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Abstract—In this manuscript, broadband transmitting 

metasurfaces are developed to enhance frequency-dependent 

beam scanning. A triple-gold-layer unit cell is designed for 

wideband transmissions with low losses and quasi-linear phase 

variations. Comprehensive analyses of phase-gradient 

metasurfaces are provided to enable high-efficiency and wide-

angle frequency scanning. For verifications, two metasurfaces 

with different phase gradients are simulated, manufactured, and 

measured. Continuous beam scanning performance has been 

demonstrated successfully from 80 GHz to 220 GHz, showing 

beam scanning ranges of 25° and 31.5° from two prototypes, 

respectively. Peak transmission efficiencies of 84% and 75% have 

been obtained from experiments. The results from simulation and 

measurement agree very well. The developed metasurfaces have 

many potential applications such as frequency-scanning terahertz 

(THz) imaging.      

 
Index Terms— Frequency scanning, transmitting metasurface, 

THz imaging. 

I. INTRODUCTION 

Terahertz (THz) waves (from 100 GHz to 10 THz) exhibit 

numerous unique properties [1]-[2], such as large bandwidth 

facilitating ultrahigh-data-rate communications, high 

penetration/transmission through a range of materials and 

objects, and spectroscopic responses to many materials, etc. 

Therefore, THz technology holds great potentials in 

applications for imaging and sensing [3]-[4], biological 

spectroscopy [5] in addition to wireless communications [6]-

[7]. Among these applications, THz imaging is of great 

importance for non-destructive detections, personnel and object 

security screening, and surveillance purposes [8]-[9].  

The conventional THz imaging systems mostly depend on 

mechanical scanning, resulting in low frame rates and long 

processing time [9]. To address this issue, THz frequency-

scanning antennas serve as one of the promising candidates 

[10]-[11], benefiting from the large available spectrum at THz 

band. They are passive devices that have frequency-dependent 

 
 

beams, i.e., the beam direction varies with frequency. On the 

other hand, THz phased arrays [12]-[13] and integrated lens 

antennas [14]-[15] can also provide beam-scanning 

performances. By using phase-shifting/spatial-shifting 

mechanisms, their beams can be tuned dynamically in a wide 

angular range at specific frequencies through external 

controlling systems. Different from the frequency-scanning 

antennas, the phased arrays and the integrated lens antennas are 

both active/reconfigurable devices, which may involve more 

complicated hardware configurations at the THz band [16]. 

Therefore, they are typically used in high-end communication 

and radar systems for wide-angle beam scanning in a relatively 

narrow operating band [17]. While the frequency-scanning 

antennas target for low-cost and low-complexity imaging 

systems, as demonstrated in [18]. This research focuses on 

developing a new frequency-scanning antenna to facilitate THz 

imaging applications.   

To date, a lot of efforts have been devoted to developing 

THz leaky-wave antennas due to their frequency-scanning 

capabilities [19]-[21]. However, transition structures are 

usually required to connect the feed ports and radiators of the 

leaky-wave antennas [22]-[23], leading to complicated and 

costly fabrications. Besides, their radiation efficiencies tend to 

be low due to propagation losses along the leaky-wave 

structures. To solve these problems, metasurfaces, composed of 

judiciously configured two-dimensional (2-D) periodic unit 

cells, serve as a good candidate for THz frequency scanning 

[24]-[25] due to their features of flexible beam manipulations 

[26]. They can provide high directivities with spatial-feeding 

mechanisms, thus enabling easy implementations and high 

resolutions. 

