Progress In Electromagnetics Research C, Vol. 162, 166—174, 2025

PIER C

(Received 21 September 2025, Accepted 15 November 2025, Scheduled 1 December 2025)

Broadhand Sequential Load Modulation Power Amplifier for
Expanding Design Space

Jiadong Yu', Jingchang Nan> ", and Heyang Sun'

1School of Electronics and Information Engineering, Liaoning University of Engineering and Technology, Liaoning, China
2School of Electronics and Information Engineering, Liaoning University of Engineering and Technology, Henan, China

ABSTRACT: This study proposes an extended design methodology for sequential load-modulated balanced amplifiers (SLMBAsS), centered
on regulating the impedance characteristics of balanced amplifiers (BAs) through continuous F~! class control amplifiers (CA). By
expanding the load operating range of CAs at the second harmonic, the flexibility of high-efficiency designs is effectively enhanced.
Theoretical analysis demonstrates that this load modulation mechanism overcomes the structural limitations of conventional LMBA,
enabling high-efficiency power amplification across a wide frequency range and under conditions of large output power back-off (OPBO).
Based on this architecture, an SLMBA prototype operating from 2.0 to 3.7 GHz was developed. Test results indicate that in saturated and
8 dB OPBO conditions, the drain efficiency (DE) reached 55.2%—68.7% and 46.8%—59.0%, respectively. When being fed with an LTE
signal featuring a 100 MHz bandwidth and 8 dB PAPR, the average DE across the entire bandwidth ranged from 49.2% to 58.3%, with
an adjacent channel leakage power ratio (ACPR) exceeding —35 dBc.

1. INTRODUCTION

gainst the backdrop of the rapid advancement of fifth-

generation (5G) communication systems, achieving the
goals of high data rates, wide signal bandwidths, and high en-
ergy efficiency presents critical challenges for the design of ra-
dio frequency power amplifiers (PAs). One of the core chal-
lenges lies in the requirement that PAs maintain sufficiently
high efficiency even at significantly reduced output power
levels (large output power back-off, OPBO) when transmit-
ting modulated signals with high peak-to-average power ratio
(PAPR) characteristics [1, 2].

To address the need for PAs to maintain high efficiency
at high OPBO levels, various efficiency-enhancing techniques
have been developed, with load modulation [3] technology
being a prominent example. Among them, load-modulated
balanced amplifiers (LMBASs) [4—12] have received extensive
research attention. The recently proposed sequential LMBA
(SLMBA) [10] adopts a reverse operating mode, in which the
carrier amplifier (CA) serves a role as the carrier, and the bal-
anced amplifier (BA) functions as a peak amplifier. SLMBA
has the potential to achieve a wider bandwidth than traditional
LMBA, as its load modulation process is confined to the peak
amplifier branch, simplifying the design of wideband matching
networks — only requiring separate load conditions for the car-
rier or peak amplifier. Based on this reverse LMBA framework,
other high-performance designs such as the pseudo-Doherty
LMBA [12] and asymmetric LMBA [13] have also been val-
idated.

Both SLMBA and pseudo-Doherty LMBA designs face a
critical requirement: the load modulation trajectory of the BA
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must be purely resistive to ensure optimal power combination
and maximize OPBO efficiency. However, practice has shown
that maintaining a constant resistive fundamental load termina-
tion under wideband operating conditions is highly challenging.
This difficulty limits design flexibility and hinders further per-
formance improvements of the SLMBA scheme.

This paper proposes a new scheme aimed at overcoming
the limitations of existing SLMBA designs based on time-
domain waveform analysis of the continuous-mode (CM) am-
plifier topology. This scheme innovatively adopts a continuous
F~! class topology as the carrier amplifier (CA) to modulate
the impedance trajectory of the balanced amplifier (BA). In the
proposed SLMBA architecture, the load modulation process is
realized by configuring the second harmonic load reactance of
the CA to inject different fundamental current components into
the BA. This mechanism effectively expands the basic design
space of the BA.

