Unlike the C-E mode derived from circuit parameters, the NC-E PA is obtained with
harmonic engineering and continuous method similar to continuous Class-J, Class-F/F~! mode. With knee-point voltage and
finite harmonics taken into account, the NC-E PA is actually based on approximate switching modes and harmonic tuning
strategies, making it possible to operate at higher frequency bands. Besides, the obtained high-efficiency design space for each
harmonic does not require switching back and forth between open and short points, so it has advantages over continuous Class-
J, Class-F/F~! PAs in high-order harmonic matching. Finally, the GaN HEMT CGH40010F is used to design and fabricate this
type of PA, and the test results show the good performance of the designed PA.

The paper is structured as follows: In Section 2, constraints on achieving continuous PAs are analyzed, thus leading to solving
method of general continuous mode. In Section 3, the theory is applied to Class-E PAs and design space for NC-E PAs can
be obtained. In Section 4, in order to verify the proposed NC-E PA, circuit design and simulation based on Advanced Design
System(ADS) are presented. Then, actual circuit fabrication and measurement are performed in Section 5. At last, conclusions
are reached in Section 6.
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2 | THEORETICAL ANALYSIS

2.1 | Basic Theoretical Derivation

To obtain the high-efficiency equations and solve them, the basic variables must be defined first. With harmonics up to the fifth
order considered, the Fourier decomposition expressions of drain voltage and current waveforms are shown as:
5 5

a
V,(0) = %0 + Y ay,cos(nf) + Y. by, sin(n) (1)
n=1 n=1
a 5 5
1,00) = % + ) a;,cos(nd) + Z by, sin(nd) 2
n=1 n=1

in which, ay (/2,a;,/2 are the direct current (DC) components, ay ,,a;,(n > 0) and by, ,,b; ,(n > 0) are the nth cosine
components and nth sine components, respectively.

To simplify the analysis, the current waveform is considered as a fixed value and the continuous voltage waveform is tried to
be found in the following. In fact, this assumption is also made in the analysis of continuous Class-F and continuous Class-B/J
modes. Assuming that the Fourier decomposition expression of the continuous voltage waveform V, . is defined as:

aC,O
2

5 5
Vi) ==+ a,,cos(nd) + Y b, sin(n) 3)
n=1

n=1
in which a, /2 is the DC component, a, ,, b, ,(n > 0) are the nth cosine components and nth sine components, respectively.
The broadband high-efficiency constraints of the ideal continuous voltage waveform can be expressed as:

e The ideal output efficiency of fundamental is constant and is set as #.
e Harmonics do not consume power.

Transforming the above constraints into frequency domain, we can get following equations:

ap ay; + by by,

Plf =nk,=- ) @
ar,ay n+ by by,
P,=—— ’2 —— =0n>1)
where:
P, =a;pa.0/4 (®)]

In Equations 4 and 5, P, ; is the fundamental output power and P, is the input power. The analysis here is performed under
the assumption of finite harmonic tuning, which is closer to the actual design but also results in unavoidable efficiency losses.
Based on the above constraints, the dissipation is only caused by the overlap of waveforms=, as:

Pdiss:P' _Plf (6)

mn

To make it easier to understand, the waveforms of continuous Class-F mode are given as an example 17 as:

2
Vep = (1 - icos0> -<1 +Lcosﬂ>-(1 —ysinf)
V3 V3

7 7
=1- 2 cos O — y sin 0+ ! sin 26?+L cos 30 — Ar cos46 )
3 6v/3 3v/3 61/3

11 2
[..=—+=cosf+ = 20
CF + = cosf + — cos(20)



4 | AUTHOR ONE ET AL

Substituting the components in Equation 7 into Equations 4 and 5, we can get:

1 2
L (=2)+0x (-
ap ay 1 +byiby, 2% < \/5) +0x (=) 1

P, =- . =- 5 -
24/3
al,naV,n +bl,nbV,n
P, =- > —0(n> 1) (8)
1
Py _as

mn
pa
where we can see that the voltage waveform of the continuous Class-F mode varies with y, but the efficiency remains constant.
This is the fundamental reason why continuous modes are able to expand bandwidth. In other words, the cluster of continuous
waveforms can be considered as the solution set of Equation 4. Besides, the range of y is set from -1 to 1 to satisfy the inherent
conditions of the PAs, which will be discussed in the next subsection.

The solution of the Equation 4 is performed in the following. As the current waveform is assumed to be fixed, the unknowns
in Equation 4 are only a, ,, b, ,. Subsequently, it is easy to conclude that the Equation 4 is a system of linear non-homogeneous
equations. Its solutions contain general solutions (G-solutions) and special solutions (S-solution).