There are mainly two approaches to design frequency-

scanning metasurfaces. The first one is to apply direct pattern 

synthesis techniques to control its dispersion characteristics 

[27]-[28]. In [27],  the metasurface is assumed to be illuminated 

by a spherical wave, and its reflecting phase distributions are 

calculated for far-field synthesis of multiple beams at 

predefined frequency points. Five beams have been achieved 

from -5° to -35°, corresponding to five frequency points from 

200 GHz to 300 GHz. Despite its flexible and accurate beam 

synthesis, this design process is only suitable for discrete beam 

generations at defined frequency points. Another design 

method of the frequency-scanning metasurface is to employ 

gradient phase distributions [29]. It can enable continuous beam 
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scanning in a defined operating frequency band with planar-

wave illuminations. The key design challenge of this approach 

is that all unit cells need to maintain linear phase variations 

against frequencies with the same or similar slopes. In this 

context, there have been some advances for reflecting 

frequency-scanning metasurfaces [30]-[34]. For example, in 

[30], a double-mode split-ring unit cell is developed for linear 

phase variations on the metasurface. A wide beam-scanning 

range of 40° in a frequency band of 300-500 GHz was obtained 

with a maximal reflection efficiency of 76%. It should be noted 

that the reflecting metasurfaces are usually employed when the 

targets to be identified are in the same half space as the source. 

On the other hand, transmitting metasurfaces are another good 

candidate to achieve the frequency-scanning property, and their 

beam scanning angles can be designed at any desired directions 

in the forward space. Therefore, they are highly desirable in 

systems where the targets to be identified are in the other side 

of the metasurface with respect to the source. 

For the transmitting frequency-scanning metasurface, apart 

from the required linear phase variations, the unit cell should 

also provide low transmission losses to ensure high efficiencies. 

Besides, the desired characteristics of transmission amplitude 

and phase should be consistent in a broad frequency band to 

enable a wide beam-scanning range. To this end, only few 

works on the transmitting metasurface have been reported [35]-

[37]. In [35], a transmitting binary metasurface is presented, 

supporting beam scanning in an angular range of 12.5° from 

250 GHz to 300 GHz. The peak measured efficiency is 36.5%. 

In [36], two coding transmitting metasurfaces are designed at 

0.8-1.2 THz, showing beam-scanning ranges of 12° and 23° 

with peak efficiencies of around 67% and 45%, respectively. 

Moreover, eight cells are developed in [37] with a π/4 phase 

increment to enable anomalous refraction of a transmitting 

metasurface. The frequency-scanning functionality is obtained 

between 0.6-1.8 THz with an angular range of above 20°. The 

measured peak efficiency is 61%. Even though the beam-

scanning ranges and efficiencies in [36]-[37] have been 

increased, consistent beam radiation patterns are either not 

investigated or not achieved. This would limit their applications 

in practical imaging systems.  

In this work, broadband transmitting metasurfaces are 

developed at sub-THz band for high-efficiency and wide-angle 

frequency-dependent beam scanning. A triple-gold-layer unit 

cell based on double split rings is proposed to achieve low 

transmission losses from 115 GHz to 210 GHz. Continuous and 

quasi-linear phase variations have been obtained in this 

frequency band by tuning the radii of the two rings. Moreover, 

with the developed unit cells, comprehensive analyses of 

different propagation modes in metasurfaces are provided for 

high-efficiency frequency scanning. Finally, two metasurfaces 

covering different beam-scanning ranges are designed, 

fabricated and measured. Good agreement has been observed 

among theoretical analysis, electromagnetic (EM) simulation 

and experimental results. The two prototypes can support 

continuous beam scanning in ranges of 25° and 31.5° with 

measured peak efficiencies of 84% and 75%, respectively. 

Compared to other reported transmitting metasurfaces, this 

work achieves much higher transmission efficiencies with 

comparable or even larger beam-scanning ranges. Moreover, all 

the beam patterns show consistent shapes without any 

distortions. 

The rest of the paper is organized as follows. Section Ⅱ 

provides details of the developed unit cell model. A 

comprehensive analysis for frequency-dependent beam-

scanning metasurfaces is discussed in Section Ⅲ. The 

simulation and measurement results of different prototypes are 

provided in Section Ⅳ. Finally, a conclusion is drawn in 

Section Ⅴ.             

