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Novel Design Theory for High-Efficiency and High-Linearity
Microwave Power Amplifier Based on 2nd Harmonic:
Enhanced Class-J

Seyed A. Mohadeskasaei, Fuhong Lin", Xianwei Zhou, and Sani U. Abdullah

Abstract—In this paper, after a brief review of the previous nonlinear power amplifier (PA) classes
including Class-B, Class-F, and Class-J, a novel design theory for high-efficiency and high-linearity
microwave power amplifier based on 2nd harmonic component of the drain voltage and current signals
is proposed. The new scheme introduces a new nonlinear class which like Class-J tunes only two primary
harmonic components but unlike Class-J, the drain voltage is boosted to the maximum four times dc
drain voltage. A quasi half sinusoidal waveform for the current and a quadratic sinusoidal waveform
for the voltage are thus realized in this class, leading to a minimum waveform overlapping. The new
class theoretically provides 93% power efficiency. It is, in fact, an enhanced Class-J with higher power
efficiency and better linearity performance.

1. INTRODUCTION

A power amplifier is one of the most important components of a communication system. Modern signal
modulations such as LTE and LTE-A have stimulated the rapid progress of PA designs. PA features, such
as bandwidth, power efficiency, and linearity performance, are finely considered in modern modulations
more than traditional modulations, thus causing a detail research and development in the PA design. PA
performances are limited by either its design theory or the active device’s technologies. Fortunately, the
device’s technologies have been well developed recently, allowing the proposition of new PA structures
based on tuning higher harmonic components.

So far, many PAs topologies including linear and nonlinear classes have been introduced. In the
linear classes (Class-A, Class-B, and Class-AB) [1-3], load network (matching network) is usually as a
low-pass filter, creating a full sinusoidal waveform for the drain voltage and a dedicated waveform for
the drain current in the face of a full sinusoidal at Class-A or a half-sinusoidal at Class-B or a quasi-half
sinusoidal at Class-AB. As a result, higher harmonic components of the voltage signal are not generated
due to a shorted-circuit condition provided by the low-pass filter (load network) at harmonic frequencies.
Hence, linear class of PAs show meritorious linearity performance, unlike their low efficiency which is
due to the permanent overlap between the drain voltage and current signals. Although the theory of
synthesis of a load network by a low-pass filter for linear class of PAs seems simple, in fact, an ideal
shorted-circuit condition for all higher harmonics is hard to realize, thus tending to the presence of
undesired higher harmonic components of the voltage and current signals and degrading efficiency and
linearity performance.

The nonlinear classes including Class-D, Class-E [4, 5], Class-F/F-1 [6, 7], and Class-J [8-10] are
recommended for high efficiency applications. In these classes, load network creates minimum possible
overlap between the voltage and current waveforms, which eliminates power dissipation and enhances
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power efficiency. To provide this condition, at least three early harmonic components of voltage for
Class-F/F-1 and Class-E, and two early harmonic components for Class-J are compulsory tuned. Class-
F/F-1 and Class-E are in fact able to theoretically provide 100% drain efficiency by using an infinite
number of higher harmonic components while particularly sacrificing linearity performance. Class-J with
better linearity performance than Class-F/F-1 and even Class-E provides maximum power efficiency as
high as 78.5% theoretically.

Recently, Class-J PA is taken into account more because of its acceptable compromise between
power efficiency and linearity performance while unlike Class-B scheme, second harmonic is not entirely
removed, and thus, it provides a feasibility to design of high-efficiency broadband PA [9]. The advantage
of Class-J in comparison with Class-B in narrow bandwidth applications is slight [8]. In this concept,
the drain voltage and current waveforms contain only two first harmonic components, eliminating
shorted-circuit condition at the second harmonic. The maximum drain voltage may be three times
of dc drain voltage, limiting designers to use any kind of transistor [11]. Fortunately, among today’s
technologies, GaN HEMT with high breakdown voltage and high band gap can be considered for this
class operation [12]. The load impedance must be purely capacitive in Class-J PA, while even if a zero-
loss load network is employed, the device output resistance (Rpg) reported in HEMTs is still present
and cannot practically be lifted.

