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SUMMARY
In order to meet various requirements for the 5th generation mobile communication, a high SHF wideband massive-MIMO system has been widely studied which oﬀers wide system bandwidth and high
spectral eﬃciency. A hybrid beamforming configuration which combines
analog beamforming by APAA (Active Phased Array Antenna) and digital
MIMO signal processing is one of the promising approaches for reducing
the complexity and power consumption of the high SHF wideband massiveMIMO system. In order to realize the hybrid beamforming configuration
in high SHF band, small size, low power consumption and precise beam
forming over the wide-band frequency range are strongly required for RF
frontend which constitutes analog beam former. In this paper, a compact
RF frontend module for high SHF wideband 5G small cell base station is
proposed. This RF frontend module is prototyped. Various key components
of the RF frontend module are fabricated in 15 GHz band, and measured results show that high RF performances are able to meet the requirements of
RF frontend.
key words: massive MIMO, active phased array antenna, high SHF, RF
frontend, 5G

1.

Introduction

In recent years, the mobile data demand has been growing explosively due to the widespread use of smart phones
and various new applications. With the mobile traﬃc in the
early 2020’s being predicted to be 1000 times greater than
that of 2010, the 5th generation mobile communication system (5G) has to accommodate the huge traﬃc demands [1].
In 5G, heterogeneous network configurations with macro
cells using lower frequency and small cells using higher frequency have been proposed [2]. Thus, 5G small cells are
expected to provide high speed transmission scheme for limited users in LOS environment. Other users will be covered
by macro cells.
5G small cell base stations inevitably use higher frequency band such as high SHF band (6–30 GHz) than UHF
band used by conventional mobile macro cell system to benefit from wide system bandwidth. However, the large propagation losses at high frequency band make it challenging to
realize practical mobile communication that involves links
of more than a few tens of meters. Massive multiple-input
multiple-output (MIMO) [3] in higher frequency band is one
of the promising technologies for 5G mobile communication system. The use of more than 100 antenna elements
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Fig. 1

Envisioned use case of massive MIMO in 5G small cell.

enable high antenna beam gain and compensation of large
propagation loss. It can also obtain benefits of spatial multiplexing capability by multi-beam multiplexing transmission. Figure 1 shows an envisioned use case of massive
MIMO in 5G small cell. The antenna system at the base station is composed of massive antenna elements, from which
multiple sharp beams are radiated to each of corresponding
terminals.
The massive MIMO configuration has been widely
studied [4]. The hybrid beamforming configuration, which
is realized by combining analog beamforming by APAA
(Active Phased Array Antenna) and digital MIMO signal
processing, has been widely proposed [5]–[9]. Compared
with the full digital massive MIMO configuration which is
widely used in low frequency band, this configuration dramatically reduces the complexity of digital circuits and the
number of data converters such as ADC (Analog to Digital Converter) and DAC (Digital to Analog Converter). We
have already proposed a sub-array APAA-MIMO configuration with hybrid beamforming for 5G [10], [11]. Figure 2 shows a configuration of sub-array APAA-MIMO.
Each sub-array can form and radiate a beam and control the
beam direction. In this configuration, the number of converters can be reduced from the number of antennas to that
of sub-arrays.
Each sub-array is constituted by a RF frontend which
includes various RF circuits. In order to realize the massive
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Fig. 3

Fig. 2

Sub-array APAA-MIMO block diagram.

MIMO concept by utilizing hybrid beamforming configuration, small size, low power consumption and precise beam
forming over the wide-band frequency range are strongly
required in the RF frontend.
In this paper, we present a compact RF frontend module for the high SHF wideband 5G small cell base station.
This RF frontend module is prototyped. Various key components of the RF frontend module are fabricated in 15 GHz
band, and measured results show high RF performances to
meet the requirements of the RF frontend. The structure of
this paper is as follows. Section 2 describes a block diagram
and structure of the proposed RF frontend module. Section 3
shows the development results of key components and the
prototype RF frontend module. Finally, Sect. 4 draws a conclusion.
2.

Simplified block diagram of RF frontend.

