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Abstract — Phased array antenna for 5G MIMO and
beamforming using modular radiation element is proposed in this
paper, which can be readily scaled up for massive MIMO
applications. The rectangular probe-fed microstrip antenna is
utilized as the radiation element in the array. The radiation
pattern of phased array antenna remains intact after
combination of beamforming have demonstrated scanning range
over =60 degrees in simulation. Two millimeter-wave phased
array antennas with operating frequency of 28 GHz have been
assembled and array elements tested to verify their performance.
The proposed phased array structure demonstrates the flexibility
of the array configuration, advantages of scalability, ease of

assembly, and element failure correction, compared with
conventional designs.
Keywords — millimeter-wave, 5G, phased array antenna,

massive MIMO, beamforming, modular radiation element.
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The new 5G wireless communication standard promises to
provide a top data rate of up to 10 Gbps by using millimeter-
wave (mm-wave) frequency spectrum at available bands, such
as 28 GHz and 39 GHz within the designated FR2 spectrum.
However, the path loss and the requirement for direct line-of-
sight at mm-wave frequency bands is significantly higher than
that of 4G bands presenting considerable challenges. The use
of massive multi-input multi-output (MIMO) phased array
antennas provides high directivity and allow multiple
incoming/outgoing signals to improve spectral efficiency and
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provide significant contribution to increased data transfer rates.

Moreover, further research into the beam-steering capability of
phased array enables the communication system to
continuously track mobile users.

Planar antenna has been widely used in mm-wave antenna
systems due to its advantages of low profile, lightweight, low
cost in fabrication, ease of integration with other components.
In [1], patch antennas are integrated with SiGe beamformer
chips to realize a mm-wave 5G 8x8 phased array at 39 GHz.
Many types of phased array utilizing planar antennas have
been developed for 5G MIMO communications. A seven-layer
patch antenna using parasitic patch and coupling structure is
utilized as antenna cell for a 5G phased array antenna is
demonstrated in [2]. A leaf-shaped bowtie antenna fed with
microstrip line detailed in [3] was used to form a 1x8 5G
phased array for MIMO application at 28 GHz and 38 GHz. In
[4], an 8-channel 1 dimensional beam steering patch array at
28 GHz using element of 1x16 linear array is proposed for 5G
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MIMO application with high gain and good cross-polarization
separation. In [5], the 28 GHz 1x8 phased array using square
patch element is studied, and the mutual coupling effect in a
phased array is characterised.

Although many phased arrays for 5G MIMO have been
proposed and developed, one thing is clear. It is still
challenging and difficult to design and implement customized
phased array for mm-wave 5G prototyping, especially massive
or hybrid arrays with 64 elements or more. The stringent
restrictions for spacing between antenna elements, as this is
related to wavelength of operation and maximum steering
angle, poses significant challenges for feeding network design
for massive phased arrays. To solve this problem, we
introduce the usage of commercially available mini-SPM
(SMPM) connector implementations of which operates up to
65 GHz, as shown in Fig. 1, which enable us to feed each
antenna element directly in an inline fashion allowing for a
modular design.

In this paper, modular and scalable mm-wave phased array
designs using uniform patch elements are presented. Each
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Fig. 2. Configuration of single patch element, SAM-2832830695-DM-LE.
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Fig. 3. Assembly illustration, 4x16 phased array, SAM-2832830695-L1-64C.

patch element is probe-fed with a SMPM connector at its
bottom in an inline fashion, as shown in Fig. 2. Due to the
reduced size of SMPM connector compared to traditional
coaxial connectors, each patch element can be manufactured
as a singular module. With these identical modules, we can
form potentially massive phased arrays with various
configurations, e.g., diamond array, hexagon array, octagon
array, and so on with minimum additional effort and cost. To
verify this concept, two rectangular arrays, i.e., 1x32 and 4x16,
are designed, fabricated and assembled with identical patch
elements resonating at 28 GHz. Their performances have been
validated through test. It is noted that SMPM connectors can
also be used for 39 GHz and higher modular phased array with
reduced theoretical maximum scanning angle of £67 degrees,
instead of £90 degrees.

