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ABSTRACT Loss reduction to improve the power efficiency in active integrated antenna (AIA) is a key
design drive. This paper first analyzes the loss mechanism in a convention AIA structure. A new integration
scheme of a GaN power amplifier (PA) transistor with an antenna without using any output matching
network (OMN) and harmonic tuning network (HTN) is then proposed to construct a seamlessly integrated
AIA. This is achieved by a novel design of a slot antenna with optimized input impedance at its fundamental
frequency as well as for harmonic tuning, which essentially absorbs the OMN and HTN functions in the
conventional Class-F power amplifier design. By eliminating these passive networks between the transistor
and the antenna, the associated insertion and mismatch losses as well as the overall circuit size are reduced.
For verification, two prototypes are designed, fabricated andmeasured, onewith the integrated design and the
other with a conventional design for comparison. Both AIAs operate between 3.4 and 3.6 GHz. Experimental
results show that the power-added efficiency (PAE) of the seamlessly integrated AIA is over 52% within
the operating band. Compared with the conventional cascaded design of a PA and an antenna, the PAE is
improved by 14.2%.

INDEX TERMS Amplifier integrated antenna, active antenna, Class-F power amplifier, loss reduction,
seamless integration.

I. INTRODUCTION
The fast-growing wireless sensor network (WSN) tech-
nologies require numerous distributed low-power sensor
nodes (SNs) to collect and transmit physical and environ-
mental data [1]–[4]. Battery-powered SNs usually have lim-
ited lifetime and replacing batteries would require extensive
human effort especially in hazard circumstances [5], [6].
Radio frequency (RF) signal based microwave power trans-
fer (MPT) with omnidirectional power radiation has emerged
as a perpetual and cost-effective solution to power randomly
distributed large-scale wireless sensor networks over the dis-
tance and in an undisruptive way [7]–[12].

Compact high-efficiency transmitter is highly desired for
MPT systems. Amplifier integrated antenna (AIA) is an
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attractive active antenna technology for front-end miniatur-
ization [13]–[16]. AIAs have also been proposed for other
wireless systems [17]–[20], such as radar, imaging and satel-
lite communications.

Various methods have been developed to design AIAs.
A conventional way is to design the high-efficiency power
amplifier (PA) and antenna independently and connect them
together [21]–[23]. This kind of AIAs require multiple pas-
sive networks between the PA and antenna, including the
output matching network (OMN) and the harmonic tuning
network (HTN) of the PA, as well as the input matching
network (IMN) of the antenna. These passive networks not
only occupy extra circuit areas, but also increase the insertion
loss of the AIAs and therefore affect the total output power
and efficiency. Furthermore, mismatch or multiple reflec-
tions may occur between the PA and the antenna if they are
not matched to 50 � over the same operating band, which
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will deteriorate the AIA performance [24]. For example, the
power-added efficiency (PAE) of a Class-E PA drops by more
than 10% when it connected to a patch antenna as reported
in [22]. An improved integrationmethod is tomerge theOMN
of the PA into the IMN of the antenna. This has helped reduce
the insertion loss of the passive networks and eliminate the
mismatch between the PA and antenna [24], [25]. However,
the existing passive networks of OMN and HTN still occupy
a large circuit area and lower the whole PAE of the AIA.
Besides, there is unwanted parasitic radiation from these
passive networks [26]. This adverse effect is exacerbated due
to the large power output from the PA.

Recently, a direct PA-integrated active antennas to enhance
the PAE was reported in [27]. A new concept of circuit
antenna was proposed in [26]. They use antennas to replace
the passive networks. In other words, the antenna serves dual
functions as circuit and radiator simultaneously. In this man-
ner, the passive networks in RF front-end devices could be
eliminated. So is the unwanted insertion loss, mismatch loss
and parasitic radiation. Inspired by these design concepts,
we propose in this paper a novel integration scheme between
the Class-F PA and a slot antenna with the aim to reduce
losses and increase efficiency. Different from [27], this work
uses a novel slot antenna structure to achieve the impedance
matching of the fundamental and harmonics. In addition, a
more general design procedure, detailed loss analysis and
comparison between the proposed and conventional design of
AIAs are provided. These are helpful to conduct the design of
high-performance AIAs. The paper is organized as follows:
The losses in the conventional AIA are thoroughly analyzed
in Section-II; this is followed by the detailed discussion of
the integration approach and the design in Section-III; the
measured results and comparisons between the conventional
and proposed AIAs will be given in Section-IV; finally,
the conclusion is given in Section-V.

