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Abstract— This paper presents the concept of offset unifocal phase 

symmetry to improve the performance (gain, gain roll-off, sidelobe level, 

etc.) of mechanically beam-steerable transmitarray (TA) antennas. The 

phase shifts are initially determined from an offset feed source to make the 

corresponding TA antenna radiate a tilted beam with high gain. The phase 

shifts are asymmetric and can be broadly divided into dominant and 

ordinary phase shifts with respect to the offset feed source. By mirroring 

the dominant phase shifts to make the phase shifts symmetric, it can 

enable symmetric radiation beams for symmetric offset feed sources and 

improve phase error. When the offset feed source is moving inward to 

steer the main beam, the phase error of the phase-shifting surface with 

respect to the feed source starts to occur, while the electric-field spillover/ 

illumination from the feed source is improved, which can maintain the 

gains of scanning beams. To verify the validity of the concept, the 

performance of a beam-steerable TA antenna enabled by the offset 

unifocal phase symmetry has been simulated and compared with the 

counterparts of unifocal and bifocal beam-steerable TA antennas. The 

measured results agree well with the simulated ones, revealing that the 

beam-steerable TA antenna enabled by the offset unifocal phase symmetry 

can maintain realized gains of scanning beams, suppress sidelobe levels, 

and reduce gain roll-off within the beam-scanning coverage. The offset 

unifocal phase symmetry, in principle, is a generalized approach and 

applicable to reflectarray antennas to improve the beam-steerable 

performance as well. 

  
Index Terms— Transmitarray antenna, gain roll-off, bifocal, sidelobe 

level, offset unifocal phase symmetry. 

 

I. INTRODUCTION 

Beam-steerable antennas capable of flexibly steering radiation 

beams are good candidates to perform communications with mobile 

users to maintain link budget and offer reliable connections, especially 

at the millimeter-wave bands [1], [2]. Due to the simple configuration, 

high gain, and low loss of transmitarray (TA) and reflectarray (RA) 

antennas, they have been widely investigated in the past decades, 

where both TA and RA antennas consist of a phase-shifting surface 

and a feed source. TA and RA antennas can do beam steering by either 

electrical or mechanical control solutions. For the electrical control, it 

is typically implemented by loading RF components (e.g., PIN diode, 

etc.) on each unit cell to achieve tunable transmission/reflection phases 

by controlling DC bias [3]-[8]. The electrical control solution, 

however, suffers from high cost, high loss, and high complexity.  

For passive TA and RA antennas, each unit cell only offers a fixed 

phase shift once its dimensions are determined. Nonetheless, the 

beams of passive TA and RA antennas can be mechanically steered by 

moving the feed source [9]-[12], using multiple feed sources [13]-[17], 

rotating the phase-shifting surface [18], [19], or rotating the unit cells 

of the phase-shifting surface [20], [21]. Among them, the movement of 

the feed source (equivalent to multiple feed sources) or rotating the 

phase-shifting surfaces introduces certain progressive phase gradients 
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with respect to the feed source, thereby tilting the beams of the TA and 

RA antennas. The significant gain roll-off and remarkable sidelobe 

level degradations always occur when the feed source is moving 

outward to steer the beams of the TA and RA antennas whose phase- 

shifting surfaces are usually built according to the illumination of the 

center-located feed source (unifocal TA antenna). To improve the gain 

roll-off, bifocal phase synthesis and phase-optimization-based 

methods have been proposed and leveraged [10], [22]-[24] to find the 

desired phase shifts to implement the phase-shifting surfaces. The 

bifocal phase synthesis can formulate explicit expressions to 

mathematically calculate the phase shift that each unit cell should offer. 

It is observed that the bifocal phase synthesis can indeed lower the 

gain roll-off but at the expense of reduced gains of scanning beams. 

The phase-optimization-based method, by contrast, can define 

objective and cost functions, aiming at achieving a minor gain roll-off 

and comparable gains within the beam-scanning coverage with 

powerful algorithms [10], [24]. It, however, is time-consuming as 

extensive iterative computations are needed to achieve the goals.  