II. PHASED ARRAY ANTENNA DESIGN

A. Radiation Element Design

The proposed radiation element is composed of four parts
in the module assembly, i.e., the probe-fed patch antenna
circuit, ground plane block, SMPM connector attachment
board, and SMPM connector. A short section of coax cable
connects the feeding point of patch antenna on the top of the
antenna with the connector pin at the bottom, and 50-ohm
impedance is maintained along this connection. Due to the
high loss of substrate in mm-wave, substrate with lower loss
tangent is preferred to maintain the radiation efficiency of
antenna element. Another consideration is the thickness of
substrate material. Though thicker substrate will enhance the
operating bandwidth of patch antenna, it will in turn increase
the substrate loss and surface wave in propagation as well. For
optimal performance, both of patch antenna and SMPM
connector footprint are fabricated on Rogers RT/Duroid 5880
substrate with dielectric constant of 2.2, loss tangent of 0.0009,
and thickness of 0.254 mm.

The width W of the patch element can be determined with
the equation below [7],
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Fig. 4. Simulated and measured return loss of the patch element SAM-
2832830695-DM-LE.
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Fig. 5. Simulated and measured radiation pattern of the patch element SAM-
2832830695-DM-LE at (a) E-plane, (b) H-plane.
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where ¢ is the speed of light, f. indicates the operating
frequency, and ¢, denotes the substrate dielectric constant. The
patch length L can be determined as below [7],

__ < (eepp+03)(F+0.264)
L 2fc\[eerf 0'824h< eeff-o.zss)(%m.e) &

where / is the substrate thickness, e.; denotes the effective
dielectric constant of substrate, which is
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Fig. 6. Fabricated phased array 1x32 array SAM-2832830695-DM-L1-32C-1
(a) front, (b) back, and 4x16 array, SAM-2832830695-DM-L1-64C (c) front,
(d) back
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Fig. 7. Simulated patterns at 28 GHz of 1x32 array when scanning angles are

at boresight, £30 degrees, and £60 degrees.
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The next step is to find the probe feeding point, where the
rectangular patch has an impedance of 50 Q. The impedance
from the patch center to the edge can be estimated as

Eeff = 3

X

R; —Rsm2 , 0<x<

N |~

(4)
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where R; is the input impedance at the feeding point, R, is the
input impedance at patch edge, Ao is the free-space wavelength
at center frequency. After the required patch parameters are
estimated with aforementioned equations, the patch design can
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Fig. 8. Simulated patterns at 28 GHz of 4x16 array, SAM-2832830695-DM-
L1-64C, when beam steered to (a) 30 degrees at E-plane, and (b) 60 degrees at
H-plane.

Fig. 9. Simulated 3-D patterns at 28 GHz of 4x16 array, SAM-2832830695-
DM-L1-64C where beam is steered to 30 degrees at and 60 degrees at H-plane
simultaneously.

be optimized with full-wave simulator for

performance.

optimal

B. Mechanical Design Consideration

In a phased array, the antenna element must be properly
spaced to avoid grating lobes in a combined beam after
beamforming. The relation between maximum spacing and
wavelength of operation can be described as below,

4o
1+5in6max

(6)

Anax =
where d... indicates the maximum spacing between elements,
Onax Indicates maximum beam angle after beamforming. To
realize scanning angle at £90 degrees, the antenna element
spacing has to be 4¢/2. At 28 GHz and 39 GHz, they are 5.4
mm and 3.9 mm, respectively. For the 28 GHz phased array,

SMPM connector is used due to its smaller size compared
with its counterparts such as 2.92mm (K) connector. The
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drawing of SMPM connector 18S102-40ML5 from
Rosenberger, Fig. 1 [6]. It has a planar dimension of 4 mmx4
mm, which is smaller than maximum grid size 1o/2x10/2 at 28
GHz. SMPM connector is qualified for various configurations
phased array design at 28 GHz.