II. LOSS ANALYSIS IN CONVENTIONAL AIA
A. LOSS FACTORS
Fig. 1 illustrates the conventional cascaded design of an AIA.
The total PAE can be calculated by using equation:

PAEAIA =
PAIA − Pin

PDC
(1)

where Pin is the input power of the PA, PDC is the consumed
DC power by the PA, and PAIA is the totally radiated power
from the AIA. There are four power loss factors from the
output of the PA transistor to the radiated power in free space.
They are the mismatch loss between the PA transistor and
the HTN/OMN (ML1 with a unit in dB), the insertion loss of
the HTN and the OMN (IL with a unit in dB), the mismatch
loss between the HTN/OMN and the antenna (ML2 with a
unit in dB), and the radiation efficiency of the antenna (η).
Considering these loss factors, the final radiation power of
the AIA can be expressed by

PAIA = 10

[
Pout (dBm)−ML1(dB)−IL (dB)−ML2(dB)

10

]
· η (2)

FIGURE 1. Conventional cascaded design of an AIA.

where Pout is the output power of the PA transistor. Increasing
η and decreasing ML1, IL and ML2 will lead to a higher PAIA,
which in turn enhances the total PAE. Each part of the losses
is discussed as following.

For a high-power PA transistor, the impedance require-
ments for optimal output power and maximal PAE are
different. It usually needs a trade-off in the design. The
chosen impedance also changes with the transistor state, such
as the output power and the frequency, and henceforth the
mismatch loss ML1. The fabrication tolerance could cause
further impedance mismatch.

IL is related to the substrate, the type of HTN and
OMN (e.g. lumped elements or distributed circuits) and the
impedance conversion ratio [25]. To minimize the IL, low-
loss substrate, no lumped elements and low impedance con-
version ratio are desired in the design.

In the conventional design, the PA and antenna are both
matched to 50 � and connected together. ML2 is produced
due to the imperfect matching networks or the different band-
width of the PA and antenna. The ML2 can be calculated
using the antenna input impedance (ZAnt) and PA output
impedance (ZHO), as follows [28]

ML2 = 20 log10

√1−

∣∣∣∣ZAnt − ZHOZAnt + ZHO

∣∣∣∣2
 (3)

Minimizing the difference between the ZAnt and ZHO can
decrease the mismatch loss ML2.
The last factor affecting the total PAE is the antenna

radiation efficiency η. It is up to the substrate and antenna
structure. The antenna efficiency can be estimated by the
following equation [29]

η =
Rr

Rr + Rl
=
G0

D0
(4)

where Rr is the radiation resistance of the antenna, Rl rep-
resents the conduction-dielectric losses, G0 and D0 are the
maximum gain and directivity. Increasing the radiation resis-
tance and decreasing the conduction-dielectric loss improves
the antenna radiation efficiency.

From Fig. 1 and the above analyses, it can be implied
that the mismatch loss ML1 and antenna radiation efficiency
η are almost inevitable. However, the insertion loss IL and
the mismatch loss ML2 may be eliminated completely by re-
designing the AIA structure, which is the objective of this
work and will be discussed in the next section. Before that,
we first examine the IL and ML2 in a specific AIA design in
more details.
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FIGURE 2. Schematic of a conventional AIA with a slot antenna.

FIGURE 3. Simulated voltage and current waveforms of the PA in the
conventional AIA at 3.5 GHz.