2. THEORETICAL ANALYSIS

2.1. CA With Second-Harmonic Manipulation

SLMBA differs from the original LMBA in that the BA is de-
signed as a Class C amplifier for peak power amplification,
while the CA is designed as an AB/B-class amplifier for car-
rier power amplification. The general schematic diagram of
the SLMBA structure with RF input is shown in Fig. 1(a). At
low power input, the CA is turned on, and the BA is in the off
state, with the output power provided solely by the CA. When
high power is input, BA begins to conduct; CA remains satu-
rated; and CA begins to modulate the load of BA. The three
amplifiers in the SLMBA can be modeled using ideal current
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FIGURE 1. (a) Basic structure of SLMBA. (b) Theoretical block diagram of output power analysis.

sources connected to the output-end orthogonal couplers, as
shown in Fig. 1(b). According to the theory of SLMBA pro-
posed in [10, 12], the port impedance of BA can be expressed
as

I
Zval pt = Zoazpt = Zoapt = 2o (1 + ﬁljeﬁm> (1)
a

where Z is the characteristic impedance of the coupler. I; =
J1va and Is = Iy, indicate two identical BA signals. Due to the
effect of the input coupler, the output currents have the same
amplitude but a phase difference of 90°. The control path CA
current is represented as I3 = —jI,e?%. It can be seen that
when the output signal of CA is injected into the isolation port
of the output orthogonal coupler, the apparent impedance of the
transistor pair in BA is controlled by the amplitude and phase
of CA. This is determined by the characteristics of the orthog-
onal coupler. Ref. [14] provides the conclusion on phase shift
when 6., = 0, and the modulation impedance of BA is further
simplified to (2).

Iea
Zbatpt = Zbazpt = Lbapt = 20 <1 + \/ic) )

Iba

an,pt = ZO (3)

The CA load is constant at Zj, so CA and BA can be de-
signed separately, greatly simplifying the implementation of
broadband, rollback SLMBA. Due to the constant injection of
CA signals, the BA load modulation trajectory is on the real
axis [11, 12]. However, the fixed impedance terminal used to
achieve this broadband operation is difficult, resulting in sub-
optimal performance of existing SLMBAs.

To expand the design space and address the bandwidth lim-
itations of SLMBA, this paper proposes an SLMBA structure.
As shown in Fig. 1(a), this structure provides a wider design
space for CA and BA. In this architecture, the carrier branch
uses a continuous F~! class PA, which is reanalyzed based on
its intrinsic drain voltage and current waveforms. The appro-
priate operation of the second harmonic load impedance Z,
not only generates different time-domain current waveforms
but also alters the time-domain drain voltage waveform. This
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provides a solution that can further expand the efficient CA de-
sign space by manipulating the second harmonic, enabling it to
surpass continuous F~!-class operation.

To quantify the performance improvement, parameter ko is
introduced in [15], defined as the ratio of the second harmonic
component to the fundamental component of the CA drain volt-
age, i.e., ko = V[2]/Vi[l]. Tt is assumed that the third
harmonic terminates at a short circuit. Based on the analysis
in [16, 17], the generalized CA drain voltage-current waveform
can be expressed as

Vd,ca (67 kQ) = V:ic,ca - Uca[l] (COS 0 + ko - cos 29) 4)
Imax,ca cosd — (% cos 20
26 (k2)kaVick,ca
igea(®) = { ~mag(Zeaznd) SN 29) , 5)

-5 <0< 3

0, —7m<f<-3, F<O<m
where Iiax ca 1 the maximum current limit of the CA device;
V:iclmca = (V;lc@a - ‘/knee,ca); ‘/dc,ca and anee,ca are the drain
supply voltage and the knee voltage of the device, respectively;
0 (k2) is the voltage gain function, which can be expressed ac-
cording to the analysis in [15].

—1

- (T

_1
1+ks?

