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Abstract 

This paper presents a 2-bit programmable digital metasurface for real-time beam steering applications at X-band. 

Tunability of the metasurface is provided by employing a varactor in the unit cell structure to control each unit cell 

independently. This ability leads to achieve beam steering capability in both elevation and azimuth directions. The 

structure is designed so that the biasing circuit has no electrical connection to the MS ground. The equivalent circuit 

model of the unit cell is also presented to better investigate its physical behaviour. Furthermore, the effects of number of 

unit cells and states of reflection phase on far-field pattern are investigated. Finally, the numerical results are compared 

to analytical ones, where a good agreement between them is observed. 
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1. Introduction 

Metasurfaces (MSs) are two-dimensional structures 

consisted of periodic or quasi-periodic elements with 

subwavelength dimensions called unit cells. They can be 

used to manipulate electromagnetic (EM) waves with a 

profound controlling on their behaviour. MS structures 

have been used in many applications according to their 

special features. For example, an EM wave absorber was 

designed for reducing radar cross section in radar 

application [1] and another MS absorber was 

implemented in solar cell [2]. A MS was used for linear-

to-circular polarization conversion in antenna application 

[3] and another ultra-wideband polarizer was designed in 

[4]. A coding MS was designed for reflected beam 

steering of differently polarized terahertz waves in [5]. 

These MSs are based on resonant unit cells and 

therefore have limited operation bandwidth. Thus, the 

application of these MSs is fixed once they are 

implemented. Adding tunability to each unit cell provides 

a reconfigurable MS and expands the abilities and 

options of MS applications. There are various tuning 

mechanisms for controlling the EM wave response of the 

unit cells. For example, graphene and liquid crystal as 

material tuning, piezoelectric and MEMS switches as 

geometrical tuning, and Positive–Intrinsic-Negative (PIN) 

diodes and varactors as circuit tuning approaches. 

Graphene and liquid crystal change the dielectric 

coefficient of a unit cell through electrostatic biasing. 

Graphene is more suitable for applications in terahertz 

frequencies [6] and liquid crystals can be used at K-band 

and above. However, liquid crystals have slower 

response time compared to switches and varactors and 

are more difficult to implement [7]. The piezoelectric 

based methods allow limited flexibility proportional to 

the change in its physical size, which is its drawback [8]. 

Recently, the MEMS switches arouse attention due to 

their small size and linearity, but they have relatively 

slow switching time, compared to the PIN diodes [9]. 

PIN diodes as switch devices can connect or disconnect 

conductive elements on the unit cells or between them, 

thereby two different states of electrical properties of the 

unit cells can be provided. PIN diodes are conveniently 

integrated into standard PCB circuits, with fast switching 

time, high reliability, low cost, and low control voltage 

switches [10,11]. However, varactors as voltage-

controlled capacitances, can prepare more states than PIN 

diodes due to their continuous tuning capability [12]. 

Consequently, they are convenient for controlling the 

resonant frequency of SRRs [13], mushrooms [14] and 

other types of resonant unit cells. Furthermore, in [14] 

varactors have been employed to manipulate the phase 

response of the MS that can be controlled by applying 

various bias voltages. 

The reflection phase of reconfigurable MSs is one of 

the significant features for applications dealing with 

reflected EM waves, such as EM wave absorbers [13], 

reflectarray antennas [14], beam shaping and beam 

scanning antennas [14-18], lens-based antennas [19], 

imaging [6], cloaking [20], and holograms [21]. 

Moreover, simplifying the design procedure and 

convenient controlling of the unit cells, digital 

programmable MSs have been presented, which can be 

controlled by logic devices such as field-programmable 

gate array (FPGA) in [6,15,17,18,19,21]. Tie J. Cui in 

2014 has presented a digital MS with 1-bit controllable 

unit cells using PIN diodes in [16]. In this paper, a digital 
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MS with 2-bit controllable unit cell, which is the 

improved version of 1-bit unit cell proposed in [16], is 

presented to provide beam steering for both azimuth and 

elevation angles. In other words, the PIN diode of the unit 

cell in [16] is replaced by a varactor so that our proposed 

unit cell is able to cover four states of the reflection phase 

instead of two states. Furthermore, a new different 

biasing mechanism is proposed to provide beam steering 

in both directions. This way, compared to those structures 

with same application which have more tunable circuit 

elements in the unit cell, such as [17,18], our structure 

uses only one tunable circuit element that reduces total 

costs of metasurface implementation. Furthermore, the 

unit cell is designed to satisfy local tuning that each unit 

cell can be tuned independently from adjacent unit cells. 

The rest of this paper is structured as follows. The 

design procedure and the theoretical formulations of 

beam steering are presented in Section 2. In Section 3, an 

equivalent circuit model of the proposed MS and an 

analytical approach for analyzing the MS response are 

provided. Moreover, a discussion about parameters that 

affect the beam steering properties, and the simulation 

results compared to analytical ones for the evaluation are 

presented. In the last part of this section, the performance 

results of the proposed MS are compared using full wave 

and analytical simulations. Finally, the paper is 

concluded in section 4. 