B. ANALYSIS OF IL AND ML2 IN A CONVENTIONAL AIA
For demonstration, a 3.5 GHz Class-F PA cascaded with a
slot antenna is designed as a high-efficiency AIA, as shown
in Fig. 2. The PA and antenna are both matched to 50 �,
and connected together to realize the AIA. GaN HEMT
CGH40010F transistor from Cree Inc. is used as the power
component. The DC biases of VDS = 28 V and VGS =

−3.2V and the input power of 26 dBm are applied to the PA
transistor. The substrate used is Rogers R4350B (εr = 3.48,
tanδ = 0.002).

The HTN-OMN is designed for the PA transistor to operate
at Class-F state with PAE> 50% and the output power within
the equal-power circle of 2.5 dB lower from the peak output
power (Pout_max) at 3.5 GHz. The optimized parameters are
as follows: Z1 = 33.7 �, θ1 = 16.8◦, Z2 = 60.7 �,
θ2 = 87.9◦, Z3 = 67 �, θ3 = 13.6◦, Z4 = 29.4 �,
θ4 = 73.1◦, Z5 = 36.3 �, θ5 = 79.3◦, Z6 = 47.6 �,
θ6 = 20.8◦, C1 = 18 pF, C2 = 9.9 pF. Fig. 3 shows
the simulated voltage and current waveforms of the PA in
the conventional AIA at the intrinsic-drain plane. Due to
parasitic effects, the observed voltage and current waveforms
are slightly distorted. However, they still exhibit the Class-F
operation. The simulated S-parameters of the HTN - OMN
is shown in Fig. 4, with the simulation model given as the
inset. The load impedance of the PA transistor at 3.5 GHz
with an optimal PAE (ZS = 11.25-j6.4 �) is selected in this
simulation. It can be seen that the insertion loss IL is about
0.2 dB within the frequency range of 3.4-3.6 GHz.

Next, the mismatch loss ML2 between the Class-F PA
and the antenna is analyzed. The output impedances of the

FIGURE 4. Simulated S-parameters of the HTN and OMN.

FIGURE 5. Configuration of the slot antenna (ANT A).

FIGURE 6. PA output and antenna input impedances as a function of
frequency.

HTN - OMN and the input impedances of the slot antenna are
required to calculate the mismatch loss ML2. In this design,
a common slot antenna (ANT A) is used for its omnidirec-
tional radiation pattern as required byWSN applications. The
layout is shown in Fig. 5, and the optimized parameters are:
Wg = 32 mm, Lg = 40 mm, Ws = 3.3 mm, Ls = 23.9 mm,
Wf 1 = 1.1 mm. The impedances seen at Port 2 in Fig. 4 and
input impedance of ANT A are both shown in Fig. 6 as a
function of frequencies. The mismatch loss ML2 can be cal-
culated by using equation (3). This is shown in Fig. 7. It can
be seen that the ML2 is nearly zero at the center frequency
for this ideal case, as expected, but increases rapidly at both
sides of the center frequency. Note that the PA output and
antenna input reflection coefficients are both below −20 dB
in this simulation. In practical circuits, the mismatch loss

VOLUME 8, 2020 48401
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FIGURE 7. Calculated mismatch loss ML2 between the PA and slot
antenna.

FIGURE 8. Schematic of the seamlessly integrated AIA.

ML2 is commonly influenced by the uncertain impedance
characteristics after fabrication. The next section will present
an approach to eliminate IL andML2 by a seamless integration
of the PA transistor and the antenna.

