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Abstract

In this work, a compact active integrated antenna based on a highly compatible antenna-in-
package (AiP) solution is proposed. It consists of two sections, namely, a cover plate integrated
with an antenna and a package backplane that carries a GaN power amplifier (PA) die. The
proposed AiP solution not only provides efficient interconnection between the antenna and
the GaN PA die while providing physical shielding, but also provides impedance compensa-
tion for the die to improve the matching performance. Besides, a plated through hole array is
designed inside the package backplane to significantly improve heat dissipation performance.
The proposed AiP solution is compatible with radio frequency integrated circuit (RFIC) dies
with different pin arrangements. Two prototypes are fabricated and measured for validation.
The first prototype is the active integrated antenna based on the GaN PA, which shows an
impedance bandwidth of 25.7-28.7 GHz, a peak gain of 31 dBi, and a dimension of 8 mm
x 8 mm x 1.7 mm. Another prototype is based on a GaN front-end module (FEM) die inte-
grating the PA and low noise amplifier, which demonstrates better EVM and ACPR than the
conventional design with separate antenna and FEM.

Introduction

Increasing data rates in mobile wireless communication systems require antenna array systems
with a large number of active antenna elements and advanced beamforming capabilities, and
one of the challenges in achieving this is a high degree of integration between the radiating ele-
ments and the active devices in order to minimize the size and cost of massive multiple-input
and multiple-output (MIMO) arrays. In [1-4], the antennas combined with power amplifiers
(PAs) on printed circuit boards were designed to improve the power efficiency and radiated
power in sub-6G bands. However, as the frequency increases, the power loss of the match-
ing networks and harmonic suppression networks introduced between the PAs and antennas
significantly increases [5, 6].

The millimeter-wave antennas have much smaller size than the sub-6 GHz antennas, making
it possible to be designed on the chip package. Antenna-in-package (AiP) is one of feasi-
ble solutions for millimeter-wave devices to achieve miniaturization, high integration, and
excellent performance [7, 8]. Several manufacturing technologies and substrates are used for
the AiP designs, including low temperature co-fired ceramic (LTCC) [9, 10], high-density
interconnect (HDI) [11-13], embedded wafer level ball grid array (eWLB) [14, 15], organic
substrate [16], glass [17, 18], and ceramic [19]. For example, a 60 GHz single-ended-fed
planar aperture antenna using LTCC process was designed for AiP applications [9]. In the
design, an open cavity was employed in the LTCC package to enhance the antenna gain.
The peak gain reaches 11.5 dBi for the antenna and 20.4 dBi for the array. In [10], an
AiP design with LTCC technology for W-band applications has been proposed, presenting
a new solution for the special case where metal package with high mechanical strength is
needed. The prototype achieves a —10 dB impedance bandwidth of 10 GHz from 88 to 98
GHz and a peak gain of 12.3 dBi at 89 GHz. However, the high cost of the LTCC process
has limited its large-scale applications. Thus, technologies such as HDI and fan-out wafer
level packaging (FOWLP) are developed for low-cost production of millimeter-wave AiPs. An
organic multi-layer industry standard HDI process was used to achieve a high-performance,
cost-effective AiP module [13]. For both polarizations, the proposed antenna element has a
fractional impedance bandwidth of 23.1%, and their peak gain is above 5.45 dBi. A direc-
tional folded dipole antenna was designed in an embedded eWLB array package in [15].
Nevertheless, parasitic effects from the interconnections between the antenna and millimeter-
wave circuit dies in the package will lead to degradation of the matching performance.
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Figure 2. Layout of the circuits on (a) M4 and (b) M6.

