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Abstract—This paper presents the design and characterization
of a Doherty power amplifier based on high-efficiency continuous
inverse class-F individual amplifiers. The prototype achieves a
saturated output power in excess of 42.5dBm, with efficiency
higher than 70% and 50%, at saturation and 6 dB output back-off
respectively, over the frequency band 1.45 GHz-1.75GHz (18%
fractional band). The good agreement between simulations and
measurements and the comparison with the state of the art at
similar frequencies demonstrate the potential of the application
of harmonic tuning strategies to the Doherty architecture, despite
the challenge of maintaining wideband operation.

Index Terms—Base station, Broadband, Doherty, Harmonic
tuning, High efficiency, Power amplifier, 5G.

I. INTRODUCTION

The Doherty power amplifier (DPA) has gained widespread
popularity as the preferred solution for radio frequency power
amplifiers in communication bands below 6 GHz [1]. Its
success can be attributed to the relatively simple design and
the robustness it exhibits, especially over relatively narrow
operating bandwidths.

Common design strategies for fully analog (single input)
broadband DPA architectures include the utilization of class-
AB stages [2] for the Main, along with class-C stages for the
Auxiliary, low-order matching networks, and symmetrical con-
figurations to ensure matching and phase alignment between
the two branches across the desired operational bandwidth,
as in [3], [4]. This, however, calls for a trade-off with the
maximum achievable efficiency, which is typically lower for
class-AB and class-C PAs compared to harmonically tuned
PAs.

Moreover, if very wide bandwidths are required, it may
be necessary to consider specific system-level solutions, such
as adopting separate RF inputs for the Main and Auxiliary
branches [5]-[7], to drive the two branches with stimuli having
optimal phase and magnitude over frequency. However, these
approaches can potentially diminish the benefits in terms of
simplicity and robustness of the traditional DPA implementa-
tion.

Incorporating single-device harmonically-tuned PAs such
as the class F/F~! [8]-[10] as building blocks in a DPA
architecture [11]-[13], is very attractive due to their ability
to achieve superior efficiency at saturation. However, this
strategy faces certain limitations, primarily concerning the
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need to maintain correct load modulation over the bandwidth,
especially in single input DPAs. This often requires wideband
parasitic compensation and a proper output combiner. To
ensure matching and phase alignment between the branches
across the working band, low-order matching networks are
often adopted in DPAs. This approach contrasts with the high-
order matching networks necessary at both the fundamental
and harmonic frequencies, which are typical of harmonically-
tuned stages [14]. As a result, incorporating harmonically-
tuned PAs in a DPA topology can pose significant challenges.

In this paper, we exploit a continuous mode inverse class-
F PA, originally designed for standalone operation, to op-
erate in a DPA architecture. designed to cover FR1 5G
frequency bands around 1.6 GHz. The prototype demonstrates
good performance, achieving a saturated output power ex-
ceeding 42.5dBm in the 1.45-1.9 GHz band. At saturation,
the efficiency is higher than 70%, and at 6 dB output back-
off (OBO), it is higher than 50% over the frequency band
1.45 GHz-1.75 GHz. The comparison between simulation and
measurements validates the design approach, and the results
are in line with the state of the art at similar frequencies.

II. DESIGN STRATEGY

To synthesize the Doherty architecture using a previously
designed inverse class-F PA, which was matched to 50 €2 both
at the input and output and intended for standalone operation in
the 1.4-2 GHz range [15], some considerations are necessary.
The output combiner can be designed on 502 as shown in
Fig. 1(a), which proves sufficient to cover the target band.
Two branch amplifiers based on the original inverse class-F
one will be used. The highly efficient operation enabled by the
harmonic tuning will be mainly exploited in the Main branch.