III. SEAMLESSLY INTEGRATED AIA DESIGN
We propose a seamless integration technique for AIAs to
eliminate the insertion and mismatch losses (IL and ML2).
The block diagram of the proposed AIA is shown in Fig. 8,
where ZA is the antenna input impedance, ZL is the load
impedance of the PA transistor, and f0 is the fundamental
operating frequency. The radiating antenna has the dual cir-
cuit functions of both impedance matching and harmonic
tuning. That is ZA = ZL at f0 (match), ZA = 0 at 2f0 (short),
and ZA = ∞ at 3 f0 (open). Compared with the conventional
cascaded design in Fig. 2, the two passive networks of OMN
and HTN are eliminated. The mismatch loss between in PA
and antenna in the conventional cascaded design (due to the
imperfect impedance matching network to 50 �) can also be
reduced. The design procedure of the seamlessly integrated
AIA is as follows:

(1) Design the DC bias and stabilization circuits according
to the selected PA transistor, operating frequency range and
output power level;

(2) Determine the source and load impedance requirements
at the fundamental and harmonics over the whole bandwidth,
taking into account the desired PAE and output power level;

FIGURE 9. Load–pull simulation results of the PA transistor and the
optimized antenna impedance at the fundamental and harmonic
frequencies. (a) PAE characteristics and antenna impedance; (b) Output
power characteristics and antenna impedance.

(3) Select and design an antenna with the objective to
control its impedances at the fundamental and harmonics of
the PA so that they match the PA design requirements;

(4) Design the IMN of the PA and connect the antenna to
construct the seamlessly integrated AIA. The main challenge
and design innovation lies with Step–(3).

The same PA transistor and substrate are utilized to real-
ize the seamlessly integrated AIA. The operating state and
DC bias of the PA transistor are also set to be the same
as the conventional AIA in Section II. The design target
of the AIA is a PAE of over 50% and the output power
within the (Pout_max - 2.5 dB) circle over the frequency range
of 3.4 - 3.6 GHz.

With the bias and stabilization circuits, the simulated 50%
PAE and the equal-power circle of 2.5 dB below the output
power are shown in Smith Chart in Fig. 9(a) and (b). Themax-
imum PAEs and output powers at 3.4, 3.5 and 3.6 GHz are
70.2%, 73.7%, 68.5% and 38.7 dBm, 38.9 dBm, 38.5 dBm,
respectively. As the design constraint of the PAE is tighter
than the output power, the antenna impedance characteristics
are preferentially optimized to satisfy the PAE. The optimal
load impedances of the PA transistor at the maximum PAE
and output power are summarized in Table I.

48402 VOLUME 8, 2020
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TABLE 1. Optimal load impedances by load pull simulation.

FIGURE 10. Configuration of the modified slot antenna (ANT B).

As said above, the antenna is designed to directly match
the PA transistor. The input impedances of the antenna are
optimized to satisfy the load impedance requirement of the
transistor. Fig. 10 shows the configuration of the proposed
multi-slot antenna (ANT B). Slot 1 supports the radiation at
the fundamental band. Its input impedance is controlled by
its length and width, as well as the dimensions of the feed
line. The values of the input impedance of the antenna at
the fundamental band should be inside the 50% PAE and
the (Pout_max - 2.5 dB) circles (shown in Fig. 9). It should
also approach the optimal load impedance values of the PA
transistor given in Table I. The slots 2 and 3 are used to tune
the harmonic responses to meet the requirements from Class-
F PAs. That is that the 2nd harmonic is shorted and the 3rd

harmonic is open. The impedances at the harmonic bands
can be optimized by adjusting the distance (D2) between Slot
2 and 3, when the impedances at the fundamental band is
fixed. A parameter study is shown in Fig. 11. Fig. 11(a) and
(b) shows the real and imaginary part of the impedances at
the fundamental band, while the impedances at the 2nd and 3rd

harmonic bands are shown in Fig. 11(c) and (d). It can be seen
that the real and imaginary part of the impedances at the fun-
damental and the 2nd harmonic bands hardly change with D2.
The input impedances at the fundamental band are matched
with the output of the PA transistor and the impedances at the
2nd harmonic band are close to zero. However, by changing
D2, the impedance at the 3rd harmonic band can be adjusted
to achieve the open-circuit state from Fig. 11(c) and (d).