With harmonics up to the 5th order are considered, the S-solutions could be obtained by analyzing the initial waveform in
Equation 1, as:

Sol; =laygay ayyayzayaysby by,by;by, bv,s]T ®

And Equations 4 contains a total of five equations, resulting in five linearly independent G-solutions. They can be written in

the form as: -
Sol,; =[0a,, 0000b,,0000]

Soly,=[004a,,0000b,000]
Soly;=[000a,;,0000b,;00]" (10)
Sol,,=[0000a,,00000b,,0]

T
Sol,s=[00000a,50000b,5]

in which, a,, ,, b, , are the nth cosine component and the nth sine component of the voltage G-solution, respectively. Therefore,

the solution of the continuous voltage waveform can be expressed as:

5
Sol = Sol, + Y. A,Sol,, (11)

n=1
Sol =la.g a1 a.508,30a.40.5b.;b.5b.3b.4 bc,s]T (12)

where 4, are free variables. From linear algebra theory, it can be concluded that different values of 4, will affect the shape of
the voltage waveform and the impedance space of the design, while maintaining a constant efficiency.

2.2 | Restrictions in Time Domain
The realizability of the waveform in time domain also needs to be met. The constraints in time domain can be obtained from the
inherent conditions of the PAs, as shown below:
min (V,(0)) >0
max (V4(0) < Viyea

in which, V., is the breakdown voltage of the transistor.

13)
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2.3 | Solution of Continuous Impedance Space

The effects of 4, on fundamental and harmonic impedances need to be explored. Based on Equations 9-12, the solution of the

linear equation can be obtained:
a,,=ay,+4,a
c,n V.n n“g.n (14)
bc,n = bV,n + Anbg,n
In the design of RF PAs, the impedance space of fundamental is the most important, which will be analyzed first. The

fundamental impedance can be calculated with components in frequency domain, as:

a.;+jb.,
Z = (15)
| ap;+Jjbp,
Then the real and imaginary parts of the fundamental impedance are calculated as:
ar 4., + by b,
el (Z1)) = == i
Il 1.1
_ % (ay, + )’lag,l) +bpy (byy + Albg,l) (16)
ap>+bp,?
Capiayy bbby, o 2Py
ap>+bp,? arp*+bp,?
. ap b,y —bypa.
imag (Zl,f) = P
ar1=+0p, (17
9 (bl/,l + /llbg,l) —by, (aV,l + j’lag,l)
ap > +by,?

It is found from Equations 14, 15 that real(Z, ;) remains unchanged with 4, while imag(Z, ;) is related to 4. A similar
process can be conducted to obtained the relationship for harmonics. And it is found:

2P,, -1
real (2, ) = 4 @, =Y
’ O(n>1) (18)
imag (Z, ;) = f, (A1, 4y ..., 4,)

However, in practice, the 4,(n > 2) are not independent. After A, has been determined, only a set of optimal 4,(n > 2) that
can satisfy the constraints is required. That is, the optimal 4,(n > 2) can be determined by 4,, as:

2P

——m=1)
real (Zoy) = { ot (19)

imag (Zn,f) =f, (/11)

There are various ways to find the optimal A,(n > 2), and the nonlinear programming idea is a feasible method. This approach
maximizes min (Vd (0)) to reduce the clipping effect on the current waveform caused by the knee-point voltage'®. In practice,
we use Matlab’s fmincon function to perform the process, which is also used in the analysis in Section 3.

Consider the range of A, to simplify the solution. For any PA, its fundamental and harmonic amplitudes must be within a

certain range, as:
V@2, + 02, <k (Ve = Viee ) (20)

The values of k, only need to be in the approximate range to accelerate the solving process, if so, they have no impact on the
final results. For almost any high-efficiency waveform of PAs, the following values are sufficient:

k,=3n=1)
k,=152<n<3) 2n
k,=0.754<n<5)

Based on the above analysis, solving process is established as follows: When 4, is determined, if a optimal set of 4,(n > 2)

can be found with Equations 4, 13, then it is considered the solution exists at A;. The flowchart of the high-efficiency linear
space solution process is shown in Figure 1.
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Figure 1 The flowchart of the high-efficiency linear space solution process

3 | APPLICATION AND PRACTICE OF THE THEORY

To verify the feasibility of the foregoing theory, it is applied to broadband expansion of Class-E PAs. The waveform of the
Class-E PA previously proposed” is used as the initial waveform. The conduction angle is chosen to be 180 degrees and the
waveforms are shown in Figure 2 (a). Fourier decomposition is performed on the waveforms with additional consideration of
knee-point voltage®18, as:

5
V,(0) ay o .
Viorm(0) = ———— = —— + ) (ay, cos(k8) + by, sin(k0))
VDC - I/k 2 k=1
o s (22)
a
Lpm(8) = <5 = == + (4, cos(kb) + by ; sin(kB))
Ipc 2 k=1

