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Abstract

This paper proposes a design method for a broadband power amplifier (PA) capable of
concurrent dual-band operation at any two distinct frequency points within its opera-
tional bandwidth. The concurrent performances of a broadband PA versus the variation
in baseband impedance are analyzed. To enhance the concurrent efficiency, the baseband
impedance of the broadband PA is controlled over a wide baseband frequency range
through a novel control network. A 1.75-2.25 GHz PA is designed and fabricated. Un-
der a single-tone continuous-wave (CW) signal excitation, the fabricated PA achieves
40.9-42.0 dBm maximum output power and 63.3-77.3% drain efficiency (DE) in its oper-
ational bandwidth. When operating under a balanced concurrent mode, its measured
output power exceeds 39.6 dBm and its DE surpasses 66.2% in the tone spacing range of
0-500 MHz.

Keywords: baseband impedance; concurrent efficiency; broadband power amplifier; dual-band

1. Introduction

Concurrent dual-band power amplifiers (DB-PAs) can simultaneously process sig-
nals from two frequency bands, avoiding the switching delay of traditional single-band
power amplifiers (PAs) [1]. This leads to the improvement in the spectrum utilization of
wireless communication systems. Moreover, the number of RF front-end modules can
be reduced by integrating concurrent dual-band PAs, reducing system complexity and
cost [2,3]. Given these advantages, the concurrent DB-PA has emerged as a pivotal enabler
for next-generation wireless systems. Its deployment will accelerate exponentially with the
global rollout of 5G/6G networks and IoT ecosystems, where dynamic spectrum access and
multi-band coexistence are paramount. Consequently, research on concurrent dual-band
PA remains a critical focus area in modern RF engineering [4,5].

In recent years, many articles on the realization of DB-PAs have emerged one after
another [6,7]. In [7], a stop-band filter was integrated into the output matching network
(OMN) of a high-efficiency DB-PA. This DB-PA obtains saturation drain efficiencies (DEs)
of 68.2-75.7% and 68.9-76.3% over 1.95-2.4 GHz and 2.65-3.1 GHz frequency bands, re-
spectively. In [8], the authors proposed a novel dual-band harmonic control network to
enhance the efficiency of a DB-PA. The DB-PA in [8] achieved DEs of 78.5% and 76.7% at
1.84 and 3.22 GHz, respectively. Notice that most dual-band PAs focus on how to improve
the efficiency at two frequency points, while ignoring the concurrent performance.
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Unlike single-tone signal excitation, a PA has a completely different behavior under
a concurrent two-tone signal excitation. In [9,10], the behavior of a PA under concurrent
two-tone signal excitation was thoroughly examined, revealing that controlling inter-
modulation impedances is crucial for improving concurrent performance. Moreover, it
is indicated in [11] that concurrent class-] PA demonstrates significantly higher efficiency
compared to its concurrent dual-band class-B counterpart. Additionally, the performance
of a concurrent DB-PA is strongly influenced by the reactive component of the load at the
inter-modulation frequency, as highlighted in [12]. According to the analyses conducted
in [12-14], the baseband load impedance is identified as the primary factor contributing to
performance degradation in concurrent DB-PAs. Consequently, it is essential to consider the
baseband impedance when designing a concurrent DB-PA. In [15-19], concurrent class-B,
-B/J and -F DB-PAs were analyzed and designed with meticulous control over the baseband
impedance. In [15], the implemented concurrent DB-PA operates at 2.7/3.5 GHz. It achieves
a concurrent DE of 62.6%. In [16], an 1.9/2.35 GHz concurrent DB-PA under class-B/]J
mode was implemented, achieving a concurrent DE of 60.4%. In [17], by controlling the
baseband impedance, a highly efficient concurrent dual-band class-F PA was constructed.
This DB-PA achieved a concurrent DE 60% when the concurrent power is 40 dBm.