For the correct Doherty operation to take place, however,
it is necessary to verify whether the output matching network
(OMN) of the individual PA is suitable to operate under load
modulation or to modify it to make it so. In this case, the OMN
did not originally introduce a phase rotation that is a multiple
of 180°, and a delay line on Z,,; = 502 at the output is the
simplest way to achieve this condition, although a relatively
narrowband one. Its electrical length 6,,; can be tuned to
achieve the desired condition at a specific frequency in the
operating band. The phase rotation of the OMN vs. frequency



is verified to be around 180° over its bandwidth (1.4-2 GHz),
hence introducing a significant spreading which will likely
hamper the correct Doherty operation over the whole band.
In fact, after the insertion of an appropriate delay line, the
OMN is verified to maintain the desired harmonic loading
conditions regardless of the impedance modulation applied at
its output, while properly modulating the fundamental load of
the transistor only in a neighbourhood of the selected design
frequency.
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Fig. 1. Normalized load impedances synthesized at the current generator
plane: (a) by the combiner only, (b) by the complete output section tuned at
center frequency, (c) by the complete output section tuned at 1.6 GHz and
(d) by the reduced output section tuned at 1.6 GHz. The values common to
all cases are: Cout=1.4pF, Lout=1.2nH, Zv=ZA=Zout=50§2, Zpm=35¢2,
Opm=90°. All electrical lengths are referred to 1.75 GHz

The output section of the DPA is simulated assuming linear
current stimuli with a 90° phase difference for the Main and
Auxiliary branches, whose output parasitic effects are mod-
elled by an equivalent Cyy¢-Loyt model, as shown in Fig. 1.
The loading condition at the current generators is estimated as
Znva = Va,a /T M,a and represented as a reflection coefficient
I'm,a by normalizing the impedance to the ideal value at center
frequency. The plots on the right correspond to |’y 4|, at 6 dB
OBO and at saturation. As anticipated, the combiner alone,
when no output parasitic effect and no OMN is considered, is
fully capable to cover the target band; the |I'y a| are all well
below -10dB.

To restore the appropriate phase delay at the original center
frequency 1.75 GHz, the required delay line on Z,,; = 502

has an electrical length of 6,,;, = 50° (Fig. 1(b)). The
combiner response clearly shows that the load modulation can
only be maintained on a narrower band (around 200 MHz),
since the back-off loading condition of the Main deviates
significantly from the desired one at the band edges.

If the delay line is tuned to center the DPA operation
around 1.6 GHz (Fig. 1(c)), the required 6., is 90°. The
Main back-off loading condition shifts to lower frequencies,
and the loading conditions of both branches at saturation also
improve slightly. Besides, this configuration is advantageous
since it allows simplifying the combiner, as shown in Fig. 1(d).
In fact, since Zy=Za=Z0,t=50€2, a 180° phase shift can be
omitted in each branch. This reduces the size of the output
combiner while allowing a slightly more wideband operation
and ensuring very good loading conditions at saturation.
Therefore, the latter configuration is selected for the integrated
DPA implementation.

Another aspect to be considered when estimating the band-
width of a DPA is related to the effect of the Auxiliary
branch when it is off (below threshold). Theoretically, it should
present an open circuit to the common node of the combiner,
to avoid interfering with the Main operation in the low-power
region. However, the high order of the OMN filter and the
consequent large phase rotation over the band which was
previously evidenced, also pose a limitation in this respect.
Fig. 2 shows the normalized impedance presented by the
Auxiliary at the common node in the selected configuration,
i.e., with a 90° delay line. It is a good open circuit around
1.6 GHz, as expected, but it deviates rapidly away from it
until it becomes close to a short circuit at 1.4 GHz and
1.9 GHz. Therefore, in terms of small-signal performance, the
bandwidth of the DPA will be limited to such a range.
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Fig. 2. Impedance presented at the common node of the DPA combiner by
the Auxiliary when off.
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The DPA architecture is then completed by including the
input section, which is comprised of an even power splitter,
two symmetric input matching networks (IMNs) and the
appropriate phase alignment. The IMNs are analogous to the
one of the single-stage inverse class-F PA apart from the
layout. They ensure stability in and out of band, minimum
reflections at the fundamental frequencies, and present a
reactive impedance providing the optimum trade-off between
efficiency and AM/AM at the second harmonic frequencies
[16]. The even input splitter is designed on 502 adopting a
single-section Wilkinson topology, and a 502, 90 ° delay line
is inserted on the Main branch.