(6)

As shown in Fig. 2, the waveforms of the drain voltage and
current of the CA are plotted. It can be seen that the drain volt-
age waveform remains unchanged with variations in Zg, snd,
while the drain current waveform remains unchanged with dif-
ferent values of ko. Therefore, the continuity of the fundamen-
tal and second harmonic load impedances can be relaxed from
the strict requirements of the continuous F~* class, thereby ex-
panding the design space. Since the proposed SLMBA can be
described based on the normalized input drive level 3, we de-
fine By, as the input drive level corresponding to OBO [14, 16],
where 0 < 8 < 1. Based on the analysis in [18], the second
harmonic relationship of CA is determined as shown in (7); the
admittance form of the fundamental impedance of CA is given
by Equation (8); and the ks value is preferably selected within
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FIGURE 2. Normalized drain voltage (colored curve) and current (blue
curve) waveforms with different ko values, namely, k2 = —0.20,
—0.25, —0.35, and —0.40.

the range [—0.35, —0.20] to provide a good trade-off among
voltage level at peak, ripple at minimum, and bandwidth ex-
pansion in the high-efficiency design space.

. 86 <k2) ) k2 . V;ick,ca

Zg:]an ~ £ I "
max,ca
v B 1 B i Imax,ca 1
ca,lst — 2 972 Vdck,ca 5(k2)
.8 k2 ®)

7 3 imag (Zca,2nd)

2.2. BA Behavior Analysis

When the input power level 8 continuously increases from the
OBO level By, the BA begins to run. To better analyze the
performance of the BA, its behavior was studied at peak power
levels, where both the CA and BA operate in a saturated state at
[ = 1. The fundamental port impedance of the BA at saturation
can be calculated as

jea[l
Zpapt,1st = Zo (1 + \@Z.m[ ])
ibal1]
]. 8 ]- Imax ca
= Zp|1 2lz—— ) -—- :
’ ( * \[ <2 97T2) 0 Inaxpa
. 8\/§ ) l . 5(k2) . k'2 . ‘/dck7ca (9)
3m o imag(Zca,2nd) - Imax ba
where
o= (295 + sin 295) — 4y, sin 0[,. (10)
2 (1 - ﬂbo)
Combining formula (7), the reactance of BA can be expressed
as
. \/é ]' Imax,ca ﬂ ]- Imax,ca
—jex2 2 Y e . (11)
37 0 Imaxba 37 0 Imaxba
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FIGURE 3. BA fundamental impedance and CA second harmonic
impedance under different k2 conditions

According to (9) and (11), the fundamental port impedance
of the BA can be expanded not only resistively but also reac-
tively on the Smith chart, as shown in Fig. 3. By appropriately
controlling the second harmonic impedance Zyq pt,2nd in the BA
port, optimal peak power level performance can be achieved in
terms of efficiency and output power. Since the fundamental
port impedance of the BA naturally tracks the design space of
the B/J-class operating mode, the second harmonic impedance
Zba,pt,2nd at the BA port should be appropriately tuned accord-
ing to J-class theory such that

. 3T
Zba,pt,?nd = =7 ?6’ |6| < 6max (12)
where .« is the parameter of the CM design space that con-
trols the second harmonic design of the BA class J. By substitut-
ing (9) and (11) into (12), §max can be calculated and expressed
as

. l 3 Imax,ca
0 Inax,ba

6max =

G| 818

1 . Immx,ca

~o) s

142

Imax,ba

1
= 37 (20p+sin 20y,) —4Bpo sin Oy Imax,ba 3 8 (13)
' +(F - 5)

V2 27 (1—Bro)

From the above analysis, it can be concluded that the design
space of both the CA and BA can be expanded while main-
taining excellent performance in terms of efficiency and output
power.

Imax,ca

3. DESIGN OF THE PROPOSED SLMBA

To validate the proposed theory, an RF input SLMBA using
gallium nitride (GaN) transistors was designed and fabricated
with a target bandwidth of 2-3.7 GHz to cover the 5G New
Radio (NR) frequency band. Wolfspeed’s 10 W GaN HEMT
(CG2H40010F) was used as the active device for both CA and
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FIGURE 5. EM simulation results of the designed broadband coupler.

BA. The SLMBA was implemented on a Rogers 4350B sub-
strate with a thickness of 30 mil and a dielectric constant of
3.48. Using an input threshold of 5, = 0.5, the target was
set to an 8 dB output power back-off (OPBO) level.