It is important to note that the concurrent dual-band PAs mentioned above primarily
operate at two fixed frequency points, which restricts the flexibility of dual-band ap-
plications. Indeed, there is a strong desire for broadband PAs capable of supporting
flexible concurrent operation across their entire operational bandwidth. This implies
that the broadband PA should maintain high concurrent performance when operating
at any two frequencies within its bandwidth. Achieving this necessitates precise control
of the baseband impedance from zero up to the frequency equivalent to the RF band-
width of the broadband PA. In [14], a broadband PA was developed to operate within the
1.8-2.2 GHz frequency band, enabling concurrent operation with a tone spacing ranging
from 0 to 400 MHz. Meanwhile, in [18], a broadband class-F, PA was implemented, offering
flexible concurrent operation within the same 1.8-2.2 GHz frequency range. Measurement
results showed that this class-F, PA achieved a concurrent output power between 40.0 and
40.6 dBm and a DE ranging from 60.0% to 64.0% over 0—400 MHz tone spacing.

Based on the previous papers, this work first offers a comprehensive analysis on the
performances of a concurrent DB-DPA. Based on an ideal assumption, the concurrent perfor-
mances of a class-B PA are expressed as functions of the baseband impedance. Theoretical
analysis indicates that the real part of the baseband impedance has a more severer effect
on the concurrent performance when compared to the imaginary part. Subsequently, a
baseband impedance control method is introduced to design a broadband PA that supports
flexible concurrent operation within the 1.75-2.25 GHz frequency range. When the fabri-
cated PA is measured using a balanced two-tone continuous-wave (CW) signal centered at
2.0 GHz, it delivers a concurrent output power spanning from 39.6 dBm to 40.2 dBm and
attains a concurrent DE changing from 66.2% to 68.8% over a tone spacing that extends
from 0 to 500 MHz.

2. Broadband PA with Baseband Impedance Control

This section gives an analysis of how the performance of a concurrent DB-PA varies
with baseband impedance. Furthermore, a baseband control method is introduced to
optimize and enhance the concurrent efficiency of a broadband PA.

2.1. Concurrent Dual-Band PA with Non-Zero Baseband Impedance

The block diagram of a broadband PA operating under concurrent two-tone CW signal
excitation is depicted in Figure 1. Here, we assume the transistor operates in class-B mode
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and focus solely on the baseband and fundamental frequency components. The transistor
within the broadband PA is considered as an ideal voltage-controlled current source accom-
panied by intrinsic elements. The PA is supplied with a drain voltage denoted as Vpp. At
the transistor internal plane, the drain-to-source voltage and current are represented by V;
and I, respectively.

To ensure the PA maintains high performance across the desired bandwidth, the
fundamental load impedance Zgng is configured to Ropt, which corresponds to the optimal
load impedance for a class-B PA at the transistor internal plane. As per the analysis
presented in [20], under an excitation of a balanced concurrent two-tone CW signal, the
fundamental and DC components of a DB-PA can be mathematically expressed as

Vio
I, = 1
dl ZRopt 7 ( )
8 Va
I — 2
d0 7_[2 Ropt ’ ( )

where [;; and I are the fundamental and DC components of I;. And Vjq is the DC
components of V; and can be derived using

Vio = Vop — LiZss. 3)

This equation means the baseband impedance will affect the drain voltage swing of the
transistor, leading to a variation in the concurrent performance.

Using (1)—(3), the maximum output power of a broadband PA under balanced concur-
rent mode can be calculated using

Vaol?

Po = . 4
0= 2Repr 4)

And the DC power of the PA at the saturation power level is

8 mag(Vpp V)
Ppc = mag(Vpply) = 5 —5—. 5
DC 8(Voplo) = — Ropt ()
Therefore, the saturation concurrent DE of the PA is

us |Vd0 |2 (6)

LT3 mag(Vpp Vi)