In this paper, we propose a novel class scheme for microwave PA which is an enhanced Class-J. In
this class, both aforementioned restrictions on a shorted-circuit condition (like Class-B scheme) and/or
a purely capacitive load at a second harmonic (like Class-J scheme) are lifted. Two primary higher
harmonics of the drain voltage and current signals are tuned so that quasi-half-sinusoidal waveforms
with minimum feasible overlap for the drain voltage and current appear. The maximum drain voltage
can nearly reach four times of dc drain voltage, providing an useful advantage which can obtain higher
output power from the lower dc supply voltage. The maximum drain efficiency will be 93% in the
proposed operation class theoretically. Thus, this class in comparison with Class-J provides higher
efficiency and unlike Class-F/F-1 and Class-E tuned until third harmonic, takes only two early harmonic
components, enabling it to be especially useful for ultra-frequency high-efficiency applications.

The rest of the paper is organized as follows. In Section 2, previous nonlinear classes including
Class-B, Class-F, and Class-J are briefly reviewed. In Section 3, the design theory of a new class
(enhanced Class-J) is proposed and compared with the previous class scheme in detail. Lastly, the
paper is concluded and compared with other PA classes in Section 4.

2. NON-LINEAR CLASS CONCEPTS

In this section, the previous concepts of high-efficiency nonlinear classes including Class-B, Class-F, and
Class-J are briefly reviewed. Since Class-E shows highly nonlinear behavior due to acting transistor
as a switch, it is not a worthwhile scheme for PA working in microwave frequency ranges especially in
applications relying on simultaneous high-efficiency and high linearity performance.

High-efficiency operation is fulfilled by two basic concepts. First, the power dissipation at the
fundamental and harmonic frequencies is minimized. Second, the output power at the fundamental
frequency is maximized. The first one is realized when the overlap between the drain voltage and
current waveforms is reduced. For this reason, the PA is biased at the pinch-off point to provide a
half-sinusoidal waveform for a half cycle of the current signal with zero value for another half cycle.
From a Fourier’s series expansion point of view, the drain current is expressed as

cos(nwt)
n?—1

. 11, -
i0,5(@t) = Inax | — — 5 sin(wt) — = > (1)

n=2,4,6,...

where I, denotes the maximum drain current, and n stands for the number of harmonic components.
An infinite number of harmonics must be employed to make an ideal half-sinusoidal waveform.

2.1. Class-B Scheme

A half-sinusoidal waveform shown in Eq. (1) for the drain current and a full sinusoidal waveform for the
drain voltage are realized for a Class-B PA by a proper load network. The normalized drain voltage is
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therefore represented as
va,B(Wt) = (Vaa — Vi)(1 + sin(wt)) (2)
where Vy; and Vi, are denoted for the drain dc bias voltage and device knee voltage, respectively. Using

Egs. (1) and (2) for the drain current and voltage signals, the output powers at the dc, fundamental,
and higher harmonics become

(Vdd - Vk) Imax

Py = L~ Vi) e ®)
(Vad — Vi) Imax

Pout,B|@f0 = f (4)

POUth‘@nfo =0forn>1 (5)

The drain efficiency for PA working in Class-B scheme is estimated to be ng = 7/4% = 78.5%. To
achieve such efficiency, PA must be derived so that the output power attains nearly 1-dB gain comparison
point, showing that this scheme is far from a high-linearity operation (Class-A). The normalized drain
voltage and current waveforms as well as an ideal Class-B PA load line are shown in Figs. 1 and 2.
The load network impedance at the fundamental and harmonic frequencies to estimate Eqs. (1) and (2)
must be as

2(Vaa — Vi)
Zr,Bafo = 7 (6)
max
ZL,B@nfo =0forn>1 (7)
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Figure 1. Normalized voltage and current Figure 2. Generic load line of Class-B PA.

waveforms for Class-B PA.