In this paper, the concept of offset unifocal phase symmetry is 

proposed and studied to improve the performance (e.g., gain, gain 

roll-off, sidelobe level, etc.) of mechanically beam-steerable TA 

antennas. The concept further compromises the phase error and 

electric-field spillover/illumination to maintain the gains of scanning 

beams and minimize the gain roll-off within the beam-scanning 

coverage by mirroring the dominant phase shifts. When the offset feed 

source is moving towards the center position to steer the beam, the 

phase error of the phase-shifting surface starts to happen, and the 

electric-field spillover/illumination of the feed source to the phase- 

shifting surface is improved. As a result, the improved electric-field 

spillover/illumination could compensate for the gain loss caused by 

the phase error, resulting in stable and high-gain scanning beams. For 

proof of the concept, three beam-steerable TA antennas enabled by 

unifocal synthesis, bifocal synthesis, and the proposed concept have 

been simulated, compared, and measured. The measured results agree 

well with the simulated ones, verifying the effectiveness of the offset 

unifocal phase symmetry in terms of improving the performance of 

mechanically beam-steerable TA antennas.  

The main contribution of this paper is to propose the concept of 

offset unifocal phase symmetry. It does not rely on any algorithm but 

can specify explicit procedures to determine the desired phase shifts to 

implement the phase-shifting surfaces of mechanically beam-steerable 

TA/RA antennas. The beam-steerable TA antenna enabled by the 

offset unifocal phase symmetry can achieve higher gains compared to 

the bifocal phase synthesis, reduced gain roll-off compared to the 

unifocal phase synthesis, and highest gains when the main beam is 

steered to a large angle compared to both. Moreover, the phase 

symmetry concept can be further extended to make some asymmetric 

components (e.g., electric field, phase, etc.) symmetric to obtain 

symmetric performance as explicitly discussed in Section Ⅳ. 

The remainder of the paper is organized as follows: Section II 

elaborates on the concept of offset unifocal phase symmetry, and the 

performance of the three beam-steerable TA antennas is compared in 

terms of realized gain, gain roll-off, and sidelobe level. The three 

beam-steerable TA antennas have been measured in Section III. 

Section IV discusses the generality of the offset unifocal phase 

symmetry and the extension of the concept of phase symmetry. Some 
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conclusions are finally drawn in Section V. 
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Fig.1. (a). The diagram of the mechanically beam-steerable TA antenna by 

moving the feed source along a straight line. (b). Unit cell structure used for 

phase shift. (h = 0.508 mm, H = 2.0 mm, a = 5 mm, r4 = 2.3 mm, r3 = 1.8 mm, r2 

– r1 = 0.5 mm, Rogers RO4350B is adopted as the substrate.) 

II. CONCEPT OF OFFSET UNIFOCAL PHASE SYMMETRY AND 

BEAM-STEERABLE PERFORMANCE COMPARISON 

The beam-steerable TA antennas discussed in this paper mainly rely 

on the mechanical movement of the feed source along a straight line as 

illustrated in Fig. 1. The movement of the feed source with respect to a 

fixed phase-shifting surface can introduce a certain phase gradient, 

thereby tilting the main beam of the TA antenna. It is also found that 

the direction of the tilted beam is closely associated with the spatial 

distance of the feed source and phase-shifting surface (F), and the 

displacement of the offset feed source (di, i = 1, 2, 3 in this paper), 

which is approximately constrained by the following equation:  

arctan( ), 1,2,3i
i

d
i

F
  =                          (1) 

Eq. (1) can be viewed as a rule of thumb to specify the scan range 

that a beam-steerable TA antenna can reach by mechanically moving 

the feed source along a straight line when the size of the phase-shifting 

surface is fixed. Also, the tilted angle in bifocal phase synthesis should 

be less than the angle calculated with Eq. (1) to maintain a good gain 

roll-off when the spatial positions of the feed source and phase-shifting 

surface are known as reported in [10] and [14]. The proposed offset 

unifocal phase symmetry also follows this rule.   