Using (4), the normalized output power of a class-B PA versus the variation in the
real and imaginary parts of the baseband impedance is depicted in Figure 2. Note that
the output power is normalized to the output power level when the baseband impedance
Zpg is zero. As depicted in Figure 2, the normalized output power decreases as the real
part increases or as the imaginary part deviates from zero. Using (6), Figure 3 depicts the
concurrent DE of a class-B PA with respect to the real and imaginary parts of the baseband
impedance. From Figure 3, the concurrent DE of a class-B PA also decreases as the real
part increases or as the imaginary part deviates from zero. From Figures 2 and 3, when
Zpp equals 0.5Rpt, the concurrent DE of a class-B PA drops from 61.7% to 43.9% and the
concurrent output power decreases by 3 dB. Moreover, when compared to the real part
of the baseband impedance, the imaginary part exerts a relatively minor effect on the
concurrent performances, as shown in Figures 2 and 3. Consequently, when designing a
broadband PA, we prefer the baseband impedance to vary along the edge of the Smith chart.
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Figure 1. Block diagram of a broadband PA under concurrent two-tone signal excitation.
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Figure 2. Normalized output power of a class-B PA under balanced concurrent mode versus the real
and imaginary parts of the baseband impedance.
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Figure 3. Drain efficiency of a class-B PA under balanced concurrent mode versus the real and
imaginary parts of the baseband impedance.

2.2. Broadband PA with Baseband Impedance Control for Concurrent Operation

According to the theoretical analysis, the baseband impedance should be controlled to
be as small as possible, especially for the real part. Otherwise, the concurrent performance
of a PA will be degraded. In this paper, a broadband PA with baseband impedance control
is proposed for concurrent operation. The block diagram of the proposed PA is illustrated
in Figure 4. The baseband impedance is controlled by a low-pass filter which is connected in
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series with a R-C circuit. Meanwhile, the bias circuit is also utilized to control the baseband
impedance. As shown in Figure 5, the low-pass filter consists of three transmission lines
TLB1, TLB2, and TLB3. The R-C circuit Rgg and Cgg provide the main path with a low
impedance over a wide baseband frequency range. Meanwhile, the whole OMN provides
the active device with an optimal load impedance at the transistor internal plane over the
whole fundamental frequency range, as shown in Figure 6.
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Figure 4. Block diagram of the proposed broadband with baseband impedance control.
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Figure 5. Block diagram of the OMN for the proposed broadband PA.
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Figure 6. Theoretical load impedance of the proposed broadband PA.
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3. Design and Simulation Results

Based on the structure shown in Figure 4, a broadband PA is designed in this part for
concurrent operation. And the simulation results of the designed PA are also presented in
this part.

3.1. Broadband PA Design

The broadband PA is designed based on the CG2H40010F transistor from Wolfspeed
with a gate voltage of —3.0 V and a drain voltage of 28 V. The optimal load impedance of
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the utilized transistor at the internal plane is set to Ropt = 36 (). The expected frequency
range is 1.75-2.25 GHz (500 MHz). The 4350B substrate form Rogers corporation is utilized
when designing the PA. The thickness of the substrate is 20 mil.

The design method of the broadband PA is the same as in [18]. The main difference is
the design of the baseband impedance control circuit. In this design, the parameters of the
baseband impedance control circuit for the broadband PA are optimized using optimization
function in the Advanced Design System (ADS). Figure 7 shows the schematic of the
implemented PA. Meanwhile, the values of the utilized passive elements are also given
in Figure 7.

15pF £

28V

0.9/19 0.8/5

—29V T 15pF

9/9.5 7.2/3.3 1.1/6

H3—

1.1/6 1.1/1 8.8/22 17/27 15/29 2/5.1 42/1.4 1.8/13.4 15 pF
Input S CG2H40010F 222 1 nF Output
Transmission Line I
Width/Length (mm) 0.4/6.6 20
WA

Figure 7. Schematic of the designed broadband PA.

3.2. Single-Tone Simulation Results

Firstly, a single-tone CW signal is utilized to simulate the designed PA. The simulated
intrinsic load trajectories of the designed broadband concurrent PA is shown in Figure 8.
In this figure, the reference impedance utilized for the Smith chart is 36 (). As observed
from Figure 8, the fundamental impedance of the PA closely approximates the optimal load
impedance. Additionally, over the frequency range of 0-500 MHz, the transistor perceives
a relatively low baseband impedance.

