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I. INTRODUCTION 

Since the system requirements for the fifth-generation (5G) 

mobile communication were released, related research has rap-

idly accelerated toward implementing core technologies such as 

millimeter waves, micro cells, massive multiple-input multiple-

output (MIMO), full duplexing, and adaptive beamforming [1, 

2]. Although the 3GPP LTE Release 16 is expected to be the 

final specification of the 5G system to be released at the end of 

2019, some leading companies have provided commercial 5G 

services since early 2019.  

To achieve high-speed and real-time services, the 5G system 

adopted a broad bandwidth at a millimeter wave band with high 

propagation loss. To overcome the demerits, the system is orga- 

nized with adaptive beamforming and massive MIMO systems. 

These technologies require a numbers of antenna elements, 

complicated beamforming networks, and phase control circuits 

for each channel. For the accurate control of adaptive beams, 

recent novel approaches have been introduced, including phased 

arrays in millimeter-waves [3], switchable beamforming net-

works [4], beamforming on cellphones [5], and digital/hybrid 

beamforming [6]. In addition, a wideband antenna element is 

required to cover the ultra-wideband [7, 8], while the agile 

phase control circuits with high phase resolution should be con-

sidered to achieve wideband characteristics [9–11]. Moreover, 

wideband component design is an important issue regarding the 

‘sub-6 GHz band’ to make the same beam shape for each chan-

nel. The only solution adjusting antenna beams for each channel 

is digital beamforming. Due to their high power-consumption 
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A frequency-selective beamforming array antenna system is proposed for next-generation mobile applications. Whereas a conventional 
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and expensive digital transmitters needed for each chain, digital 

beamforming is inefficient design for mobile terminals. 

In this paper, a channel-selective beam controlled phased ar-

ray antenna system is proposed under RF/analog processing for 

the sub-6 GHz band. The phase control circuit was designed 

with different phase velocities for each antenna element. Due to 

the different phase steps between elements at each frequency 

channel, each channel beam steers in different directions. By 

adjusting the slopes of the phase characteristics within the phase 

control circuits, each channel beam can be steered in another 

direction. This paper is organized as follows. After a brief intro-

duction, the frequency-selective phased array antenna system is 

described in Section II, whereas wideband components includ-

ing frequency-dependent phase shifters are designed in Section 

III. Section IV presents the implementation and performance 

evaluation of the proposed system. The feasibility and applica-

bility of the proposed system are discussed in the conclusion. 

II. FREQUENCY-SELECTIVE BEAMFORMING ARRAY  

ANTENNA SYSTEM 

While a conventional analog phased array makes beams steer 

in the same direction for all frequency channels, the 5G system 

requires selective beam direction for each channel with digitally 

controlled beamforming, as shown in Fig. 1. While the conven-

tional array steers the beams for all channels, the proposed array 

radiates a channel-selective beam for each channel in a simulta-

neous manner, like digital beamforming.  

In this paper, an analog frequency-selective phase shifter was 

applied to each element with controllable phase slopes, as 

shown in Fig. 2(a). While the same phase is maintained at a 

center frequency channel, the left-to-right phase shift steps be-

tween the antenna elements increase at lower frequency chan-

nels and decrease at higher channels. Therefore, the proposed 

frequency-selective array can radiate uniform beam directions 

for all channels, in case of the same phase bits for eight elements 

as shown in Fig. 2(b). When the frequency-dependent phase 

shifters switch their phase bits in +90° increments at 3.4 GHz, 

-90° decrements at 3.7 GHz, and 0° at 3.55 GHz, respectively, 

the radiation beams steer at separate angles, as shown in Fig. 

2(c). As the phase steps change to ±120°, the separating beam 

angles increase; therefore, the proposed channel-selective beam-

forming system can track moving users and make it possible to 

conduct an inter-beam hand-off, which subsequently makes the 

network system efficient in terms of its 5G mobile applications. 

The proposed beamforming system was designed at a sub-6 

GHz band of 3.42–3.7 GHz for the 5G frequency band. Using 

the frequency-dependent phase shifter, the antenna beams at 

each channel simultaneously radiated in different directions. An 

  

(a) (b) 

Fig. 1. Comparison of (a) conventional array antenna systems and 

(b) proposed frequency-selective beamforming. 

 

(a) 

(b) 

(c) 

Fig. 2. Concept of the frequency-selective array antenna system: (a) 

phase characteristics of each antenna element, ideal radia-

tion pattern, (b) with the same phase bits, and (c) with fre-

quency-dependent phase bits. 

 

8 × 1 array was configured of planar dual-finger monopole el-

ements, connecting frequency-dependent phase shifters with an  
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8-way equal power divider circuit. 