Class-E PAs’ waveforms with harmonics up to the fifth order are shown in Figure 2 (b), and the specific values of the sine
and cosine components are shown as:

2V,
aV’O - VDC—DVC/mee aI,O =2
ay, = 0.4674,b, , = 1.5708 a;, = 0.5000,b, , = —1.422
ay, = —0.6667,b, , = 0.5236 a;, = —0.3333,b;, = —0.4244 23)

ay;=—-02222,b,5=0 ap3=0,b,5=-02122
ay, = —0.1333,b, , = 0.0524 a, , = —0.0667, b, , = —0.1698
ay s = —0.0800, by 5 = 0 ays=0,b;5=—0.1273
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Figure 2 (a) Class-E waveforms with infinite harmonics. (b) Class-E waveforms with harmonics up to the fifth order. (c) NC-E
waveforms with harmonics up to the fifth order. (d) Theory fundamental and harmonic impedances of NC-E PAs at the intrinsic
drain plane (Z, = R,,). (¢) Fundamental and 2nd harmonic impedances at the intrinsic drain plane (Z, = 50€). (f) 3rd, 4th,
Sth harmonic impedances at the intrinsic drain plane (Z, = 50€2).

Fourier components of the initial voltage waveform are also considered as the high-efficiency S-solution. Combine Equations
4, 23, the G-solutions can be obtained:

a,, =09434, b, =0.3317

a,, =—0.7864, b, , = 0.6177

Gy =1, by=0 (24)
a,4 =—0.9308, b, , = 0.3655

a,s =1, b,s=0

As the knee-point voltage has been considered in the above analysis, the high-efficiency impedance space cannot be solved
directly without specifying this value. For general FET devices, V},,, =~ 0.2 V p""2, thus we can probably assume that:

(25)

For the specified device, ay,  can also be recalculated to obtain a more accurate result. In general, the knee-point voltage can
have a negative impact on the efficiency. Here, this non-ideal factor also helps to shape the drain voltage waveform to satisfy the
time domain condition in Equation 13.

Due to the relatively small impacts on the final results, the values of 4,(n > 4) are set to 0 here to simplify matching complexity.
With the flow chart in Figure 1 and Equations 13, 20, 23-25, the obtained normalized continuous waveforms of the NC-E PA
is shown in Figure 2(c) and the high-efficiency design space is shown in Figure 2(d). The range of 4, is determined by the
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Figure 3 (a) The parasitic parameters of the transistors. (b) The designed output matching circuit. (c) The NC-E PA’s circuit
schematic. (d) The Fabricated wideband high-efficiency NC-E PA.

flowchart as in Figure 1, and the final resultis —1.1 < A; < 0.2. From Figure 2(d), we can see that all harmonics are required to
be slightly capacitive, which can help to absorb parasitic capacitance to achieve better matching results.

Considering the knee-point voltage and the finite harmonics of the voltage waveform, the efficiency of the NC-E PA is 80%.
Giving an analytical solution to the generalised impedance space in Figure 2(d) is difficult, so the fitted form is used here instead:

Z,; = (1.285+(0.974, +0.93) j) R,

Zy; =j (1724, —2.26) R,

Zy, =j(-0.64, — 1.69) R, (26)
Z,, =-115jR,,

Zs; =—092jR,,

4 | NC-E PA DESIGN

CGH40010F basically satisfies V},,,, & 0.2V},. Based on the continuous impedance space above, the design of the circuit is
performed with this device. For this transistor, the optimal impedance can be calculated by the following equation:

Voo = Vinee _ 28 —0.2x 28
R, = 2 - 152 =29.9Q 27
Once R, is determined, its theoretical impedance space can be calculated with Equation 26. The parasitic parameters of the
transistors also need to be taken into account in the design of output matching network (OMN), and the equivalent parasitic
network (EPN) of the CGH40010F is shown in Figure 3(a) 1, Considering the EPN, the load impedance at the transistor’s

intrinsic current generate (ICG) plane can be obtained®:

_ Zowun(s D) 50+ Z4,,(1,2) o8
Tzl 2. D50+ Z) L (2,2)
Z,OMN = Zgpn - Zown 29)

in which Zgpy is the transferring matrix of the EPN, Z,, is the transferring matrix of the OMN. Besides, the Z,;y can be
obtained with the transferring parameters of the series/parallel stubs, and Zgpy can be calculated using the specific parameters
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Figure 4 Simulated drain voltage and current waveforms in the current generate plane at: (a) 2.5GHz. (b) 2.95GHz. (c) 3.35GHz.
(d) 3.8GHz.

of EPN, as:
3

0 1j-2x-f- L,

Z 1
EPN 1:[[, 27 f-C, 1”0 1 ] (30)

5
A JjB
V4 — ’ TLn TLn] (31)
OMN 11:1[ [] Crrn Dy

where f is the frequency.