II. UNIT CELL DESIGN 

As sketched in Fig. 1, the metasurface studied consists of a 

number of unit cells with different transmission phases along y-

axis. They have a constant phase gradient of δ. For each column 

along x-axis, the unit cells have the same transmission phase. 

The physical periodicity of the unit cell is marked as P. Its 

radiation array factor along yoz plane can be obtained as 

𝐹1(𝜃) = ∑ 𝐸𝑞𝑒
−𝑗(𝑞−1)𝑘𝑃𝑠𝑖𝑛𝜃𝑖𝑒𝑗(𝑞−1)(𝑘𝑃𝑠𝑖𝑛𝜃+𝛿)𝑄

𝑞=1 ,              (1) 

where Q is the total number of the unit cell, k is the propagation 

constant in free space, θi is the angle of incident wave, Eq is the 

illumination amplitude of the q-th unit cell. 

 

Fig. 1 Schematic of a transmitting metasurface with a constant phase gradient.   

Considering a uniform illumination (Eq=1) and each unit 

cell radiates as an ideal point source, the transmitted beam angle 

θt1 can be calculated as 

𝜃𝑡1 = arcsin (sin 𝜃𝑖 −
𝛿+2𝑛𝜋

2𝜋𝑃𝑓
𝑐), n=0, ±1, ±2, …                 (2) 

where f is the operating frequency, c is the free-space light 

speed, and n represents different mode order. 

It can be noticed that the transmitted beam will scan 

continuously with respect to frequency if the phase gradient δ 

is independent of frequency. Therefore, the unit cells should 

have linear phase variations with the same or similar slopes. To 

achieve a wide operating bandwidth for a large scanning range, 

one would need to develop broadband transmitting unit cells 

with linearly variable transmission phases. 
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                     (a)                                     (b)                               (c) 

Fig. 2 Unit cell model. (a) 3-D view. (b) Model 1. (c) Model 2. 

To meet the abovementioned requirements, a triple-gold-

layer unit cell is developed on the substrate of Rogers 

RT/duroid 5880 (εr=2.3, tan δ=0.02 at 200 GHz [38]). As shown 

in Fig. 2 (a), the unit cell is composed of two asymmetric 

concentric rings sandwiched by two orthogonally configured 

strip arrays. The gold is represented by yellow color. The strips 

on bottom layer are along y-axis, enabling wideband x-

polarised transmission and y-polarised reflection. The middle 

layer functions as a polarisation convertor, i.e., the x-polarised 

wave from the bottom layer would be converted into y-

polarised one. The strips on top layer are along x-axis, 

transmitting y-polarised waves and reflecting x-polarised ones. 

As discussed in [39], this configuration can support broadband 

and high-efficiency transmissions due to Fabry-Perot-like 

resonances inside it. 

In our model, the middle layer for polarisation conversions 

is designed with considerations of both broadband 

transmissions and linear phase tuneability. It is composed of 

notched double rings with the same notch angle α yet different 

notched positions, as illustrated in Fig. 2 (b). The radii of the 

two rings are r1 and r2, respectively. The widths of both rings 

are the same as w. The notch on the outer ring is at -45° with 

respect to x-axis, while the notch on the inner ring is at 135°. 

This structure is denoted as Model 1. All parameters of this unit 

cell model are listed here: P=1 mm, h=0.508 mm, w=0.05mm, 

r1=0.4 mm, r2=0.18 mm. 3-D EM simulation software ANSYS 

HFSS is applied for unit cell analyses. Two pairs of periodic 

boundaries are assigned along x- and y-axes, respectively. Two 

Floquet ports are added along z-axis. For each port, two zeroth-

order orthogonal Floquet modes have been employed for 

analyses, namely TM00 and TE00 modes. They correspond to y-

polarised and x-polarised planar incident waves, respectively. 