Baseband
20-550 MHz

Fundamental
\) 1.7-2.3 GHz

Figure 8. Simulated intrinsic Load trajectories of the designed broadband concurrent PA.

The simulated DE and gain of the broadband PA are illustrated in Figure 9. The
designed PA is capable of delivering a maximum output power of 41.3-41.9 dBm over
1.75-2.25 GHz. And the designed PA achieves a saturation DE between 73.1% and 78.5%,
along with a gain spanning from 15.1 dB to 15.9 dB, across the frequency band of 1.75 GHz
to 2.25 GHz.
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Figure 9. Simulated DE and gain of the designed PA under the excitation of a single-tone CW signal.

3.3. Concurrent Two-Tone Simulation Results

A two-tone CW signal is also utilized to simulate the broadband PA. The two-tone
CW signal is centered at 2.0 GHz. Under a balanced concurrent mode, the simulated
DE and gain of the broadband PA are depicted in Figure 10 when the tone spacing is
varied incrementally from 0 MHz up to 500 MHz. The maximum output power of the
broadband concurrent PA is larger than 39.9 dBm. And the concurrent DE is larger than
69%. Furthermore, at the saturation power level, the designed PA also achieves a concurrent
gain exceeding 13.9 dB, as shown in Figure 11.

The simulated maximum concurrent output power and DE as a function of tone
spacing are presented in Figure 11. The designed PA achieves a maximum concurrent
output power changing from 39.8 dBm to 40.2 dBm over a 500 MHz tone spacing. The
simulated maximum concurrent DE of the designed PA falls between 69.4% and 70.7% in
the same tone spacing range. Moreover, Figure 11 also illustrates the simulated output
power of the designed PA across both the lower and higher frequency bands. In the upper
frequency band, the maximum output power of the PA ranges from 36.8 dBm to 37.2 dBm.

And within the lower frequency band, the peak output power changes from 36.7 dBm to
37.1 dBm.

80 - T T T T

T T —143
70 - — 0 Mz 38
- —— 100 MHz
S —=— 300 MHz 133
oy —— 500 MHz ~
= [aa]
L )
550 128
£ 40 23 7
= 4
A ~N—
3° = ‘5@%@ )
201 1 | | | 1 13
30 32 34 36 38 40 42
Output Power (dBm)

Figure 10. Simulated concurrent DE and gain versus the output power of the designed PA when the
tone spacing is swept from 0 to 500 MHz.
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Figure 11. Simulated concurrent DE and output power of the designed PA at the saturation power
level versus tone spacing.

4. Measurement Results

Figure 12a displays the photograph of the manufactured broadband PA. The testing
setup for the broadband concurrent PA is illustrated in Figure 12b. Two signals at distinct
frequency points are generated using a dual-channel signal generator. These signals are
then combined together using a 1:1 power divider. Subsequently, the combined concurrent
signal is directed to a driver to ensure sufficient power is delivered to the fabricated PA. To
maintain a stable experimental environment, an isolator is placed between the driver and
the fabricated PA. Both the driver and the fabricated PA are powered by a DC supply. After
passing through a 40 dB attenuator, the output power of the fabricated PA is collected by a
spectrum analyzer. During the testing, the drain and gate voltages of the PA are set to 28 V
and —2.8 V, respectively.

When tested by a single-tone CW signal, the measured DE and gain of the PA with
respect to output power and frequency are depicted in Figure 13. The results demonstrate
that the fabricated PA attains an output power ranging from 40.9 dBm to 42.0 dBm and
achieves a DE between 63.3% and 77.3% at the saturation power level within the frequency
range of 1.75 GHz to 2.25 GHz. Furthermore, the measured gain of the fabricated PA falls
within the range of 11.7 dB to 12.9 dB.