Since the CA and BA amplifiers use identical transistors, the
CA was matched to a larger load impedance and supplied with a
reduced drain voltage to decrease its output power and thereby
achieve the target power back-off. The CA was designed to
deliver approximately 38 dBm of saturated output power in the
OBO, while the BA used a higher drain voltage to achieve ap-
proximately 46 dBm of saturated output power.

The SLMBA design procedure consists of the following
steps: 1) Design a broadband 3-dB orthogonal coupler; 2) De-
sign the output matching network (OMN) for the CA operating
in continuous F~! mode; 3) Design the OMN for the BA; 4)
Design the input matching networks (IMN) for CA and BA; 5)
Design a phase shift network (PSN) to compensate for the phase
difference between CA and BA, enabling the LMBA to achieve
high output power and efficiency. A schematic diagram of the
proposed SLMBA is shown in Fig. 4.
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3.1. Design of the Coupler

The CA load impedance is designed to exceed 50 (). The BA
load impedance is designed at 32 €2, which is the optimal load
impedance for transistors operating in Class B mode. Consider-
ing all factors comprehensively, the characteristic impedance of
the coupler is designed at 50 §2 and applied to the input and out-
put terminals of the proposed SLMBA. To achieve coupler per-
formance within the 2-3.7 GHz target frequency band, a three-
stage stub-line hybrid structure was adopted for the coupler de-
sign. Fig. 5(a) shows the S-parameter results from the elec-
tromagnetic simulation of the designed coupler, while Fig. 5(b)
displays the phase difference at the coupler’s output port. It can
be observed that the transmission parameters are close to the
ideal values, with the phase difference remaining nearly con-
stant at 90 degrees.

3.2. Design of the Broadband Continuous Class-F-1 CA

Based on the theoretical analysis presented in Section 2, the
fundamental current component function of the CA, expressed
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as a second harmonic reactance, requires an expanded varia-
tion, with the second harmonic reactance curve lying in the
open-circuit region of the Smith chart. Therefore, the CA op-
erates in reverse F-class mode. The parasitic and packaging
parameters in commercial transistors usually limit access to the
intrinsic plane of the device. In order to extract the intrinsic
drain current and voltage as well as the intrinsic impedance,
the de-embedded network of the CG2H40010F transistor was
used in the actual OMN design [19, 20]. Load-pull simulations
were performed using the de-embedded model, selecting the
appropriate intrinsic fundamental impedance of the transistor.
To achieve good inverse F-class impedance matching perfor-
mance, matching was performed using the embedded model
and fundamental intrinsic impedance, while co-designing with
the coupler. The output port of the OMN is connected to the de-
signed coupler as shown in Fig. 6. The intrinsic trajectories are
shown in Fig. 7. The topology and parameters of the CA OMN
are shown in Fig. 4. After designing the CA OMN, the IMN
is designed based on the CA input impedance. The topology
and parameters of the CA IMN are shown in Fig. 4. A 100-pF
capacitor is used for DC blocking. A 40-(2 resistor and a 3.3-pF
capacitor form an RC parallel circuit, ensuring the stability of
the transistor.

L
Intrinsic | , Package
plane : 0.55nH 0.InH 0.InH : plane

|
CA OMN

0.25pF

|
|
|
| 1.22pF 0.25pF
|
|

FIGURE 6. CA OMN: Co-design with coupler.

0 2.0-3.7 GHz
A 4.0-7.4 GHz

CA intrinsic
Impedance

-1.0j

FIGURE 7. Design the impedance of the CA load matching network on
the Smith chart with reference impedance 50.

3.3. Design of the Broadband BAs

To achieve a saturated output power of 46 dBm, each BA must
output 43 dBm of power when saturated. In this case, the BA
drain voltage is set to 36V, and the load impedance is approx-
imately 32 Q2. Similarly to the CA OMN design, the BA OMN
design also utilized the de-embedded network to achieve both
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intrinsic and extrinsic impedance trajectories, with the intrinsic
impedance trajectory shown in Fig. 8. The port impedance of
the BA as seen from the coupler port is converted into the load
modulation trajectory on the real axis of the transistor’s intrin-
sic impedance. The topology and parameters of the BA OMN
are shown in Fig. 4.