We use a single frequency meshing at 200 GHz under adaptive 

meshing solution in HFSS. The maximum delta S is set as 0.005 

to measure the solution error and the maximum number of 

passes is set as 15 to ensure the solution finishes. A frequency 

sweep between 80 GHz and 230 GHz is added to assess the 

properties in the investigated bandwidth. The substrate material 

is defined with εr=2.3, tan δ=0.02. Two reference planes are 

applied at the top and bottom interfaces of the unit cell for S-

parameter characterizations.     

To enable phase variations, we tune the radii of the two rings 

simultaneously. The notch angle α is chosen as a fixed value of 

30°. The radii of the two rings are variables related to a factor 

ks, that is, r1=0.4ks mm, r2=0.18ks mm. The transmission phase 

can be tuned by varying the value of ks. The simulated 

transmission amplitudes and phases of Model 1 are plotted in 

Fig. 3 with the factor ks varied from 0.7 to 1. The transmission 

bandwidth for a greater than -3 dB amplitude is from 117 GHz 

to 165 GHz, and it is from 115 GHz to around 210 GHz for a 

greater than -5 dB amplitude. Besides, the transmission phases 

of different unit cells show quasi-linear responses to the 

frequency with similar slopes. At the frequency of 155 GHz, the 

phase range from Model 1 is -224°~-45°, covering 180°. To 

enable a 360° full phase tuning range, Model 1 is flipped along 

y-axis, producing another structure (Model 2) as shown in Fig. 

2 (c). The simulated transmission coefficients of Model 2 are 

shown in Fig. 3. Compared to the unit cell of Model 1 with the 

same physical parameter ks, the transmission phase of Model 2 

shows a 180° difference, without changing the transmission 

amplitude. This way, broadband transmitting unit cells have 

been realised with quasi-linear phase variations in a range of 

360°. The slopes of different phase curves in Fig. 3 remain 

constant when ks changes, promising the frequency-scanning 

capability of a transmitting metasurface. This stable phase 

response is attributed to the designed middle metallic structure 

of the unit cell and the accompanied phase-tuning mechanism. 

Besides, for each curve, the phase value decreases with 

frequency monotonically in the corresponding transmission 

band, showing dispersive responses. This is due to the Fabry-

Perot resonance.  

 
Fig. 3 Simulated transmission coefficients of the final design from both Model 

1 and 2. 

III. FREQUENCY-DEPENDENT BEAM-SCANNING MECHANISM 

Based on the developed unit cell in Section II, beam 

scanning responses of phase-gradient metasurfaces with respect 

to different frequencies are investigated. Denoting the 

metasurface configuration in Fig. 1 as Array A, under normal 

illuminations (θi=0), its transmitted beam angle can be 

calculated from (2). Beam angles of the fundamental mode (n=0) 

versus frequency for different phase gradients δ are shown in 

Fig. 4. It is found that a larger value of δ can provide a larger 

beam scanning range in a fixed frequency band. However, as 

shown in Fig. 4, when δ is greater than π/2, the first negative 

harmonic mode would appear and incur grating lobes, resulting 

in a low transmission efficiency of the main scanning beam. 

Therefore, in order to obtain a large beam scanning range 

without sacrificing the transmission efficiency, the phase 
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gradient should satisfy δ≤ π/2 and the unit cell should have a 

broad operating bandwidth. 

 

Fig. 4 Transmitted beam angles of Array A versus frequency for different phase 

gradients and different modes. 

  

Fig. 5 Schematic of a transmitting metasurface including periodic subarrays. 

Metasurfaces are usually designed with large electrical 

dimensions for high gains and narrow beamwidths. Based on 

the above analysis, it is not advisable to design a frequency-

scanning metasurface with a large number of unit cells within 

only one phase cycle (0-2π), as the phase gradient δ would be 

too small and the scanning capability would be weakened 

significantly. Therefore, the metasurface usually consists of 

several subarrays with repetitive phase cycles. As shown in Fig. 