Without loss of generality, the four-layered and double-ring 

structure is chosen as the unit cell to build the phase-shifting surfaces 

for TA antennas described in this paper as shown in Fig. 1(b). The 

detailed features and the frequency response of the unit cell can be 

found in [25], where some dimensions are slightly modified in this 

work. It should be mentioned here other unit cells capable of both high 

transmission and phase shifts are also applicable to implement the 

phase-shifting surfaces for TA antennas. 

The feed source used here is a linearly-polarized horn antenna with a 

model of “PASTERNACK PE9851/2F-10”, operating from 22 GHz to 

33 GHz with a nominal gain of 10 dBi [26]. According to the radiation 

patterns of the horn antenna at 25.0 GHz, also taking the aperture 

efficiency, simulation time, and maximum scanning angle constrained 

by Eq. (1) into consideration, the vertical distance between the phase 

center of the feed source and the phase-shifting surface (F) is chosen 

as 100 mm and the size of the phase-shifting surface is selected as 200 

mm × 200 mm, resulting in an F/D of 0.35. In this case, the radiation 

beam of the mechanically beam-steerable TA antenna will direct to 

around 10o, 20o, and 30o, when the feed source moves outward 20 mm, 

40 mm, and 60 mm, respectively. All simulations in this paper are 

carried out with CST Microwave Studio Software, where the Time 

Domain Slover, the mesh type of Hexahedral with an accuracy of -40 

dB, the cells per wavelength of 20, and cells per max model box edge 

of 25 are adopted to maintain sufficient simulation accuracy. 

 

A. Concept of offset unifocal phase symmetry. 

For the unifocal beam-steerable TA antenna, when the feed source is 

moved outward, the gain roll-off within the beam-scanning coverage is 

attributed to the following two aspects: a). the phase error of the phase- 

shifting surface with respect to the moving feed source increases; b). 

the electric-field spillover/illumination on the phase-shifting surface 

from the offset feed source decreases, where the latter can be observed 

in Fig. 1(a). Moreover, the effects of the two aspects become more 

significant when the main beam steers to a large angle (a large 

displacement of the feed source). Here, the spillover and illumination 

efficiencies of the feed source with respect to the phase-shifting 

surface are calculated according to the theoretical analysis reported in 

[27] when the feed source moves outward with an interval of 20 mm as 

summarized in Tab. Ⅰ. 

Tab. Ⅰ. The spillover and illumination efficiencies with different 

displacements of the feed source at 25.0 GHz 

Displacement 0 ± 20 mm ± 40 mm ± 60 mm 

Beam 

direction 

 

0o 

 

± 10o 

 

± 20o 

 

± 30o 

Spillover 

efficiency 

0.8552 

(-0.68 dB) 

0.8302 

(-0.80 dB) 

0.7547 

(-1.22 dB) 

0.6559 

(-1.83 dB) 

Illumination 

efficiency 

0.8016 

(-0.96 dB) 

0.7925 

(-1.01 dB) 

0.758 

(-1.20 dB) 

0.7121 

(-1.47 dB) 

Loss of 

spillover and  

 illumination 

 

1.64 dB 

 

1.81 dB 

 

2.42 dB 

 

3.30 dB 

 

As seen in Tab. Ⅰ, both spillover and illumination efficiencies are 

decreased when the feed source is moving outward. Inspired by the 

relation between the spillover/illumination and displacement of the 

feed source, the phase-shifting surface could be configured according 

to the phase shifts resulting in a high gain and tilted radiation beam for 

an offset feed source. When the feed source is moving inward, the 

phase error starts to occur, while the spillover/illumination efficiency 

will be improved. The improved spillover/illumination efficiency 

could possibly compensate for the gain loss caused by the phase error, 

thereby maintaining the gains of scanning beams. The concept of 

offset unifocal phase symmetry is therefore proposed and explained 

with a specific case in the following. 

Here, the feed source offset by – 60 mm (d3 = - 60 mm) is selected. 