3.4. Design of the Wideband PSN

The final and critical step in the complete SLMBA design pro-
cedure involves the design and implementation of the phase
shift network (PSN). This network is essential for compensating
the phase discrepancy between the carrier amplifier (CA) and
the balanced amplifier (BA) paths, ensuring coherent power
combination at the output coupler and thus maximizing overall
output power and efficiency. The design methodology is car-
ried out systematically in two primary stages. First, an ideal
phase shift network is employed in simulation to determine
the precise optimal phase shift value required at each corre-
sponding frequency point across the target operating band (2.0—
3.7GHz). This ideal network provides a theoretical bench-
mark for phase compensation performance. Subsequently, this
ideal phase shift value is converted into a practical implementa-
tion using a physical transmission line segment. The electrical
length and characteristic impedance of this transmission line
are carefully calculated to realize the desired phase shift across
the bandwidth, thereby completing the design of the PSN and
enabling the LMBA to achieve high-efficiency performance.

3.5. Simulation Results

The complete circuit schematic of the proposed SLMBA is
shown in Fig. 4. Electromagnetic (EM) simulation was per-
formed using Advanced Design System (ADS) software. The
selected intrinsic load modulation trajectories of the BA at dif-
ferent frequencies are shown in Fig. 9, which aligns with the
design theory at saturation power levels depicted in Fig. 3.
Additionally, Figs. 10(a)-10(c) display the BA intrinsic cur-
rent and voltage waveforms of the BA at 2, 2.6, and 3.1 GHz
when the proposed SLMBA operates in saturation mode. We
can observe that the BA peak branch is functioning in a typi-
cal harmonic-controlled mode. Fig. 11 displays the simulated
drain efficiency (DE) and gain versus the output power for
the proposed SLMBA across 2.0-3.7 GHz in 0.2 GHz. The
simulation results indicate peak power efficiency ranging from
60.3% to 75.2%, with saturated output power levels of 45.2—
46.1 dBm. At an OBO back-off level of 8 dB, the DE ranges
from 49.5% to 63.1%. A gain of 9.6-11.6dB is achieved at
an output power level of approximately 28 dBm, highlighting
the excellent broadband performance of the designed SLMBA
within the target frequency band.

4. EXPERIMENTAL RESULTS

Figure 12 shows a photograph of the actual test board, which
measures 221 mm X 114 mm. During measurement, the CA
was biased at a drain supply voltage of 20 V. The drain and gate
voltages of the peak amplifier (BA) were setto 36 V and —5V,
respectively. The small-signal characteristics of the designed
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FIGURE 10. BA simulation results at 1.9, 2.2, and 2.5 GHz at saturation in the entire W-SLMBA. (a)-—(c) Drain current and voltage waveforms.