5, each subarray contains Q unit cells covering one phase cycle, 

i.e., Qδ=2π. For clarity, the configuration of the whole 

metasurface including several periodic subarrays with a 

periodicity of QP is denoted as Array B. Considering Array B 

with S repetitive subarrays, its radiation array factor is 

calculated as  

𝐹2(𝜃) = ∑ 𝐸𝑠𝑒
−𝑗(𝑠−1)𝑘𝑄𝑃𝑠𝑖𝑛𝜃𝑖𝑒𝑗(𝑠−1)(𝑘𝑄𝑃𝑠𝑖𝑛𝜃)𝑆

𝑠=1 ,               (3) 

where Es represents the illumination amplitude of the s-th 

subarray. Under uniform illuminations (Es=1), the transmitted 

beam angle θt2 can be calculated as  

𝜃𝑡2 = arcsin (sin 𝜃𝑖 −
𝑚𝛿

2𝜋𝑃𝑓
𝑐), m=0, ±1, ±2, …                 (4) 

which contains different harmonic modes denoted by m. 

From (4), it is observed that Array B configuration also 

supports frequency-dependent beam scanning under higher 

order modes (when m≠0). As examples, Fig. 6 (a) and (b) show 

the transmitted beam angles of positive 1st and 2nd harmonic 

modes versus frequency for different values of δ, respectively. 

Similar to Array A, the larger value of δ is, the larger beam 

scanning range can be obtained in a fixed frequency band. 

 
(a) 

  
(b) 

Fig. 6 Transmitted beam angles of Array B versus frequency for different phase 
gradients. (a) Beam of +1st harmonic mode (m=1). (b) Beam of +2nd harmonic 

mode (m=2).    

For the whole metasurface in Fig. 5 with considerations of 

both Array A and B configurations, its radiation pattern should 

follow  

𝐹𝑚𝑒𝑡𝑎(𝜃) = |𝐹1(𝜃)𝐹2(𝜃)|.                                                 (5) 

Consequently, the scanning efficiency will be enhanced if the 

scanning beams from Array A and B can overlap with each 

other, i.e., θt1= θt2. Considering (2) and (4), one can obtain 

𝑚 = 1 +
2𝜋𝑛

𝛿
.                                                                           (6) 

One of the solutions for (6) is m=1 and n=0. This implies 

that the +1st order mode of (4) agrees with the fundamental 

mode of (2) regardless of the phase gradient δ. Another solution 

for (6) is m=-1 and n=-1 only when the phase gradient is δ=π. 

However, in this case, the beam from m=1 and n=0 also exists, 

which will reduce the transmission powers of main beams. 
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IV. PROTOTYPE SIMULATION AND MEASUREMENT 

A. Metasurface Simulations 

 
(a) 

  
(b) 

Fig. 7 Phase distributions on the two designed metasurfaces. (a) Meta. Ⅰ. (b) 

Meta. Ⅱ. 

Based on the previous analysis, to enable a high scanning 

efficiency, the fundamental mode of (2) should be chosen as the 

main scanning beam, which coincides with the +1st order mode 

of (4). Meanwhile, referring to Fig. 4, it is noticed that the 

higher order mode of (2) can be eliminated if the phase gradient 

satisfies δ<=π/2, thereby improving the main beam 

transmission efficiency further. Besides, the larger δ is, the 

wider beam coverage can be obtained. In this context, to 

demonstrate the frequency scanning capability in different 

angular ranges with high efficiencies, two metasurfaces Metas. 

I and II are investigated with phase gradients δ as π/3 and π/2, 

respectively. Following the configuration in Fig. 5, the 

subarrays of these two metasurfaces should contain six and four 

unit cells to cover a 2π range, respectively. The unit cell 

presented in Section II is utilized for modelling. For Meta. Ⅰ, it 

has a dimension of 18 mm×18 mm with 18×18=324 unit cells. 