First, the phase shifts on the plane of the phase-shifting surface are 

calculated and shown in Fig. 2(a). These phase shifts will result in a 

main beam of the corresponding TA antenna at the broadside direction 

despite the feed source being offset. To tilt the main beam to + 30o, a 

progressive phase gradient shown in Fig. 2(b) should be added to Fig. 

2(a) to obtain the final phase shifts shown in Fig. 2(c). 

Then, the radiation beam of a TA antenna whose phase-shifting 

surface is configured according to the phase shifts in Fig. 2(c) has been 

simulated and shown in Fig. 3, where the main beam tilted + 30o with a 

realized gain of 29.8 dBi at 25 GHz can be observed. As the phase shift 

shown in Fig. 2(c) is not symmetric with respect to x = 0, the 
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asymmetry will lead to the following issues: a). Increase phase error 

significantly when the feed source is moving toward the center 

position; b). The radiation beam is not symmetric when the feed source 

is at the center position; c). The radiation beams are not symmetric for 

symmetric offset feed sources. 

To demonstrate the first two issues mentioned above, the radiation 

beams of the beam-steerable TA antenna with the phase-shifting 

surface implemented according to the phase shifts shown in Fig. 2(c) 

are simulated and plotted in Fig. 3(a) when the feed sources are offset 

by – 60 mm and at the center position, respectively. As seen in Fig. 

3(a), the main beam at the broadside direction is indeed not symmetric, 

and the gain roll-off when the main beam is steered from +30o to 0o is 

around 2.5 dB. It implies that the gain enhancement from the improved 

spillover/illumination efficiency is not sufficient to compensate for the 

gain loss caused by the phase error which is significant due to the 

asymmetric phase shifts. 

 

 
 (a)                                                           (b) 

 

 

 
 (c)                                                            (d) 

 

Fig. 2. The evolution of the phase shifts at 25 GHz. (a). The phase distribution 

when the feed source is located at d3 = -60 mm. (b). The progressive phase 

distribution at 25 GHz with a tilted angle of 30o. (c). The phase distribution by 

adding the phase shown in (a) to (b). (d). The phase distribution by mirroring 

the dominant phase shifts with respect to x = 0 mm. 
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Fig. 3. (a). The radiation beams of the beam-steerable TA antenna with the 

phase-shifting surface implemented with the phase shifts shown in Fig. 3(c) 

when the feed source is offset by -60 mm and at the center position. (b). The 

radiation beams of the beam-steerable TA antennas with the phase shifts shown 

in Fig. 3(c) as a reference and mirroring the dominant or ordinary phase shifts 

with respect to x = 0 mm. 

As the phase shifts shown in Fig. 2(c) are related to the feed source 

offset by – 60 mm and are not symmetric with respect to x = 0 mm, the 

phase shifts in the area of x < 0 mm are therefore called dominant 

phase shifts as the offset feed source mainly illuminates the unit cells 

in this area, while the phase shifts located in the area of x > 0 mm are 

named ordinary phase shifts. The phase symmetry is adopted here to 

obtain symmetric phase shifts by mirroring the dominant phase shifts 

with respect to x = 0 mm which can be mathematically formulated with 

the following expression: 

( , ), 100 1, 100 100
( , )

( , ), 1 100, 100 100
f

i j i and j
i j

i j i and j






−   − −  
= 

−   −  

    (2) 

As a result, the phase shifts shown in Fig. 2(c) are modified to the 

one shown in Fig. 2(d) which is now symmetric with respect to x = 0 

mm. Here, the effects of mirroring the dominant phase shifts on the 

radiation patterns (realized gain and sidelobe level) of the 

corresponding TA antennas with the offset feed source are examined. 