Therefore, to fulfill half-sinusoidal for current and full-sinusoidal for voltage waveforms, output
network must provide a purely resistive load at the fundamental (Zr pafo = Rp,Bafo) and zero
impedance (short circuit) at all higher harmonics for the device. However, the device parasitic elements
(output capacitance and resistance) do not practically allow the estimation of such conditions, especially
at the early harmonic frequencies.

2.2. Class-F Scheme

The Class-F scheme has been firstly introduced by Cripps [13] and Raab [14]. In Class-F, as what has
already been mentioned in Class-B, PA is biased at the pinch-off point, enabling it to make a half-
sinusoidal waveform represented in Eq. (1) for the current signal. The load network must theoretically
consist of an infinite number of resonator circuits to trap all even harmonic components. The drain
voltage is thus assumed as

4 4 4
va,r(wt) = (Vaa — Vi) (1 + — sin(wt) + 3 sin(3wt) + o sin(bwt) + .. > (8)
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where Vyg and Vi, similar to the definitions of Class-B, are denoted for the drain dc bias voltage and
device knee voltage, respectively. The output powers at the dc, fundamental, and third harmonic
components while supposing Eqgs. (1) and (8) for the drain current and voltage waveforms become

(Vdd - Vk) Imax

Prop = V=W e _p, )
Vaa — Vi) 1, 2

Pout,F|@f0 = M = ; Pout,B|@f0 (10)

Pout,F|@nf0 = 0 forn > 1, (11)

showing the possibility of drain efficiency of 100% (Pjcr = Pout,rafo). The output power at the
fundamental frequency is slightly less than Class-B, requiring that the bias point is increased forward to
the deep Class-AB. In comparison with Class-B, this scheme is also taken farther from the high-linearity
operation, since, in practice, such a large second harmonic component coefficient (4/37) in comparison
with the fundamental (4/7) is provided as PA is derived with a large input signal and taken forward
to more than 1-dB compression point. From a practical point of view, using an infinite number of
resonator circuits to engineer Eq. (8) is unfeasible, and therefore, a limited number of harmonics, e.g.,
until third or fifth ones, are tuned. The normalized waveforms and load lines with different harmonic
components of Class-F PA in comparison with Class-B are shown in Figs. 3 and 4. The load network
estimating Eqgs. (1) and (8) must see impedances at the fundamental and harmonic frequencies as,

8Via — Vi 4
Zr.Fafo = ﬁ = ;RL,B@fo (12)
Zy ranf, = 0 For n =2,4,6,... (13)
Zr Fanf, = 00 For n=3,5,7,... (14)

As can be understood from Egs. (12)—(14), the load network must be realized as a purely resistive load
at the fundamental frequency, while looking a shorted-circuit condition at the even harmonic frequencies
and an opened-circuit condition at the odd ones. In microwave frequencies, a conquering capacitive load
(Cps) impedance is small enough to prevent practically synthesizing opened-circuit conditions. On the
other hand, as already mentioned while explaining Class-B issue, even if the load network is designed as
a short circuit at all even harmonics, Cpg and Rpg are still present, introducing another limitation for
implementing the Class-F load network. At the microwave frequencies, Class-F PA is in fact tuned by
only three early harmonics, theoretically tending to maximum drain efficiency of 88% (10% improvement
rather than Class-B) [15]. However, to estimate terminations which provide a necessary non-overlap
condition for the drain and voltage waveforms, power at the harmonic frequencies is generated, certainly
degrading the maximum efficiency to under 82% [16].
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Figure 3. Normalized voltage and current Figure 4. Ideal load lines of a class-F PA
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number of harmonics and only two early harmonics  two early harmonics in comparison with Class-
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2.3. Class-J Scheme