The parameters achieved after optimization are: L =
76 mm, W = 40 mm, h1 = 0.762 mm, L1 = 28.5 mm,
W1 = 5.3 mm, L2 = 10.78 mm, W2 = 2.7 mm, L3 = 5.39
mm, W3 = 1.93 mm, D1 = 3.17 mm, D2 = 1 mm,
and Wf 2 = 3.4 mm. The simulated antenna impedance at
the fundamental and harmonic bands are shown in Fig. 9(a)
and (b) and given in Table II. P1, P2 and P3 are the antenna
impedances at 3.4, 3.5 and 3.6 GHz, while the P4, P5, P6
and P7, P8, P9 are the impedances at corresponding 2nd and
3rd harmonic frequencies. It can be seen that the impedances

FIGURE 11. Simulated impedances at the fundamental band as a function
of D2. (a) Real and (b) imaginary parts at the fundamental band; (c) Real
and (d) imaginary parts at the harmonics.

TABLE 2. Antenna impedances at each frequency.

within the fundamental band are all within the 50% PAE and
(Pout_max - 2.5 dB) circles. The impedances within the 2nd

and 3rd harmonic bands are located near the short and open
impedances.

It can therefore be expected that the modified slot antenna
can be directly matched to the PA transistor without any HTN
or OMN circuits. Fig. 12 shows the simulated voltage and
current waveforms of this AIA at 3.5 GHz. These are obtained
by using HFSS and ADS co-simulation. These waveforms
indicate the PA transistor operates at Class-F in the proposed
AIA. The seamless integration approach removes the inser-
tion and mismatch losses in the conventional AIA, and offers
high PAE over 50% with a high output power level over the
frequency range of 3.4-3.6 GHz.

IV. RESULTS AND DISCUSSION
For comparisons, both the conventional and the seamless
integrated AIAs are designed, fabricated and measured. The
photographs of these prototypes are shown in Fig. 13. The
size of the seamlessly integrated AIA is 76 mm × 40 mm.
Compared to the conventional design, more than 30% size
reduction is achieved.
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FIGURE 12. Simulated voltage and current waveforms of seamless
integrated AIA.

FIGURE 13. Photographs of (a) the conventional AIA and (b) the
seamlessly integrated AIA.

The test procedure contains three steps: the first step uses a
reference antenna cascaded with a pre-amplifier to drive the
power amplifier in the conventional and seamless integrated
AIAs. The purpose of this step is to calibrate the path loss and
remove the influence of the pre-amplifier. Then the reference
antenna is replaced by the device under test to measure the
active gain (Gact) of the AIA. The third step is to remove the
pre-amplifier and do the calibration again with the reference
antenna. After that, the ANT A and B are measured. Con-
sidering the effect of large ground plane and cooling copper
block (with a thickness of 5 mm) on the radiation patterns,
the ANT A and B are both attached to the same size ground
and cooling blocks as used in the two AIAs. The detailed
measurement setup and procedures follow those in [27]. The
Satimo SG-24 antenna test system from MVG is used to test
the two AIAs, ANT A and B.

Based on the known input RF power (Pin) to the AIA, the
measured active gain (Gact ) of the AIA and the measured
gain (Gant ) of the corresponding separated antenna (ANT
A or B), the effective isotropic radiated power (EIRP) and
output RF power of the proposed AIAs can be calculated
as:

EIRP (dBm) = Pin (dBm)+ Gact (dBi) (5)

PAIA (dBm) = EIRP (dBm)− Gant (dBi) (6)

With the DC consumption power (PDC), the PAE of the
AIA can be calculated using equation (1).

FIGURE 14. Measured EIRP and gain at an input power of 26 dBm.

FIGURE 15. Comparisons of the two slot antennas.