The assembly illustration of the 4x16 phased array is
presented in Fig. 3. All patch elements are placed side by side
and confined by to the frame. Four rods go through the
mounting holes of four rows of modules. Set screws for each
column of modules are used to secure the assembly.

This rectangular array can be readily scaled up to a
massive phased array with more than 64 radiation elements.
The assembly in Fig. 3 applies to other configuration as well,
such in a diamond, with a properly designed frame. Nx1 or
IxN configurations at 28 GHz are also easily configured in
line with common 4G antenna deployments [8]. This design is
friendly to production and has the advantages of low cost, ease
of assembly, element failure correction and scalability.

III. FABRICATION AND EXPERIMENTAL RESULTS

A. Single Antenna Element Test Results

Single antenna element resonating at 28 GHz has been
designed and fabricated. The return loss and radiation pattern
for single module have been sampled to verify the
performance. The physical dimensions of one module is 5.3
mmx5.3 mmx9.3 mm, which corresponds to electrical size of
0.520%0.540x0.94o. Simulated and measured return loss and

pattern of the single patch element are shown in Fig. 4 and Fig.

5, respectively. The simulated 10-dB return loss bandwidth is
around 0.9 GHz from 27.5 GHz to 28.4 GHz, which
corresponds to a fractional bandwidth of 3.2%. The measured
half-power beam-width of this module is 78 degrees for E-
plane and 65 degrees for H-plane. The performance of antenna
element is validated through tests. Note that, the radiation
pattern of single antenna element in a phased array is distorted
due to edges of finite ground plane, as well as mutual
couplings of other elements in the array. It is recommended to
qualify each antenna element before assembly in production.
All the simulation results are acquired with full-wave
electromagnetic simulator CST Microwave.

B. Beam Steering of Phased Arrays

Two arrays using the identical antenna element have been
assembled, as shown in Fig. 6. The 1x32 array in linear
configuration has a physical dimension of 180.3 mmx12.7
mmx10.9 mm; the 4x16 array in rectangular configuration has
a size of 101.6 mmx33 mmx10.9 mm. Two customized
frames are fabricated to hold the elements together. Each patch
element is in broadside polarization to reduce the surface wave
coupling [5]. Fig. 7 shows the simulated H-plane patterns of
the 1x32 array at 28 GHz, when the array elements are excited
with signals in progressive linear phase difference. When
phase differences between adjacent ports are 0 degrees, £90
degrees, and +155.9 degrees, the scanning angles in H-plane
will be 0 degrees, £30 degrees, and £60 degrees, respectively.
Fig. 8 shows the simulated radiation patterns at 28 GHz of the
4x16 array, when the beam is steered to 30 degrees at E-plane
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and 60 degrees at H-plane, respectively. The 3-D radiation
pattern is presented in Fig. 9 when the array is steered to 30
degrees at E-plane and 60 degrees at H-plane simultaneously.
Both 1x32 and 4x16 phased arrays have demonstrated good
beam-steering capability with over +60 degrees scanning
ranges in simulation.

IV. CONCLUSION

In this paper, modular and scalable phased array using
modular elements is proposed for 5G Massive MIMO
applications. The utilization of SMPM connectors enables
modular configuration concept and minimization of phased
array design. The details of design for the single patch element
and mechanical considerations in array assembly are provided.
Modular patch elements resonating at 28 GHz has been
designed and fabricated and tested. Two phased arrays, i.c.,
1x32 and 4%16 arrays, have been assembled with the modular
28 GHz patch elements. Both phased arrays have
demonstrated scanning range over +60 degrees in simulation
and will be validated via next phase testing. Modular phased
arrays with reduced theoretical scanning angle past 39 GHz
are also producible. The modular and scalable design provides
a low-cost and flexible solution to the anticipated continuation
of mm-wave 5G Massive MIMO related research and product
development. This innovative design eases realization of
various array size and configurations in a low cost and reduced
cycle time manner.
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