The network design method with dynamical continuous-mode criterions is used to build OMN network?!, and automatic
circuit optimisation based on the ADS is conducted to realize the target design space in Equation 26. The designed OMN is
shown in Figure 3(b). In terms of input matching, the Source-Pull technology is used to obtain the design space, and the input
matching network design process is similar to that of OMN design. The final schematic of the total circuit is shown in Figure
3(c).

Figure 2(e) and Figure 2(f) show the idealized and simulated impedances of the designed PA at the intrinsic plane, where
one can see that the design circuit achieves the desired impedance very well in fundamental and 2nd harmonic. For 3rd, 4th and
5th harmonics, it achieves the desired impedance basically, which is a compromise to achieve better 2nd harmonic matching.
The properties of the theoretical impedance space lead to such a compromise, yet also allow matching at high order harmonics
without sacrificing much circuit simplicity. In fact, other continuous modes such as continuous Class-F/F~!' do not have the
advantage of high order harmonic matching, yet often need compromises in the matching of the 3rd harmonic as well 1018122123
Through layout simulation and de-embedding technology, the waveforms at the ICG plane are simulated in ADS, which are
given in Figure 4. The simulated voltage waveforms are basically consistent with the theoretical waveform, but some current
waveforms show a little clipping, which may be caused by the knee-point voltage'

S | IMPLEMENTATION AND MEASUREMENT

The Rogers4350B substrate (6r =3.66,tan 6 = 0.0037) with a thickness of 20mil is used in fabrication of the microstrip circuit.
Figure 3(b) shows the picture of the PA.

The produced PA is tested with a single tone signal and the input power is 30 dBm. Figure 5(d) shows the simulation and test
values of the PA’s PAE, DE, Pout and Gain performance. It can be seen that in the band of 2.5-3.8GHz, the DE is 66.2%~74.2%,
the output power is between 40.6dBm and 41.6dBm, and the gain is 10.6~11.6dB. On the whole, an average DE of 70.8% and
an average output power of 13.5W are achieved.

The PA is also tested with a two-tone signal with 5-MHz spacing at 2.5GHz, 3.15GHz ,3.8GHz. The measured carrier to the
third-order intermodulation suppression ratio (C/IMD3) is better than -15.9 dBc at the three frequencies as shown in Figure 5(b).

Table 1 shows the performance comparison between the designed NC-E PA and other high-efficiency PAs published in
recent years. These designs are manufactured with the same devices (CGH40010F). Overall, the NC-E PA achieves comparable
bandwidth and efficiency. Besides, at high frequencies, its gain and output power performance are better than other designs with
similar bandwidth and DE. This work have verifies the feasibility of the new theory.
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Figure 5 Performance of the fabricated PA. (a) PAE, DE, Gain, Pout performance versus frequency. (b) Measured C/IMD3 at
2.5GHz, 3.15GHz ,3.8GHz.

Table 1 Comparison of this PA and other published PAs.

Literature = PA mode Device Frequency(GHz) Bandwidth(GHz) Pout(dBm) Gain(dB) DE

20171 E CGH40010F 1.4-2.8 1.4(67%) 40-41.8 9-10.8 64-73
20172 C-F CGHA40010F 1.5-2.5 1.0(50%) 39.5-41.5 9.5-12.7 60-75
201924 E/F CGHA40010F 1.5-2.9 1.4(64%) 39.4-41.9 9.4-119  60.2-76.5
20204 E/F CGHA40010F 1.7-2.6 0.9(42%) 38.8-40.5 10.8-13.7  68.5-81
202114 E CGH40010F 1.8-2.8 1.0(44%) 40-42.5 10-12.5 65-76
202220 EF CGH40010F 2.6-3.9 1.3(40%) 38.8-40.9 8.5-10.6 65-80.8
202241 J*/B/J CGH40010F 2-3 1.0(40%) 39-40.8 10-11.8 58-73.9
202210 CCF CGHA40010F 3.3-43 1.0(26%) 39.9-40.3 / 55.9-65.3
This work NC-E CGHA40010F 2.5-3.8 1.3(41%) 40.6-41.6 10.6-11.6  66.2-74.2

6 | CONCLUSIONS

This paper proposes a new general design theory for the high-efficiency broadband continuous PA, which is based on the solution
of the high-efficiency equations. This new theory improves on the shortcomings associated with the CF and can be easily extent
to other PAs. Subsequently, the theory is verified by using Class-E PAs’ waveforms to achieve NC-E PAs. The NC-E PA has
advantages in terms of broadband design and high order harmonic matching capability, which are more conducive to achieving
target performance. Finally, a physical object using the NC-E PA’s impedance space is designed and the test results show the
effectiveness of the theory proposed in this paper.
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