ITI. FABRICATION AND CHARACTERIZATION RESULTS

The DPA is fabricated on a Rogers 4350B substrate with
3.66 relative dielectric constant, 0.762mm thickness and
35um metal thickness. The layout is optimized for com-
pactness, leading to an overall size of 140 x 75mm?. The
photograph of the realized prototype, mounted on an aluminum
carrier for heat dissipation, is shown in Fig.3.

Fig. 3. Photograph of the inverse class-F DPA prototype.

The PA is characterized in small and large signal conditions
at the nominal bias Vpp = 28V, Vam = —2.75V, Vga =
—6'V, corresponding to a quiescent drain current /p = 30 mA.

The small signal performance from 0.5 GHz to 3.5 GHz
is reported in Fig.4, where measured results (symbols) are
compared to simulated ones (solid) showing good agreement,
apart from a S0 MHz shift of the measurements toward low
frequency. The measured input and output return loss result
below 6 dB and 10dB, respectively, and the associated gain is
higher than 10dB from 1.45GHz to 1.9 GHz.
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Fig. 4. Simulated (solid) and measured (symbols) scattering parameters.

The continuous wave (CW) large signal characterization is
performed in the 1.45-1.9 GHz range using a real-time vector
test bench, which is calibrated using a 2-port Short-Open-
Load-Thru (SOLT) routine, along with an additional SOL
calibration at an extended port connected to a power meter
for absolute power calibration. Fig. 5 shows the comparison
between the simulated power sweep at 1.65GHz and the
measured one at 1.6 GHz, according to the identified shift,
likely due to tolerances and mechanical mounting of the active
devices The efficiency (1), power-added efficiency (PAE), and
gain (G) versus output power all show an excellent agreement

between simulation and measurement. In the 6dB OBO re-
gion,  and PAE are higher than 70% and 60%, respectively.
This demonstrates the effectiveness of the proposed approach.
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Fig. 5. CW performance vs. output power: simulated (solid) at 1.65 GHz and
measured (symbols) at 1.6 GHz.

Fig. 6 summarizes the output power, gain and efficiency
CW performance versus frequency. At saturation (5—6 dB gain
compression), the output power is in excess of 42.5 dBm from
1.45GHz to 1.9GHz, with associated 7 higher than 70%.
The bottleneck for bandwidth is the 6 dB OBO efficiency, as
expected. It is higher than 50% in a 250 MHz range around
the design frequency, in agreement with the prediction of the
linear analysis of Fig. 1(d), and it is maintained above 30%
over the full band from 1.45-1.9 GHz.

The adoption of a high-efficiency design strategy is evident
at saturation, the benefits of the inverse class-F approach being
slightly less pronounced at 6 dB OBO due to the non-optimal
loading conditions imposed by the combiner. Nevertheless, the
achieved performance is in line with the current state of the
art, as indicated in Table I.
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Fig. 6. Measured CW performance vs. frequency.

IV. CONCLUSION

A Doherty power amplifier based on a continuous inverse
class-F PA has been designed for wideband operation, target-
ing the 5G FR1 bands around 1.6 GHz.

The design choices, including the combiner topology and
phase alignment strategy, have been discussed, highlighting
the key considerations for wideband operation. The fabri-
cated demonstrator, achieves an output power higher than
42.5dBm and corresponding efficiency exceeding 70%, over
the frequency range of 1.45-1.75 GHz. At 6dB back-off, the



TABLE I
COMPARISON WITH THE STATE OF THE ART.

Ref. Technique Freq. FPeat Tlsat 10BO

(GHz) (dBm) (%) (%)

[11] DPA 2.14 35 55 50
[12] DPA 2-2.6 41.7-43.8 61-75 45-64
[17] LMBA 1.8-3.8 44 46-70 33-49
[18] PD-LMBA 1.5-2.7 42.5 58-72 | 47-61
[19] CM-LMBA 1.45-2.45 | 45.6-46.7 67-78 51-64

[20] LMBA 2.4 43 54 49
T. W. DPA 1.45-1.75 42.5 75-80 50-68

efficiency and gain remain above 50% and 10 dB, respectively.
The performance of the prototype aligns well with state-of-the-
art PAs at similar frequencies and is accurately predicted by
simulations, despite the achievable bandwidth is narrower than
that of the original inverse class-F PA. Further work should
address the design of wideband harmonically-tuned PAs for
operation under load modulation.
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