The whole metasurface includes 3 subarrays along y-axis, 

where each subarray consists of 6 unit cells with a phase 

gradient of π/3. Its phase distribution is shown in Fig. 7 (a). For 

Meta. Ⅱ, it has a dimension of 20 mm×20 mm with 20×20=400 

unit cells. The whole metasurface includes 5 subarrays along y-

axis, where each subarray consists of 4 unit cells with a phase 

gradient of π/2. The corresponding phase distribution is given 

in Fig. 7 (b). Unit cell models with the desired transmission 

phases from Section Ⅱ are applied to implement the two 

metasurfaces. Gaussian beams in HFSS are assigned to 

illuminate them. The beam waists are calculated based on the 

experimental setup, with beam diameters of 22.3 mm, 25.5 mm 

and 26.7 mm in the three frequency bands of 80-110 GHz, 110-

170 GHz, and 170-220 GHz, respectively. Far-field radiation 

patterns are simulated and given in Fig. 9 (a) and (b) for Meta. 

Ⅰ and Ⅱ, respectively. It can be observed that the scanning range 

of Meta. Ⅰ is realised from -38° at 80 GHz to -13° at 220 GHz. 

For Meta. Ⅱ, the beam is scanning from -51.5° at 94 GHz to -

20° at 220 GHz. Please note that the beam of Meta. Ⅱ at 80 GHz 

is not discussed here due to its large radiation angle and being 

close to surface waves. 

B. Fabrication and Measurement 

 
(a) 

  
(b) 

Fig. 8 (a) Photograph of one fabricated prototype and measurement setup. (b) 

Diagram of the measurement setup. 

As a proof of concept, the aforementioned two metasurfaces 

have been fabricated and measured. Each metasurface consists 

of two laminated substrates of Rogers RT/duroid 5880. Each 

substrate has a thickness of 0.254 mm. The gold patterns on the 

substrates are realised using laser etching technology. The 

pictures of one sample and the measurement setup are shown in 

Fig. 8 (a). A schematic diagram of the experimental setup is 

shown in Fig. 8 (b). The sample is positioned at the center of a 

circular track with a radius of 0.5 m, while the receiver antenna 

moves along the arc for measurements at different angles. 0.5 

m is at the far field for Meta. Ⅰ from 80 GHz to 220 GHz. It is 

at the far field for Meta. Ⅱ at frequencies lower than 190 GHz, 

and is at the edge of far field and Fresnel region at frequencies 

greater than 190 GHz. We used the track with a 0.5 m radius 

(the only track available in our lab) to measure the radiation 

patterns for both metasurfaces from 80 GHz to 220 GHz. A 

collimated beam is generated at the transmitter end at various 

frequencies and radiates to the metasurface, then the transmitted 

power is detected by the receiver for efficiency and pattern 

measurements. Multiple frequency extenders are applied to the 

transmitter and receiver to cover the wide frequency range for 

measurement.  
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(a) 

 
(b) 

Fig. 9 Simulated and measured normalized radiation patterns. (a) Meta. Ⅰ. (b) 

Meta. Ⅱ. 

 
(a) 

 
(b) 

Fig. 10  Peak gains from simulation and measurement. (a) Meta. Ⅰ. (b) Meta. Ⅱ. 

The measured far-field radiation patterns of the two 

prototypes are normalized and compared with the simulated 

ones in Fig. 9 (a) and (b), respectively. Good agreement 

between simulation and measurement can be observed. There 

are only less than 1° differences in terms of 3-dB beamwidths 

from simulation and measurement, except for Meta. Ⅱ at 94 

GHz, where a slightly wider beamwidth than the simulated 

counterpart is found. The simulated and measured peak gains 

have been compared in Fig. 10. It is noticed that the results from 

simulation and measurement agree reasonably well. The peak 

gain continuously increases with frequency. This agrees with 

the property of frequency-scanning antennas, as the electrical 

size of the antenna aperture becomes larger when the frequency 

increases. It has measured 3-dB gain bandwidths of 34.7% from 

155 GHz to 220 GHz for Meta. Ⅰ and 22.8% from 175 GHz to 

220 GHz for Meta. Ⅱ, respectively.  

 
(a) 

 
(b) 

Fig. 11 Main beam angles versus frequency from theoretical analysis, 3-D 

simulation and measurement. (a) Meta. Ⅰ. (b) Meta. Ⅱ. 