Class-J PA scheme [6] originates from Class-B PA while taking only two primary harmonic components
of the drain current shown in Eq. (1). A proper load network is employed to shift voltage described for
Class-B as long as the phase difference is between 45°. The drain voltage and current waveforms as the
result become

1 1 2
iq,7(wt) = Imax <; ~5 sin(wt) — 3 cos(2wt)> (15)
vg,g(wt) = (Vgg — Vi) (1 + sin(wt)) (1 + a cos(wt)) (16)
Class-B voltage signal corresponding term
to shift the voltage
waveform

where « is defined as the constant coefficient limited in [—1,1].
With some manipulations and using sin(«) cos(a) = 0.5sin(2«), the drain voltage presented in
Eq. (16) can be rewritten as

va,7(0) = (Vag — Vi) (1 + sin(wt) + acos(wt) + 0.5a sin(2wt)) (17)

The active output powers at the dc, fundamental, and higher harmonic components are thus obtained
as

(Vdd - Vk’) Imax

Pae,g = B Pac,B (18)

(Vdd - Vk) [max
Pout,J‘@fO = f = out,B|@f0 (19)
Pout,J|@2fO =0 (20)

Therefore, the drain efficiency becomes as high as n; = 78.5%. The output power and efficiency are
therefore similar to that of Class-B. The reactive power generated at the second harmonic indicates as
heat and dissipation.

Fortunately, in this class, unlike Class-F, the need to feed PA by a large level signal for generating
large second harmonic coefficient has been lifted. Typically, the nonlinear behavior of Cpg aims to
generate second harmonic component, and it is hence possible to expect better linearity performance
than Class-F and even Class-B at the lower input power level (closer to Class-A). The corresponding
load impedances at the fundamental and second harmonic in such a way that Egs. (1) and (15) are
realized are as follows;

2(Vyg — V; . .
Zr,gaf0 = w(l + ja) = R paf, + jaRL Baf, (21)
max
B 20(Vyy — V; 3
Zr1,j@2f0 = —J——( a = Vi) _ —J—RL Baf, (22)
8 Tax 8

As can be inferred from Eq. (22), the load impedance at the second harmonic must be a purely capacitive
load, removing the need for shorted- or opened-circuit conditions as already relying on it in the later
cases. As a result, this scheme potentially offers a wide-band operation structure suited for high-
efficiency broadband applications. However in practice, even if the output matching network loss is
ignored, the device output resistance (Rpg) prevent from providing a purely capacitive load. The
voltage and current waveforms for the groups of Class-J (the different values of «) in comparison with
Class-B are shown in Fig. 5. The ideal load lines of Class-J PA for different values of a are shown in
Fig. 6.

2.4. Enhanced Class-J Scheme

A Class-J scheme is enhanced so that, like Class-J, only two early harmonic components of Eq. (1) are
taken, but unlike Class-J, the drain voltage is not only shifted but also pulled up to four times higher
than drain dc supply as a result of a proper load network. It requires to select value under a quarter



108 Mohadeskasaei et al.

12 12
308 3 3 0.8-
g g 5 061
20.6 g go

e

go4 i 3 04-
€02 g 5 02
o o =
P4 0 zZ g 0

-02 0.2 : . : :

0.5 0 0.5 1 1.5 2 25 3
Normalized drain voltage

Figure 5. Normalized voltage and current Figure 6. Ideal load lines of Class-J PA for
waveforms for a generic Class-J PA for different different values of a.
values of a.

of breakdown voltage for drain dc bias point for the transistor. The current and voltage waveforms in
this class are defined as:

1 1 2
iq,pr(wt) = Imax <; ~3 sin(wt) — 3 cos(2wt)> (23)
vaps(wt) = (Vgg — Vi)(1 + sin(wt)) (1 + acos(wt + ¢)) (24)
Class-B voltage signal corresponding term to
shift and rise the voltage
waveform

where o and ¢ are the constant parameters with different signs bounded in the two ranges of {[—1,0]
& [0,7/2]} and {[0,1] & [—7/2,0]}, respectively. Equation (24) for @« = 0 demonstrates Class-B
waveform and for ¢ = 0 makes Class-J waveforms. Using cos(a + () = cos(a) cos(3) — sin(a) sin(/3),
sin(a) cos(a) = 0.5sin(2a), and sin?(a) = 0.5(1 — cos(2a)), and with some manipulations, the drain
voltage presented in Eq. (24) can be rewritten as

vaps(wt) = (Vgg — Vi) |1 — %sin(go) + avcos(p) cos(wt) + (1 — asin(p)) sin(wt)

m Fundamental harmonic component
acos(p) . asin(p)
+ ———=sin(2wt) + ———= cos(2wt) (25)

Second harmonic component

The normalized voltage and current waveforms of enhanced Class-J PA for different values of o and
@ are depicted in Fig. 7. The note which must be taken into account is that the maximum drain voltage
can reach four times of dc drain voltage, and thus to avoid breakdown, less than a quarter of breakdown
voltage of active device can be a proper bias point for this class PA. The active output powers at the
dc, fundamental, and higher harmonic components are thus obtained from Egs. (23)—(25) as;

(Vdd - Vk) Imax

PdC’EJ = 7(1 + 0.5« sin(gp)) = Pdc,B(l + 0.5« sin(gp)) (26)
Via — Vi) Imax . .
Pt pslag, = =TI (3 (o)) = (1~ asin(e) Poue sy, (27)
(Vaa — Vi) (asin(yp))
Pout,EJ|@2f0 - 671, (28)

The output power, as can be understood from Eq. (26), can receive two times higher than output
power of Class-B for {« = +1 & ¢ = —7/2} and/or {a« = —1 & ¢ = 7/2}. It also demonstrates
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Figure 7. Normalized voltage and current waveforms for different values of a and ¢. (a) (1) a =0 &
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& o = Fm/2.

that this class scheme in comparison with the other already presented classes provides much better
linearity performance (closer to Class-A rather than all), since higher signal gain before clipping signal
will be provided in the new class. A 3-D view of normalized fundamental output power by dividing the
P,ut,Bafo as functions of o and ¢ is depicted in Fig. 8. The ideal load lines as functions of a and ¢ are
depicted in Fig. 9.

The average drain efficiency is thus simply calculated from Eqs. (26)—(28) as

2
1— (1 - —> asin(¢)
T 3T
= 1001 1 —0.5asin(yp) % (29)

The 2-D and 3-D views of drain efficiency as the functions of a and ¢ are depicted in Fig. 10. The drain
efficiency attains 93% at {a = 1 & ¢ = —7/2} and {a = —1 & ¢ = 7/2}, showing better efficiency than
Class-B, Class-J, and even Class-F with three trapped-harmonic components. The load impedance at
the fundamental and second harmonic satisfying Eqgs. (23) and (24) must be

2(Vyg — Vi ) .

Zr a0 = 2V 1 asin(p) — jorcos() (30)
371 (Vi — V; o L«

Zr1,EJa2f0 = 7(61;716) (5 sin(yp) — Jg COS(<P)) (31)

As we mentioned while explaining Class-B and Class-J schemes, Cpg and Rpg are permanently presence,
and therefore, load impedance as a complex load at fundamental and second harmonic is more feasible
than a real impedance (Class-B) or a purely capacitive impedance (Class-J).
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3. CONCLUSION

In this paper, the previous nonlinear PA classes including Class-B, Class-F, and Class-J are briefly
reviewed, and then, a novel nonlinear PA class (enhanced Class-J) is proposed and shows that the main
limitations in the other state of the high-efficiency PA structures including opened-circuit and shorted-
circuit conditions for Class-B and Class-F/F-1, or a purely capacitive load at the second harmonic
frequency for Class-J are lifted. It is theoretically expected that PA designed in this operating class
provides output power as high as two times of Class-B output power and attains 93% of power efficiency.
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