In this work, a compact active integrated antenna based on
a highly compatible AiP solution is proposed. It is composed
of a cover plate integrated with a patch antenna and a package
backplane carrying a GaN PA die. The AiP solution provides effi-
cient interconnection between the antenna and the GaN PA die
while providing physical shielding. Moreover, it can improve the
impedance matching performance of the PA die and offset the par-
asitic effects in the package. A cavity located within the cover plate
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D3-D4, layer M4-M§6), and a GaN PA die integrated in between.
The GaN PA die is mounted on the package backplane with bond-
ing wires. And then the cover plate integrated with an antenna is
bonded to the package backplane using the conductive adhesive
for compactness. Moreover, the antenna on the cover plate pro-
vides impedance compensation for the GaN PA die, improving
impedance matching performance.

The GaN PA die employs a two-stage common source structure,
unconditional stability technique and matching networks combin-
ing both low-pass and high-pass filters to achieve more than 1 W
of saturated output power in the 24-30 GHz frequency band. The
GaN PA die is connected to its surrounding pins on the package
backplane by using bonding wires. Figure 2 shows the circuit lay-
out on the layers M4 and M6 of the AiP design, the top and bottom
layers of the package backplane. The pin 9 for the output port of the
die is expected to be connected to the cover plate with the antenna,
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Figure 4. Simulation results of the patch antennas on the cover of the package: (a) S;; and the realized gain; (b) radiation pattern at 28 GHz.
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(a) (b) Figure 5. Simulation results of the passive AiP design: (a) S;; and
the realized gain; (b) the radiation pattern at 28 GHz.

while the pins 1-8 are extended through the PTHs to M6, serving
as the external interfaces for the active integrated antenna. Note
that each PTH is equipped with an aperture with a larger diameter
etched in the GND on M5 to avoid the PTH being short-circuited.
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In addition, three grounding pins 10-12 on M4 are connected to
the GND on M5 through the PTHs. The back of the die is soldered
to a grounding plane in the middle of M4, and a PTH array routed
from M4 to M6 is designed to connect this grounding plane with
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Table 1. TC of the materials (unit: W/(M - °C))
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Figure 6. Simulated temperature distribution: (a) top view and (b) bottom view.

the GND on M5 and a large copper sheet on M6, which greatly
improves the heat dissipation performance. Moreover, all the PTHs
are filled with resin not only to avoid the solder paste being sucked
into the PTHs during the assembly process of the AiP design, but
also to further enhance heat dissipation. In order to guarantee the
shielding performance of the package and the reliability of the bond
between the package backplane and the cover plate, four specific
patches are designed on both M3 and M4.

In the cover plate, the antenna is located on layer M1, and its
feeding structure is routed from M1 to M3 as shown in Fig. 1. The
metal on M2 not only serves as the GND of the antenna, but also
isolates the antenna from the GaN PA die to avoid electromagnetic
interference. A cavity is cut by laser in D2 to accommodate the
GaN PA die mounted on the package backplane. Figure 3 shows
two types of millimeter-wave wideband patch antennas that can
be designed on M1. The type I antenna employs a coupled-feed,
curved edges and rectangular slot structures to introduce addi-
tional current paths for wideband radiation. In contrast, the type
IT antenna uses a coaxial feed with the feed point set near the diag-
onal of the radiator. It consequently excites two operating modes
with similar resonant frequencies along the two adjacent edges of
the radiating patch, which improves the frequency bandwidth. It
is worth noting that the input impedance of the Type II antenna
varies with the position of the feed point, which creates conditions
for direct connection of the antenna to the PA die. Both anten-
nas with different feeding methods are suitable for the proposed
AiP solution. Figure4 shows the return loss, realized gain, and
radiation pattern of the antennas on the cover of the package. As
seen, the return loss of the type I antenna is better than —10 dB in
the frequency band of 24.7-28.8 GHz with a peak gain of about
7 dBi, while the type II antenna works in the frequency band of
24.2-28.7 GHz with a peak gain of 7.5 dBi. In this work, the type
IT antenna with smaller size, wider frequency bandwidth and flat
gain is chosen in the following design.