III. FREQUENCY-SELECTIVE BEAMFORMING  

CIRCUIT DESIGNS 

1. Frequency-Dependent Phase Shifter Design with Controllable 

Phase Slopes 

To make different phase steps for each frequency channel, 

the frequency-selective phase shifter was designed with an ad-

justable phase slope for each phase shift bit. Although the ad-

justable phase slope can be realized through tunable resonant 

circuits, it is limited by its narrow bandwidth; therefore, because 

the phase shifter with the most linear phase in the wide fre-

quency band is a transmission line with a reconfigurable length 

and the phase velocity is dependent on the length of the trans-

mission line, the frequency-dependent phase shifter with con-

trollable phase slopes was designed in a meander configuration, 

as shown in Fig. 3. The extended transmission line can cause 

different time delays for each antenna element, which generates 

radiation beam squinting for wideband channel systems. Due to 

its wider channel bandwidth, the radiation beam can steer in 

more directions at both channel edge frequencies; therefore, the 

presented delay line phase shifter could be applied to the limited 

channel bandwidth. Additionally, since PIN diodes were 

mounted between the meander lines, current path lengths could 

be controlled with ON/OFF switching. 

The proposed phase shift is controlled by the length of the 

microstrip line. Fig. 4(a) shows the shortest line length of a 

straight line corresponding to the slowest phase speed, while the 

fastest phase shift corresponding to the longest line length in 

Fig. 4(b). By switching the PIN diodes, the path length adjusts. 

As a phase bit is a relative value, the slowest phase slope is set to 

a reference value (PS0). All phase bits have 0° phase shifts at a 

center frequency of 3.55 GHz. The phase bit in Fig. 4(b) was 

designed with +270° at 3.4 GHz and –270° at 3.7 GHz 

(PS270). The phase bit can be controlled by reconfiguring the 

transmission line length as shown in Fig. 4(c). To achieve con-

stant phase steps of 90° and 120° for each antenna element, the  
 

microstrip line
switch diode

INOUT

Fig. 3. Layout of the frequency-selective phase shifter with re-

configurable phase slopes. 
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Swtich_OFF

Swtich_ON

(c) 

Fig. 4. Frequency-dependent phase shifter operations over 3.4 

GHz to 3.7 GHz with reconfigurable phase slopes of (a) 

0 (PS0), (b) 270 (PS270), and (c) 180 (PS180). 

 

frequency-selective phase shifter was designed with six phase 

bits of PS0, PS90, PS120, PS180, PS240, and PS270. 

Fig. 5 presents the phase shifts of PS0, PS90, PS120, PS180, 

PS240, and PS270. Since ideal PS0 should be not involve phase 

shift over the frequency band, the PS90 represents a relative  

 

Fig. 5. Phase characteristics of the frequency-dependent phase 

shifter with reconfigurable phase slopes.
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phase shift referred to the phase in PS0 in which the phase var-

ies from +90° to –90° within the operational frequency bands. 

Therefore, as each frequency channel has a different phase shift 

at each phase bit, the antenna beams steer one another direc-

tions. 

 

2. Planar Dual-Finger Wideband Antenna Element Design 

A single element antenna for the 5G planar array requires 

wideband design technology. A planar wideband antenna was 

designed with a dual-finger monopole configuration, as seen in 

Fig. 6(a). The microstrip feedline is transited to the planar 

monopole, and the antenna element has dimensions of W = 50 

mm, L = 53 mm, a = 2 mm, b = 22 mm, c = 20.12 mm, d = 1 

mm, e = 17 mm, g = 1.88 mm. The simulated and measured 

return losses are shown in Fig. 6(b). Due to the ultra-wideband 

design, the antenna element has a bandwidth of more than 2 

GHz. Moreover, the measured radiation pattern presents gen-

eral omni-directional monopole patterns. 

 

3. Eight-Way Wideband Matched Feedline Design 

For the eight-element array, an 8-way feedline was designed 

to effectively distribute and transmit signal. The distance be-

tween the elements was determined to be 0.807λg of 44 mm  
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Fig. 6. Wideband antenna element: (a) layout and (b) return 

loss. 
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Fig. 7. Simulated and measured results of the 8-way feedline. 

 

when considering the steered radiating beam patterns. The 

feedline was designed with tapered lines to match 50  to 100 

 for the wideband operational frequency band. The three stage 

2-way divider was designed with tapered linewidths from 0.576 

mm to 1.88 mm. The simulated and measured return losses and 

insertion losses are shown in Fig. 7. A total of 10 dB insertion 

loss configuring a power division of 3 dB  3 stages = 9 dB and 

implementation loss of about 1 dB was measured for each out-

put port. Return loss was more than 10 dB at the specified 5G 

band. The 8-way tapered feedline was implemented with a size 

of 358  92 mm2. 