Configuration of RF Frontend Module

Figure 3 shows the simplified block diagram of RF frontend
which includes multiple array antenna elements. Each array
antenna element has a high power amplifier (HPA), a low
noise amplifier (LNA), a switch (SW), a gain control circuit
(VGC), a phase shifter (PS) and filters. Each element has
a function of phase and amplitude control for analog beamforming. All elements are connected to a combiner and a
divider.
Since dense deployment of 5G small base station is envisioned as shown in Fig. 1, small size and thin structure
are important features for easy installation such as building
walls and ceilings. However, in conventional sub-array for
high SHF band, RF frontends are located behind an array antenna panel in a three-dimensional configuration that makes
the sub-array antenna equipment larger and thicker [12]. In
order to satisfy the demands of small size and thin structure,
we have proposed a compact RF frontend module where
all the components are unified including RF active circuits
(HPA, PS, etc.), RF passive circuits (antenna, filters, etc.),
power supply IC and control IC. Figure 4 shows the structure of the proposed RF frontend module. RF substrate is
composed of a multilayer board and contains RF passive circuits in its internal layer. RF active circuits are integrated

Fig. 4

The structure of proposed RF frontend module.

into RFICs. Moreover, each ICs and external interfaces
are mounted on the opposite side of an array antenna panel
formed by patch antenna elements. Thus all functions for
analog beam forming are highly integrated on planar module.
3.

Fabricated Key Components and Module

Due to the spatial frequency dependencies among array antenna elements for APAA, available area for circuit components are extremely limited in high SHF band. Generally,
the element pitch is on the order of half the wavelength. It
means available area for circuit components of each element
is only 10 mm × 10 mm at 15 GHz. This size limitation requires both the miniaturization and the low power dissipation of RF frontend components.
In addition, inter-beam interference among analog
beams becomes an issue in a sub-array APAA-MIMO configuration. In order to prevent this issue, precise beam forming is required in this RF frontend module. In 5G, these
requirements must be satisfied besides conventional requirements for a transceiver of mobile communication.
In order to meet these requirements, we fabricated key
components (Antenna panel, HPA, PS and filters) of RF
frontend module in 15 GHz.
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Fig. 5 Photo and RF performance of the fabricated array antenna
panel [11].

3.1

Array Antenna Panel

Figure 5 (a) shows the fabricated array antenna panel formed
by 64 (8 × 8) patch antenna elements [11]. It can radiate
a sharp beam toward unit terminals. In order to direct a
beam for wide angle, for example ±45 degrees, the element
pitch is set to 0.5 wavelength. The size of array antenna
for 15 GHz is 80 mm × 80 mm. Because of the narrow element pitch, the eﬀect of mutual coupling between antennas
cannot be negligible, and therefore we have designed array
antenna while taking it into account. Figure 5 (b) shows the
measured array antenna patterns of fabricated antenna at the
beam angle of 0, +15, +30, and +45 degrees. It is confirmed that the antenna gain achieved over 21 dBi and is almost constant in every beam scan angle.
3.2

Fig. 6

Chip photo and RF performance of the fabricated HPA.

modulation scheme is employed to the HPA. Figure 6 (a)
shows the chip photo of the fabricated HPA with GaAs process and the size is 1950 µm × 1350 µm. This HPA has Doherty configuration, and high eﬃciency over wide frequency
band is realized by designing it with taking parasitic components of transistors into consideration [13]. Figure 6 (b) and
6 (c) show the measured output power and drain eﬃciency
of the fabricated HPA at 14.5, 14.75 and 15.0 GHz, respectively. It achieved the saturated output power of 24.9 dBm
and drain eﬃciency of 30.2% at the 8 dB back oﬀ point,
exhibiting state-of-the-art performances at these frequency
bands.