As seen in Fig. 3(b), mirroring the dominant phase shifts can lead to a 

gain reduction of around 1.1 dB and a relatively higher sidelobe level 

that is still below -16 dB. Additionally, the radiation beam of the 

corresponding TA antenna by mirroring the ordinary phase shifts with 

respect to x = 0 mm is also checked and plotted in Fig. 3(b) for 

comparison when the feed source is still offset by – 60 mm. As can be 

seen in Fig. 3(b), mirroring the ordinary phase shifts with respect to x = 

0 mm cannot contribute to performance improvement. The phase shifts 

shown in Fig. 2(d) can also guarantee a symmetric radiation beam 

when the feed source is moved to the center position and symmetric 

tilted radiation beams for symmetric offset feed sources. 

  
B.  Comparisons of the beam-steerable performance of the 

three beam-steerable TA antennas.  

In this subsection, the performance of the beam-steerable TA 

antenna enabled by the offset unifocal phase symmetry is simulated 

and compared with the counterparts of unifocal and bifocal beam- 

steerable TA antennas in terms of realized gain, gain roll-off, and 

sidelobe level, verifying the validity of the offset unifocal phase 

symmetry in the improvement of beam-steerable performance. 

To have a fair and reasonable comparison, the phase-shifting phases 

of the three beam-steerable TA antennas are implemented with the 

same type of unit cells shown in Fig. 1(b), and the sizes of the three 

beam-steerable TA antennas, the distances between the phase-shifting 

surfaces and the phase center of the feed sources, and feed sources are 

all the same. The radiation patterns of each beam-steerable TA antenna 

are simulated and demonstrated when the feed source is offset by ± 20 

mm, ± 40 mm, and ± 60 mm. As seen in Fig. 4, all TA antennas can 

steer the main beams within a beam-scanning coverage of 60o (from - 

30o to + 30o). Tab. Ⅱ summaries some metrics of the three beam- 

steerable TA antennas at 25 GHz, the beam-steerable TA antenna 

enabled by the offset unifocal phase symmetry can achieve a higher 

realized gain (an average realized gain of around 29 dBi) compared to 

that (an average realized gain of 24.8 dBi) of the bifocal beam- 

steerable TA antenna and also result in a smaller gain roll-off (1.6 dB) 

compared to that (5.3 dB) of the unifocal beam-steerable TA antenna. 

The sidelobe levels (the worst value of -15.5 dB) of scanning beams of 

the beam-steerable TA antenna enabled by the offset unifocal phase 

symmetry are all better than the counterparts (the worst value of 

around -8.5 dB) of the unifocal and bifocal beam-steerable TA 

antennas. The cross-polarization (cross-pol.) levels of the three beam- 

steerable TA antennas are also checked in all cut planes at 25.0 GHz 

when the main beam is steered from 0o to 30o, where the worst 

cross-pol. level is still below -20.0 dB. When the cross-pol levels in the 

cut plane where the main beam is steered are only considered, they are 

Feed  

source 

Dominant 

phase shifts 

Ordinary 

phase shifts 
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quite low (below -100.0 dB) for the three beam-steerable TA antennas 

when the main beam is steered from 0o to 30o.   

Tab. Ⅱ also presents and compares the loss budgets of the three 

beam-steerable TA antennas when the main beam is steered from 0o to 

+30o. The loss budget mainly consists of spillover loss, illumination 

loss, the loss of phase-shifting surface (including the conduction loss, 

dielectric loss, and reflection loss.), and the loss of phase error. It 

should be mentioned here the spillover and illumination losses of the 

three beam-steerable TA antennas are the same when the feed sources 

are at the same displacements, which can be found in Tab. Ⅰ. As seen in 

Tab. Ⅱ, the total efficiencies of the three beam-steerable TA antennas 

are all over 89 % when the main beam steers from 0o to 30o, which can 

be evaluated from the losses of the phase-shifting surfaces that are all 

smaller than 0.51 dB. When the main beam is at the broadside 

direction, the phase error of the unifocal beam-steerable TA antenna is 

smaller than that of the bifocal and proposed beam-steerable TA 

antennas. With the main beam steering to a large angle, the relative 

phase error of the unifocal beam-steerable TA antenna increases 

significantly, while the bifocal and proposed beam-steerable TA 

antennas can maintain the phase error. Due to the bifocal phase 

synthesis fully balancing the phase error and spillover/illumination 

loss to maintain the minimal gain roll-off, the phase error of the bifocal 

beam-steerable TA antenna is relatively high. According to the 

realized gains of the unifocal, bifocal, and proposed beam-steerable 

TA antennas at 25.0 GHz, the corresponding aperture efficiencies are 

40.5 %, 11.0 %, and 28.5 %, respectively.  
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Fig. 4. The simulated radiation beams of the three beam-steerable TA antennas. 