The measured active gains, EIRPs of the seamless inte-
grated and the conventional AIAs are shown in Fig. 14. The
EIRP is measured with the input power of 26 dBm and it is
over 38.4 dBm over the frequency range of 3.3-3.7 GHz for
the seamless integrated AIA. The active gain is more than
12.4 dB over the same frequency range and the maximum
gain is 15.9 dB at 3.5 GHz. For the conventional design,
themeasured EIRP and active gain are about 0.5-0.8 dB lower
than the seamless integrated one. This is mainly attributed
to the elimination of insertion and mismatch losses in the
seamless integrated AIA, as well as the slight gain difference
between ANT A and B. The measured results of the two
separated antennas (ANT A and B) are shown in Fig. 15.
It should be noted that the ANT B is re-matched to 50
� to facilitate measurement and comparison. The radiation
efficiency (η) difference between these two slot antennas is
within 2.6% over 3.3-3.7 GHz. This shows the losses related
to η are similar for the two slot antennas. The peak gain of
ANT A in the conventional AIA is about 0.7 dB higher than
the ANT B in the seamless AIA at 3.3 GHz, mainly because
ANT A has a better measured |S11|. Within the bandwidth
of 3.4-3.6 GHz, the difference in gain between the two slot
antennas is less than 0.2 dB.

According to the equations (6) and (7), the measured
large-signal performances of the seamless integrated AIA
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FIGURE 16. Measured extrapolated large-signal characteristics. (a) PAE
and output power versus input power at 3.5 GHz; (b) PAE and output
power versus frequency at input power of 26 dBm.

and conventional AIA are compared in Fig. 16. At 3.5 GHz,
the maximum PAEs are 65.9% and 51.7% with an input
power of 26 dBm, as shown in Fig. 16(a). This is an increase
of over 14%. At this input power, the output powers are
38.1 dBm and 37.2 dBm, respectively. The measured PAEs
and output powers as a function of frequency of the two
designs are shown in Fig. 16(b). Over the tested frequency
range of 3.3-3.7 GHz, the PAE and output power of the
conventional AIA are consistently lower than the seamless
integrated one. The PAE of the seamless integrated AIA is
over 52 % and the output power higher than 37.5 dBm over
3.4-3.6 GHz. The maximum PAE of 65.9 % and output power
of 38.1 dBm occur at 3.5 GHz.

Compared with the conventional AIA, the output power
of the seamless integrated AIA is about 0.95 dB higher at
3.5 GHz with the input power of 26 dBm. The corresponding
PAE of the AIA is about 14.2% higher. As stated above, this
is mainly attributed to the elimination of insertion and mis-
match losses and the slight difference in radiation efficiencies
between ANT A and ANT B.

Fig. 17 shows the measured normalized radiation patterns
of the seamless integrated AIA at 3.5 GHz, 7.0 GHz and
10.5 GHz, respectively. Thismeasurement is carried out at the
input power of 26 dBm and 3.5 GHz. The radiation patterns at
3.5 GHz are distorted due to the proximity of the large ground

FIGURE 17. Measured normalized radiation patterns of the proposed AIA.
(a) xz-plane, (b)yz-plane.

TABLE 3. Comparison of active antennas integrated with high
efficiency PA.

plane and cooling copper block at the back side of the PA.
The spurious radiations at the second and third harmonic of
the proposed structure are suppressed by over 30 dB in all
directions.

The comparison of our work with other AIAs with high
efficiency PA is given in Table III. Because of the elimination
of the passive networks from the output of the Class-F PA
and the mismatch between the PA and antenna, the proposed
design successfully achieved a seamless integration with a
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competitively high PAE and output power compared with
other work.

V. CONCLUSION
This work presented a technique to reduce the loss in AIA
design by a seamless integration approach. The OMN and
HTN in the conventional Class-F PA are eliminated and
absorbed by an optimized multi-functional slot antenna.
Thus, the output of the PA transistor is connected with the
antenna directly without any passive network in between.
Because of the elimination of these passive networks and the
associated losses, the PAE and output power are improved
with a more compact circuit size. The comparisons between
the conventional and seamless integrated AIAs demonstrated
the advantage of the proposed integration scheme and ver-
ify the proposed design method. The proposed integration
technique is a good candidate for high-efficiency transmitter
front-ends in wireless systems such as MPT or communica-
tions.
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