High Power Amplifier
3.3 Phase Shifter

From an energy eﬃciency and equipment size points of
view, power dissipation is one of the key technical issues of
the RF frontend module. A HPA is a crucial component of
the RF block since it strongly determines power consumption. In order to improve the power eﬃciency at average
power level as well as peak power level, a dynamic load

A sub-array APAA-MIMO system requires precise analog
beamforming. In order to realize accurate phase control
in each element of the RF frontend module, we developed
an accurate 6-bit vector-sum PS with the phase calibration
technique [14]. Generally, a vector-sum PS is superior to
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Fig. 7

Fig. 8

Photo and RF performance of the fabricated low pass filter.

Fig. 9

Photo and RF performance of the fabricated band pass filter.

Chip photo and RF performance of the fabricated PS.

a passive PS in its small area and low loss [15], [16]. The
prototype PS is fabricated in a 65 nm CMOS technology.
Figure 7 (a) shows the chip photo of the PS, which only occupies an active area of 1000 µm × 350 µm. Figure 7 (b)
shows the measured 6-bit phase shift referred to 0 degree
state after the calibration. The phase error is 1.4 deg.-rms
at 14.75 GHz. The experimental results indicate that the developed vector-sum PS with the calibration is an eﬀective
approach to achieve accurate phase control performance.
3.4

Filters

In order to satisfy the requirements of spurious emission in
a transmitter and spurious response in a receiver of a base
station transceiver, filters with high attenuation and low insertion loss performance are required between each antenna
element and active circuits such as HPA and LNA in the
RF frontend module. In order to meet the size requirement of the RF frontend module and achieve high performance, we developed filters which were formed on a multilayer board [17]. Figure 8 shows the photo and measured
RF performance of the fabricated low pass filter utilizing
non-adjacent coupling. The eﬀective size of this low pass
filter is 3 mm × 1.5 mm. It achieved 0.2 dB insertion loss
of pass band (14.5–15.0 GHz) and 25 dB attenuation of the
second harmonics band (29.0–30.0 GHz). Figure 9 shows
the photo and measured RF performance of the fabricated
band pass filter. The eﬀective size of this band pass filter is
4.2 mm × 5.7 mm. It achieved 0.8 dB insertion loss of pass
band (14.5–15.0 GHz) and high attenuation at out of pass
band.

3.5 RF Frontend Module
The RF frontend module was prototyped to prove the feasibility of small size and thin structure. Figure 10 shows the
photo of the prototype RF frontend module and corresponding RF circuit configuration [17]. The thickness of the prototype is only several millimeters. Antenna side shows the
antenna panel explained in the Sect. 3.1. RFICs side consists
of 16 silicon ICs [18] and 64 GaAs ICs [13]. The GaAs IC
consists of 3 MMICs. Each of MMICs: a three-stage HPA,
a two-stage LNA and a SW. The final stage of three-stage
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Fig. 10 Photo of the prototyped RF frontend module and corresponding
RF circuit configuration.

HPA is the Doherty-HPA explained in the Sect. 3.2. These
3 MMICs are integrated into a 32-lead QFN. Silicon IC integrates 4-channel RF paths, a 4-way on-chip Wilkinson divider and a combiner. Each RF path includes a phase shifter
explained in the Sect. 3.3 and a variable gain controller of
which gain control range is 20 dB. Wafer level chip scale
package is applied to miniaturize chip size. All components
are highly integrated on the module. Mounting area of the
4 GaAs ICs and 1 Silicon IC is 20 mm × 20 mm which is
equal to the area of 4 patch antenna elements. The eﬀective area size of antenna elements and that of RFICs are
exactly the same. It shows possibility to realize scalable
arrangement of this RF frontend module, and this feature
enables scalable antenna aperture size of 5G small cell. In
addition, expected EIRP (Equivalent Isotropically Radiated
Power) of the 64 elements prototype RF frontend module
is over 50 dBm which is enough for prospective 5G mobile
communication in urban area.
4.

Conclusion

The compact RF frontend module for high SHF wide-band
massive MIMO in 5G was proposed. Key RF components
were fabricated, and measured results meet the requirements
of low power consumption, filtering and precise beam forming. The prototype compact RF frontend module shows
prospects for future 5G small cell deployment. We believe
that our proposed compact RF frontend module is one of
the attractive solutions for the 5G base station in high SHF
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