The GaN PA die is measured on a probe station to obtain its
port impedance, and the input impedance of the antenna is subse-
quently adjusted to the conjugate of the output impedance of the
GaN PA die to achieve a low-loss direct connection between them.
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Finally, the cover plate and package backplane are bonded by con-
ductive adhesive. The RF signal is input to the active integrated
antenna via the pin 8’ on the package backplane, which is trans-
mitted to the GaN PA die, and then fed to the antenna on the cover
plate via the pin 9 for radiation. The AiP solution is compatible with
avariety of RFICs with different pin arrangements. In the proposed
design, the substrate of Rogers 3003 with the dielectric constant
of 3.0 and loss tangent of 0.001 is adopted. The whole package
includes four layers of PCB substrates, the thickness of which from
D1 to D4 are 0.508, 0.508, 0.254, and 0.254 mm, respectively. The
adjacent substrates are bonded by a layer of prepreg with the thick-
ness of 0.1 mm. The type of the prepreg is 3313, which is commonly
used in PCB processing. The copper thickness is 0.018 mm. The
overall dimensions of the proposed active integrated antenna are
8 mm x 8 mm x 1.7 mm. In order to evaluate the performance
of the package, the whole passive AiP design is simulated. Figure 5
shows the return loss, realized gain, and radiation pattern of the
passive AiP design. As observed, the AiP design still works in the
frequency band of 24.4-28.3 GHz. Compared with the antenna
on the cover simulated in Fig. 4, the diameter of the PTHs in the
AiP design has to increase from 0.1 mm to 0.3 mm to meet the
machining accuracy requirement, resulting in slight performance
degradation.

To demonstrate the heat-dissipating capability of the AiP
design, a heat source with the thermal energy of 1W is placed on
the grounding plane on the package backplane (M4) to simulate
the heat generated by the GaN PA die when it operates. The pack-
age module is mounted on a test board using Rogers 3003 substrate
with a size of 30 x 30 x 0.254 mm. The thermal conductivity (TC) of
all materials is listed in Table 1. The ambient temperature is 25 °C.
The simulated thermal performance is shown in Fig. 6, the max-
imum temperature of the AiP design is only 58 °C. As observed,
the temperature distribution results show that the thermal radia-
tion generated by the heat source can be effectively and uniformly
conducted outside the package. Therefore, the proposed AiP design
has excellent heat dissipation.

Experiment

A test prototype of the proposed active integrated antenna is fab-
ricated and measured. Figure7 shows the top view and bottom
view of the cover plate with the antenna and the package back-
plane with the GaN PA die, as well as a test board and the complete
active integrated antenna prototype based on the AiP solution on
the test board. First, the PA die is connected to the package back-
plane by a wire bonding process, while the back of the die is welded
to the grounding plane with a PTH array below for heat dissi-
pation, as shown in Fig. 7(c). The length of the bonding wires is
limited to around 400 ym. Subsequently, the conductive adhesive
is used to bond the cover plate with an antenna with impedance-
compensated characteristics and the package backplane. Finally,
the whole chip is welded to a test board for measurement, as
shown in Fig. 7(f). The test board includes several pins to pro-
vide DC bias voltages and a 50 Q transmission line for the input
signal.

The measurements are conducted by using a vector network
analyzer and an in-house far-field mm-wave measurement sys-
tem [21]. Figure 8 shows the return loss of the GaN PA die before
assembly and the complete active integrated antenna based on the
AiP solution. As seen, the S}, is improved in the working frequency
band of 25.7-28.7 GHz after the die is assembled into the package.
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(a) (b)

(e)

Figure 7. Photograph of the active integrated antenna: (a, c) top view and (b, d) bottom view of the cover plate and package backplane; (e) test board; (f) assembled
prototype.
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Thus, the impedance matching performance degraded by the die In order to verify the compatibility of the proposed AiP solu-
processing error and parasitic effect can be improved by the pro-  tion, another active integrated antenna based on a millimeter-
posed AiP solution. The far-field E-plane and H-plane radiation = wave GaN FEM die is designed. To be specific, a GaN FEM die
patterns of the active integrated antenna are presented in Fig. 9. As  working in the frequency band of 24.5-27.5 GHz is designed, fab-
observed, the proposed active integrated antenna achieves a peak  ricated and packaged by using the proposed AIP solution. The
gain of 31 dBi. pin 6 (I/O port) and the extended grounding pins 11 and 12
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(b)