SLMBA were first measured using a vector network analyzer
to evaluate its linearity and stability in preparation for subse-
quent large-signal tests. A continuous-wave (CW) signal was
used to conduct large-signal measurements on the fabricated
PA. The CW signal was generated by a signal generator, and
the output power was measured using a spectrum analyzer. A
linear driver amplifier was employed to ensure sufficient in-
put power to the device under test, and an isolator was inserted
between the driver amplifier and the test board to improve iso-
lation. Owing to manufacturing tolerances and model inaccu-
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racies, the measured results exhibited slight deviations from the
simulated performance across the frequency band. Fig. 13 il-
lustrates the measured drain efficiency (DE) and gain versus
output power at multiple frequencies. As shown in Fig. 14, the
relationship between PAE and output power measured at differ-
ent operating frequencies is presented, enabling a better power
evaluation. Furthermore, to better demonstrate broadband per-
formance, Fig. 15 presents the measured DE and gain at various
levels of output power, as well as the saturated output power as
a function of frequency.
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FIGURE 13. Measured DE and gain versus output power over 2—
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Within the achieved bandwidth, the proposed SLMBA de-
livered a peak DE of 55.2%—68.7% at a saturated output power
ranging from 44.1 to 45.1dBm. Across the entire operating
band, at an 8 dB output power back-off (OPBO), DE values be-
tween 46.8% and 59.0% were attained. At an output power
level of approximately 28 dBm, the gain varied from 8.2 to
10.2dB. The proposed SLMBA achieves a fractional band-
width of 59%. To evaluate the linearity and efficiency under
modulated excitation, a 100 MHz Long Term Evolution (LTE)
signal with a peak-to-average power ratio (PAPR) of 8 dB was
used to test the SLMBA in the 2.0-3.7 GHz band. Fig. 16
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shows the measured average drain efficiency, output power,
and adjacent channel power ratio (ACPR) across the band un-
der modulated excitation. Experimental results indicate that the
fabricated SLMBA achieves an average output power of 35.8—
38.2 dBm with an average drain efficiency exceeding 49.2%.
Table 1 summarizes the performance of various recently re-
ported LMBA and SLMBA architectures. The comparative
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TABLE 1. Performance comparison of recently published load modulated PAS.

Ref. Technique Freq. BW. Pmax Gain OPBO DE DE
(Year) N/A (GHz) | (GHZ/'%) | (dBm) (dB) (@B) | @OPBO (%) | @Pmax (%)
2[031]8 CM-DPA 1.6-2.7 1.1/51 43.8-45.2 9.4-11.5 6 46.5-63.5 56-75.3
2[?)(1)]9 DEPA 2.5-3.8 1.25/40 48.8-49.8 9.3-12.7 8 47-60 54-67
25)81]7 RF-Input LMBA 1.8-3.8 2.0/71 42-44 11-12 6 33-49 46-70
2] 4761/
2020 RF-Input PD-LMBA 1.5-2.7 1.2/57 43 8 6/10 4758 58-72
[10] 50.9-64.9/
RF-Input SLMBA 3.05-3.55 0.5/15.2 42.3-43.7 9.5-10.3 6/8/10 46.8-60.7/ 60.8-74.8
2020
43.2-51.4
[16] - 3 50-61/ B
2021 RF-Input H-ALMBA 1.7-3.0 1.3/55 42-43 813 6/10 50-56 63-81
2[3;]5 LMBA 1.7-1.9 0.2/11 4647 14.8-17.1 6 40.5-46.8 6063
2[3?; 2-stage-CSA 3.3-3.8 0.5/14 45 7.5-12.2 7.5 47-52 55-63
VTW})’:( RF-Input SLMBA | 2.0-3.7 1.7/59 | 44.7-465 | 9.1-10.6 8 46.8-59 55.2-68.7
results show that the proposed SLMBA offers superior effi- REFERENCES

ciency under both saturated and 8-dB output back-off (OBO)
conditions. This RF-input SLMBA achieves broad bandwidth
while maintaining a higher back-off efficiency than other pub-
lished LMBA designs. Compared to Doherty power amplifiers
(DPAs) employing the same continuous-mode (CM) technol-
ogy, the proposed SLMBA achieves a larger back-off range
with comparable efficiency.

5. CONCLUSION

This study proposes an improved sequential load-modulated
balanced amplifier (SLMBA). Its core principle is based on
continuous F~! class theory, which utilizes changes in the sec-
ond harmonic load reactance of the carrier amplifier (CA) to
regulate the fundamental current component it injects, thereby
expanding the load modulation design space of the balanced
amplifier (BA) and enhancing its back-off efficiency character-
istics. To validate this theory, a broadband SLMBA operating
in the 2-3.7 GHz frequency band was designed and fabricated.
Simulation results confirm that the theoretical derivations align
with the BA load modulation trajectory. Measurement results
within the 2.0-3.7 GHz frequency band indicate that the ampli-
fier achieves a drain efficiency (DE) of 55.2%—68.7% at 8-dB
output power back-off (OPBO) and 46.8%—59.0% at 45.1-dBm
peak power.
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