(a). Unifocal beam-steerable TA antenna at 25.0 GHz. (b). Unifocal beam- 

steerable TA antenna at 28.0 GHz. (c). Bifocal beam-steerable TA antenna at 

25.0 GHz. (d). Bifocal beam-steerable TA antenna at 28.0 GHz.  (e). Offset 

unifocal phase symmetry enabled beam-steerable antenna at 25.0 GHz. (f). 

Offset unifocal phase symmetry enabled beam-steerable antenna at 28.0 GHz. 

 

Table. Ⅱ. Performance comparison and loss budget of the three beam-steerable 

TA antennas at 25.0GHz 

 Unifocal 

beam-steerable 

TA antenna 

Bifocal 

beam-steerable 

TA antenna 

Proposed 

beam-steerable 

TA antenna 

 

Realized 

gain 

31.5dBi at 0o 

30.3dBi at ±10o 

28.2dBi at ±20o 

26.2dBi at ±30o 

25.80 dBi at 0o 

25.77dBi at ±10o 

25.28dBi at ±20o 

24.4dBi at ±30o 

30.0dBi at 0o 

30.0dBi at ±10o 

29.7dBi at ±20o 

28.4dBi at ±30o 

 

Loss of 

phase-shifting 

surface 

0.51 dB at 0o 

0.37 dB at ±10o 

0.36 dB at ±20o 

0.34 dB at ±30o 

0.34 dB at 0o 

0.32 dB at ±10o 

0.35 dB at ±20o 

0.30 dB at ±30o 

0.34 dB at 0o 

0.32 dB at ±10o 

0.33 dB at ±20o 

0.32 dB at ±30o 

 

Phase 

error 

1.75dBi at 0o 

2.92dB at ±10o 

4.42dB at ±20o 

5.56dB at ±30o 

7.62 dB at 0o 

7.50 dB at ±10o 

7.35 dB at ±20o 

7.40 dB at ±30o 

3.42 dB at 0o 

3.28 dB at ±10o 

2.95 dB at ±20o 

3.38 dB at ±30o 

Gain 

roll-off 

5.3dB 

(-30o to +30o) 

1.4dB 

(-30o to +30o) 

1.6dB 

(-30o to +30o) 

 

Sidelobe 

level 

-28dB at 0o 

-17.5dB at ±10o 

-8.5dB at ±20o 

-9.5dB at ±30o 

-10.8dB at 0o 

-8.2dB at ±10o 

-11.4dB at ±20o 

-9.3dB at ±30o 

-17dB at 0o 

-17.5dB at ±10o 

-17.5dB at ±20o 

-15.5dB at ±30o 

 

Cross-pol. 

level 

-23.5dB at 0o 

-20.4dB at ±10o 

-20.1dB at ±20o 

-22.0dB at ±30o 

-25.1dB at 0o 

-21.2dB at ±10o 

-21.1dB at ±20o 

-20.3dB at ±30o 

-23.0dB at 0o 

-22.1dB at ±10o 

-21.5dB at ±20o 

-21.2dB at ±30o 

 

-30 -20 -10 0 10 20 30
22

23

24

25

26

27

28

29

30

31

32

 Unifocal

 Bifocal

 Proposed

R
ea

li
ze

d
 G

ai
n

 (
d

B
i)

Scan Angle (Deg)  
 

Fig. 5. Simulated realized gains of the three beam-steerable TA antennas with 

different scan angles at 25 GHz. 