Secondly, to evaluate the performance of the fabricated PA, a two-tone CW signal,
which is the same as in the simulation, is employed. The tone spacing of this concurrent
two-tone CW signal is varied from 20 MHz up to 500 MHz. Figure 14 shows the measured
concurrent DE and gain of the fabricated PA. The fabricated PA delivers a concurrent output
power of 41.9 dBm when tone spacing is zero. Now, the measured DE and gain are 77.7%
and 10.9 dB, respectively. Moreover, the measured concurrent output power remains above
39.6 dBm, and the measured concurrent DE exceeds 66.2% over a 500 MHz tone spacing.

The measured concurrent performances of the fabricated PA at its saturation power
level are presented in Figure 15a,b. From Figure 15a, the concurrent output power of
the fabricated ranges from 36.7 dBm to 37.3 dBm in the lower frequency band and from
36.4 dBm to 37.4 dBm in the higher frequency band when the tone spacing is in the range
of 20-500 MHz. Additionally, from Figure 15b, it can be observed that the fabricated PA
achieves a concurrent DE of 66.2-68.8% and a concurrent output power of 39.6-40.3 dBm.
For comparative purposes, Figure 15a,b illustrate the simulated concurrent output power
and DE of the designed PA. It is noteworthy that due to the impact of non-ideal factors,
such as processing and assembly errors, the test results exhibit a degradation compared to
the simulation results, particularly when the tone spacing exceeds 450 MHz.
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Figure 12. (a) Photograph of the fabricated broadband PA and (b) its test bench.
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Figure 13. Measured DEs and gains versus output power of the fabricated PA at different
frequency points.
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Figure 14. Measured concurrent DE and gain versus output power of the fabricated PA under
different tone spacing conditions.
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Figure 15. (a) Measured concurrent output power of the fabricated PA versus tone spacing at lower
and higher bands. (b) Measured concurrent DE and output power of the fabricated PA versus tone
spacing at the saturation power level.

Table 1 lists the measurement results of the fabricated PA. For comparison, the mea-
surement results of some state-of-the-art concurrent PAs are also given in Table 1. This
work achieves a good performance under concurrent operation mode in terms of tone
spacing and the concurrent efficiency, as shown in Table 1.

Table 1. Measurement results of the state-of-the art concurrent PAs.

Single-Tone CW Signal Concurrent Two-Tone CW Signal

Ref. (Year) Frequ(eFr]lsc‘/); ;GHZ) :’:Bw;; 1D (%) Gain (dB) Ton(eNfIl_)I;;mg i;)];,vnel; 1D (%)
[10] 2013 1.9/2.6 (N/A) 41.5/415* 75/70* 10.2/11* 700 39.7 % 63 *
[12] 2020 2.5/3.7(N/A) 41.8/41.2 775/719 10.3/11.2* 1200 40.1 62.6
[16] 2020 1.9/2.35 (N/A) 43.7/431 739/60.3 12.3/10.6 450 421 60.4
[17]12019 1.842/2.655 (N/A) 41/40.5 73.5/71.7 11/10.5 813 39.5*% 60
[14] 2018 1.8-2.2 (20%) 49.5-50.5*  70-74* N/A 0-400 N/A 60-67 *
[18] 2025 1.8-2.2 (20%) 411424 61.8-673 14.8-163 0-400 40.0-40.6  60.0-64.0

This Work 1.75-2.25 (25%) 40.9-42.0 63.3-77.3 11.7-129 0-500 39.6-40.3 66.2-68.8

* Read from Graphs.

5. Conclusions

This paper presents a broadband PA which supports high-efficiency concurrent op-
eration by controlling baseband impedance over a wide baseband frequency range. The
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performance of a concurrent dual-band PA is analyzed as a function of baseband impedance.
It is indicated in this work that the imaginary part of the baseband impedance has a rela-
tively minor effect on the concurrent performances compared to the real part. Consequently,
when designing a broadband PA, we prefer the baseband impedance to vary along the edge
of the Smith chart. In this work, we also propose a baseband impedance control method
to design an 1.75-2.25 GHz PA. The fabricated PA achieves a maximum output power of
more than 39.6 dBm with a DE of more than 66.2% over a tone spacing of 0-500 MHz.
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