Figure 10. Photograph of (a) the GaN FEM die mounted on the package backplane
and (b) the assembled prototype on the test board.
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Figure 11. Measured S,; of the AiP design with and without the GaN FEM die.

on the package backage are used as the interface for the sec-
ond RF signal channel of the FEM die. Figure 10(a) shows the
FEM die mounted on the package backplane, and the assem-
bled prototype is shown in Fig. 10(b). A standard horn antenna
is adopted as the reference antenna to measure the transmis-
sion coeflicient S,; in the far-field region. Figure 11 shows the
S, of the AiP design with and without the FEM die. It indi-
cates that the proposed AiP solution is well adapted to the FEM
die.

In addition, the error vector magnitude (EVM) and adjacent
channel power ratio (ACPR) of the active integrated antenna with
the FEM die are measured. To further evaluate the communication
performance of the proposed active integrated antenna based on
the highly compatible AiP solution, an active integrated antenna
consisting of a separate antenna and the FEM die and an active
integrated antenna consisting of a separate antenna and the com-
mercial FEM (QPF 4010 from Qorvo) are also fabricated and
measured for comparison. Note that the QPF4010 covers exactly
the 24.5-27.5 GHz frequency range. The measurement setup is
shown in Fig. 12. The measurement system consists of a signal gen-
erator with signal modulation function and a spectrum analyzer
with signal demodulation function. In each measurement, two
identical active integrated antennas are used as the transmitter and
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Figure 12. Measurement setup for the active integrated antennas (AlAs).

receiver, respectively. The experiments are conducted under atmo-
spheric conditions at room temperature. The measured EVM and
ACPR at 26 GHz are shown in Fig. 13(a). The distance d between
the transmitter and receiver is 2 m to satisfy the far-field measure-
ment condition. It can be seen that the active integrated antenna
based on the proposed AiP solution has smaller EVM, ACPR and
system size than the other two. Moreover, Fig. 13(b) demonstrates
the EVM and ACPR of the active integrated antennas with the
same input power. It can be seen that the proposed active inte-
grated antenna based on the AiP solution still has better EVM
and ACPR over longer distance. Finally, performance comparisons
among the proposed active integrated antenna and some reported
designs are listed in Table 2. It can be seen that the proposed
active integrated antenna achieves the effect of high gain with a
lower cost multi-layer PCB process while maintaining a compact
size.

Conclusion

A compact active integrated antenna covering 25.7-28.7 GHz has
been proposed based on a highly compatible AiP solution. The
AiP solution provides efficient interconnection and impedance
compensation for the GaN PA die to improve the matching
performance of the active integrated antenna. Moreover, it is
highly compatible with RFIC dies with different pin arrangements.
Based on this AiP solution, the active integrated antenna has the
advantages of small size, high integration, good heat dissipation,
easy fabrication and low cost. All of these make it one of the
promising candidates for large-scale antenna array in millimeter-
wave communication.
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Table 2. Comparison among the proposed work and previous related works

ACPR (dBc)
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Center Active Process
Ref. Freq (GHz) Dimensions (A X Ag X Ag) measurement Gain (dBi) technology Antenna Type
[16] 28 1.12 x 1.12 x 0.04 No 10 Organic substrate Patch
[20] 325 3.3 x 2.44 x 0.03 (1 x 4 array) No 13.1 (1 x 4 array) PCB CPW Slot Antenna
[21] 61.5 2.55 % 2.04 x 0.27 Yes Tx = 16; Rx = 30 LCP & PCB ME-dipole
[22] 28.5 2.43 x 0.49 x 0.18 (1 x 4 array) Yes 10.4 EIRP: Multilayer Substrate Patch
28.9 dBm
(1 x 4 array)
This work 26.7 0.7 x 0.7 x 0.15 Yes 31 PCB Patch
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