 

To evaluate the effects of the offset unifocal phase symmetry on the 

bandwidth of the corresponding beam-steerable TA antenna, the 

radiation patterns of the three beam-steerable TA antennas at 28.0 

GHz are also presented in Fig. 4. It is observed that the beam-steerable 

TA antenna enabled by the offset unifocal phase symmetry can still 

realize a higher realized gain compared to that of the bifocal 

beam-steerable TA antenna, and a lower gain roll-off compared to that 

of the unifocal beam-steerable RA antenna as well. Also, the effects of 

the offset unifocal phase symmetry on the co-polarization (co-pol.) 

and cross-pol. levels of the corresponding beam-steerable TA antenna 

are checked. It is found that the co-pol. and cross-pol. levels can be 

maintained from 24 GHz to 28 GHz. Moreover, the realized gains of 

the three beam-steerable TA antennas with different scan angles at 25 

GHz are also plotted and compared as shown in Fig. 5, where the 

proposed beam-steerable TA antenna can offer higher realized gains 

when the scanning beam steers to a large angle.    

III. EXPERIMENTAL MEASUREMENT  

The three beam-steerable TA antennas described in Section Ⅱ have 
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been fabricated and measured to validate the effectiveness of the offset 

unifocal phase symmetry. The prototypes of the three beam-steerable 

TA antennas are shown in Figs. 6(a)-(c). The radiation patterns are 

measured in the anechoic chamber with a measurement step illustrated 

in Fig. 6(d). Some positioning holes are drilled on the fixture to offer 

exact displacements (e.g., ± 20 mm, ± 40 mm, and ± 60 mm) for the 

feed source to achieve the scanning and symmetric radiation beams. 

The reflection coefficients of the three beam-steerable TA antennas 

are all measured when the radiation beam directs to different directions. 

It is found that all reflection coefficients are below -10 dB from 22 

GHz to 33 GHz, which are not shown here for brevity.   

 

       
(a)                                        (b)                                        (c) 

        
(d) 

 
Fig. 6. Photographs and the measurement setup. The prototype of (a). The 

unifocal beam-steerable TA antenna. (b). The bifocal beam-steerable TA 

antenna. (c). The beam-steerable TA antenna enabled by the offset unifocal 

phase symmetry. (d). The measurement setup. 

 

The scanning beams of the three beam-steerable TA antennas are 

measured at 25.0 GHz. As seen in Fig. 7, the radiation beams of all 

beam-steerable TA antennas can be steered from 0o to ± 30o. The 

measured realized gain of the unifocal beam-steerable TA antenna is 

31.0 dBi at the broadside direction which is slightly smaller than the 

simulated result (31.5 dBi), the gain roll-off is around 5.1 dB which is 

very close to the simulation (5.3 dB), and the measured sidelobe levels 

of the scanning beams are -24.0 dB, -12.0 dB, -8.5 dB, and -10 dB as 

observed in Fig. 7(a). The measured gain roll-off of the bifocal 

beam-steerable TA antenna is around 1.3 dB, the maximum realized 

gain is around 25.0 dBi, and the measured sidelobe levels of the 

scanning beams at broadside and ± 10o are slightly higher than the 

simulated results as seen in Fig. 7(c). The measured realized gain of 

the beam-steerable TA antenna enabled by the offset unifocal phase 

symmetry is around 29.4 dBi at the broadside direction, the gain 

roll-off is 1.6 dB, and the measured sidelobe levels of the scanning 

beams are highly consistent with the simulated results as can be 

checked from Fig. 7(e). Moreover, the cross-pol. levels of the three 

beam-steerable TA antennas in the cut plane where the main beam 

steers are also measured and presented when the main beam is steered 

from 0o to 30o. As seen in Figs. 7(b), 7(d), and 7(f), the measured 

cross-pol. levels are all better than -22.5 dB for all scanning beams. 

The measured results presented in Fig. 7 sufficiently demonstrate that 

the beam-steerable TA antenna enabled by the offset unifocal phase 

symmetry can indeed achieve high realized gain, small gain roll-off, 

and suppressed sidelobe level.   