IV. IMPLEMENTATION AND PERFORMANCE  

EVALUATIONS 

The proposed frequency-selective beamforming array anten-

na system was implemented on an RF-301 substrate with a die-

lectric constant of 2.97 and a thickness of 0.762 mm. The 

beamforming system layout is shown in Fig. 8. The array system 

consists of 8 × 1 dual-finger wideband monopole elements, 

frequency-selective phase shifters, and an 8-way wideband 

matched feedline. A ground plane is located on the rear side  

 

Fig. 8. Layout of the frequency-selective beamforming array an-

tenna system.
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Table 1. Phase shifter setup for the experiments 

 
Element No. 

1 2 3 4 5 6 7 8

Fig. 9(a) PS0 PS0 PS0 PS0 PS0 PS0 PS0 PS0

Fig. 9(b) PS120 PS0 PS240 PS120 PS0 PS240 PS120 PS0

Fig. 9(c) PS0 PS120 PS240 PS0 PS120 PS240 PS0 PS120

 

except for the monopole antenna area. The overall size of the 

implemented system is 6.56λg × 4.84λg of 358 × 264 mm2. 

The radiation patterns of the implemented system were 

measured in an anechoic chamber. For the radiation pattern 

measurements of the steered beams, the antenna elements were 

excited with the specified phase shifts as presented in Table 1. 

Fig. 9(a) shows the same direction beams for each frequency 

channel, while the PS0 is set to all phase shifters. Fig. 9(b) 

shows the radiation pattern with phase shifts for elements with 

a –120° phase step at 3.4 GHz and +120° at 3.7 GHz, while 

patterns of the opposite phase set are presented in Fig. 9(c). 

Each beam at each frequency channel has a different beam 

steering angle. While Fig. 9(b) has beam steering angles of –42° 

at 3.4 GHz, 0° at 3.55 GHz and +38° at 3.7 GHz, respectively, 

Fig. 9(c) presents +40° at 3.4 GHz, 0° at 3.55 GHz and –38° at 

3.7 GHz, respectively. The performance of each beam pattern is 

summarized in Table 2. Overall, the experimental results exhibit 

the expected frequency-selective radiation beam steering and 

radiation performances. 

V. CONCLUSION 

In this paper, a frequency-selective beamforming phased ar-

ray antenna system was proposed. While a conventional phased 

array presents only one directional beams for each frequency 

channel, the proposed channel-selective phased array can simul-

taneously radiate different beam directions at each channel us-

ing only RF/analog processing, instead of complicated digital 

beamforming. In terms of its application to 5G mobile systems, 

a dual-finger shape planar monopole element with wide band-

width characteristics was designed. The phase control circuit 

was designed with reconfigurable meander type phase shifters  
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Fig. 9. Measured radiation patterns of the proposed frequency-

selective phased array antenna system: (a) 0°, (b) forward 

beam, and (c) backward beam. 

 

Table 2. Measured beam performances for each frequency-dependent beam 

 

Fig. 9(a) Fig. 9(b) Fig. 9(c)

3.4 GHz 3.55 GHz 3.7 GHz 3.4 GHz 3.55 GHz 3.7 GHz 3.4 GHz 3.55 GHz 3.7 GHz

Steering angle () 0 0 0 -42 0 +38 +40 0 -38

Gain (dBi) 10.96 12.32 11.87 7.83 10.4 7.99 9.32 11.63 9.45

Sidelobe level (dB) -10.2 -11.1 -13.1 -10.1 -10.2 -11.1 -12.1 -10.9 -9.3

HPBW () 16 16 16 24 15 18 23 17 17
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that have various phase slopes within the wideband frequency 

range for narrow channel bandwidths. An 8-way feedline was 

designed as a tapered line with wideband characteristics to satis-

fy the 5G sub-6 GHz bands. From the experimental evaluation, 

the proposed array antenna system provided beam steering 

within the range of about ±40°. As the beam steering angle 

varies from 0° in both directions at each channel, inter-beam 

hand-off can be achieved in a small cell for 5G cellular applica-

tions, even though the proposed architecture of linear analog 

phase shifts provides frequency-dependent beam directions, 

unlike the digital beamforming system. The proposed frequen-

cy-dependent beamforming system can be considered a promis-

ing solution to achieve an adaptive, efficient beam control sys-

tem for 5G mobile communication systems. Furthermore, wi-

deband frequency-dependent phase shifters without time-delays 

can improve the system performance for wideband channel ap-

plications. 
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