Moreover, the main beam angles of the two prototypes 

versus frequency are plotted in Fig. 11 in terms of the results 

from theoretical analysis, EM simulation and measurement. 

They agree with each other very well. Besides, the transmission 

efficiency is calculated as the ratio of the transmitted power at 

the scanned angle and the measured reference power with a 

same-size hollow copper film. The measured transmission 

efficiencies of the two prototypes versus frequency are shown 

in Fig. 12. The peak efficiencies are obtained as 84% and 75% 

for Metas. Ⅰ and Ⅱ, respectively. It is noticed that the 
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transmission efficiencies at the bands of 85-110 GHz and 200-

220 GHz are low. This is due to the high transmission losses of 

the metasurface unit cell and the phase deviations from the ideal 

linear response at these frequencies. 

 

Fig. 12 Measured transmission efficiencies of the two prototypes versus 

frequency. 

A comparison is conducted in Table Ⅰ to visualize the 

frequency-scanning performances of this work and other 

reported THz transmitting metasurfaces. It is noticed that 

continuous beam scanning with stable radiation patterns in wide 

angular ranges has been achieved from the two developed 

metasurfaces, providing higher peak and average transmission 

efficiencies than other works. The higher efficiencies of the 

reported metasurfaces are obtained due to the employment of 

specifically determined mode orders and phase gradients. 

Furthermore, the relatively wide beam angular range is 

attributed to the developed broadband transmitting unit cell 

with quasi-linear phase variations. Compared to other designs, 

it has lower transmission losses and better linear phase 

responses in a much wider bandwidth, thus enabling a larger 

frequency-scanning range. Please note that the operating 

frequency band of 80-220 GHz is chosen considering the 

minimum dimensions of the employed unit cells for low-cost 

fabrications. This operating bandwidth is defined for achieving 

stable frequency-scanning beams with low sidelobes and non-

distorted radiation patterns, which is consistent with the 

standard employed in other references in Table Ⅰ. The design 

concepts for unit cells and metasurfaces can be applied to higher 

frequency bands. 

TABLE I 

FREQUENCY-SCANNING PERFORMANCES FROM DIFFERENT TRANSMITTING 

METASURFACES 

Ref. 

Operating 

frequency 

(GHz) 

Beam 

scanning 

range 

Efficiency 
(%) 

3-dB gain 

bandwidth 

(%) 

Continuous 

beam 

scanning 

[28] 225-325 14.3° / 22.5 No 

[35] 250-300 12.5° 20-36.5 / Yes 

[36] 800-1200 12°/23° 27-67 / Yes 

[37] 600-1800 >20° 30-61 / Yes 

This 

work 
80-220 25°/31.5° 20-84 34.7/22.8 Yes 

V. CONCLUSION 

Transmitting metasurfaces for high-efficiency wide-angle 

beam scanning with respect to frequencies are discussed. 

Broadband unit cells are designed for low transmission losses 

and quasi-linear phase responses. Different harmonic modes are 

analysed in frequency-scanning metasurfaces, facilitating high-

efficiency and wide-angle beam scanning. Two prototypes with 

different configurations have been manufactured and tested, 

showing good agreement with simulation results. Wide beam-

scanning ranges of 25° and 31.5° have been obtained from the 

two prototypes respectively in a frequency band of 80-220 

GHz. In addition, peak transmission efficiencies have been 

realised as 84% and 75% from the two prototypes, respectively. 

The proposed design methods for transmitting frequency-

scanning metasurfaces can be applied in advanced THz imaging 

systems. It should be noted that the current frequency scanning 

is only realised in one direction, and mechanical movement is 

still needed in another direction for imaging. More research 

efforts will be devoted to exploring 2-D frequency-scanning 

capability in our future research. 
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