The realized gains of the three beam-steerable TA antennas versus 

frequencies are also measured and compared with the simulated results 

when the main beam is at the broadside direction and steered to 30o. 

The measured results are slightly smaller than the simulated ones as 

seen in Fig. 8. When the main beam is at the broadside direction, the 

unifocal beam-steerable TA antenna can offer maximum realized 

gains, while the beam-steerable TA antenna enabled by the offset 

unifocal phase symmetry outperforms the unifocal and bifocal TA 

antennas when the main beam is steered to 30o.  
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Fig. 7. The measured radiation patterns of the three beam-steerable TA 

antennas at 25.0 GHz. (a). Co-pol. of the unifocal beam-steerable TA antenna. 

(b). Cross-pol. of the unifocal beam-steerable TA antenna. (c). Co-pol. of the 

bifocal beam-steerable TA antenna. (d). Cross-pol. of the bifocal beam- 

steerable TA antenna. (e). Co-pol. of the offset unifocal phase symmetry 

enabled beam-steerable TA antenna. (f). Cross-pol. of the offset unifocal phase 

symmetry enabled beam-steerable TA antenna. 
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Fig. 8. The measured and simulated realized gains of the three beam-steerable 

TA antennas with frequencies. (a). The radiation beam at the broadside 

direction. (b). The radiation beam tilted 30o. 

 

When the feed source is located at the center of the phase-shifting 

Positioning 
holes 
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phase, the main beam is always at the broadside direction across the 

frequency band, while the directions of the main beams will be slightly 

different with frequencies when the feed source is offset. Here, the 

beam squints of the three beam-steerable TA antennas are checked 

when the feed source is offset by +/- 60mm, where the beam squints of 

the unifocal, bifocal, and proposed beam-steerable TA antennas are 1o. 

2o, and 2o from 24 GHz to 28 GHz, respectively.     

IV. DISCUSSION 

A. Generality of the offset unifocal phase symmetry.  

The concept of offset unifocal phase symmetry has turned out to be 

an effective solution to improve the performance of mechanically 

beam-steerable TA antennas from the simulations and measurements. 

According to the derivations of the offset unifocal phase symmetry 

presented in Section Ⅱ-A, it should be also applicable to mechanically 

beam-steerable RA antennas to improve the performance, where the 

numerically verified improvements also follow the results observed 

from the mechanically beam-steerable TA antennas.   

B. Extension of the concept of phase symmetry. 

The phase shifts shown in Fig. 3(d) are not symmetric along x= ± y, 

which will lead to asymmetric radiation performance when the feed 

source moves along the x- and y-direction. Here, the phase symmetry 

can be further adopted to make the phase shifts shown in Fig. 3(d) also 

symmetric with respect to x= ± y by imposing φ (i,j) = φ (j,i) when -100 

≤ i ≤ -1, 1 ≤ j ≤ 100, and |i|>j, therefore enabling the similar radiation 

beams when the feed source moves along the x- and y-direction. 

Moreover, the concept of phase symmetry can be further extended and 

leveraged to make some asymmetric components (e.g., electric field, 

phase, etc.) symmetric to obtain symmetric performance. 

V. CONCLUSION 

This paper introduces a concept of offset unifocal phase symmetry 

to improve the performance of mechanically beam-steerable TA 

antennas, which is also applicable to mechanically beam-steerable RA 

antennas. Three beam-steerable TA antennas have been simulated and 

measured to validate the effectiveness of the offset unifocal phase 

symmetry. The measured results agree well with the simulated results, 

where the beam-steerable TA antenna enabled by the offset unifocal 

phase symmetry can achieve a smaller gain roll-off than that of the 

unifocal beam-steerable TA antenna, higher realized gains than the 

counterparts of the bifocal beam-steerable TA antenna, and 

outperforms both unifocal and bifocal beam-steerable TA antennas in 

terms of the sidelobe levels of all scanning beams. 
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