 

2. Theory and Design 

To illustrate the design approach of MS with 2-bit 

controllable unit cells for beam steering applications, the 

theory formulation of the MS performance is desired. In 

Section 2.1, the formulations describing relation between 

the desired direction and the phase profile of MS, are 

developed. Next in Section 2.2 the design process of the 

MS is comprehensively described. Then, the proposed 

unit cell structure which provides four different states of 

the reflection phase is presented in Section 2.3. 

 

2.1. Generalized Reflection Law Formulation 

In beam steering applications, the direction of the 

reflected beam can be controlled by a variation in the 

phase profile of the reflective surface, as schematically 

depicted in Fig. 1. The formulation of the beam steering 

will be derived based on the generalized reflection law 

[24]. 

Considering the phase profile of the MS, the relation 

between incident �⃗⃗� 𝒊 and reflected �⃗⃗� 𝒓wave vectors can be 

obtained as: 

�⃗⃗� 𝒊 − �⃗⃗� 𝒓 = 𝛻𝜱(𝑥, 𝑦) (1) 

where, Φ(x,y) is the phase profile of the reflective surface 

in the x-y plane and 𝛻  indicates gradient operator. The 

reflected wave vector �⃗⃗� 𝒓 , according to the coordinate 

system shown in Fig. 1, can be written as: 

𝑘𝑟𝑥 = 𝑘𝑟 𝑠𝑖𝑛 𝜃𝑟 𝑐𝑜𝑠 𝜑𝑟 (2) 

𝑘𝑟𝑦 = 𝑘𝑟 𝑠𝑖𝑛 𝜃𝑟 𝑠𝑖𝑛 𝜑𝑟  (3) 

𝑘𝑟𝑧 = 𝑘𝑟 𝑐𝑜𝑠 𝜃𝑟 (4) 

The same formulation can also be applied to the incident 

wave. Eq. (1) can be separated into x and y components 

using (2-4) as: 

𝑘𝑟 𝑠𝑖𝑛 𝜃𝑟 𝑐𝑜𝑠 𝜑𝑟 − 𝑘𝑖 𝑠𝑖𝑛 𝜃𝑖 𝑐𝑜𝑠 𝜑𝑖 =
𝑑𝜱(𝑥, 𝑦)

𝑑𝑥
 

(5) 

𝑘𝑟 𝑠𝑖𝑛 𝜃𝑟 𝑠𝑖𝑛 𝜑𝑟 − 𝑘𝑖 𝑠𝑖𝑛 𝜃𝑖 𝑠𝑖𝑛 𝜑𝑖 =
𝑑𝜱(𝑥, 𝑦)

𝑑𝑦
 

(6) 

Considering normal incident wave (θi = φi = 0) on the MS 

in free space (ki = kr = 2π/λ0), and by solving (5,6), the 

elevation angle θr and azimuth angle φr of the reflected 

beam are obtained as: 

𝜃 = 𝑠𝑖𝑛−1(
𝜆0√(𝑑𝜱/𝑑𝑥)2 + (𝑑𝜱/𝑑𝑦)2

2𝜋
) 

(7) 

𝜑 = 𝑡𝑎𝑛−1(
𝑑𝜱/𝑑𝑦

𝑑𝜱/𝑑𝑥
) 

(8) 

which relates the phase profile of the MS to the direction 

of the reflected wave. 

 

2.2. Design Flow 

The design process of MS for beam steering application 

can be described based on (7,8). Calculation of the phase 

profile Φ(x,y) is needed to achieve the desired elevation 

and azimuth angles of the reflected wave. The phase 

profile is actually a discretised function, because each 

unit cell has a uniform phase shifting value over its 

dimension (p). To apply this condition, we consider ∆Φ, 

∆x and ∆y instead of dΦ, dx and dy in (5,6). Thus, the 

distance between unit cells with different states, ∆x and 

∆y, can be obtained using (5,6) as: 
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Fig. 1.  Design flow of the proposed 2-bit programmable MS: In clustering step, the discretised cluster sizes dcx, dcy 

are obtained using the desired direction of reflected beam. In gradient formation step, the phase profile of the MS is 

calculated, then using FPGA the biasing voltage of each cluster is applied 

 
(a) 

 
(b) 

 

Fig. 2.  Absolute values of (a) dcx and (b) dcy, as 

functions of desired direction of the reflected beam. 

 

∆𝑥 =
𝜆0∆𝛷

2𝜋 𝑠𝑖𝑛 𝜃𝑟 𝑐𝑜𝑠 𝜑𝑟

 
(9) 

∆𝑦 =
𝜆0∆𝛷

2𝜋 𝑠𝑖𝑛 𝜃𝑟 𝑠𝑖𝑛 𝜑𝑟

 
(10) 

Applying a value for the number of bits (n), the phase 

difference required in each unit cell would be: ∆𝛷 =
2𝜋/2𝑛. Substituting ∆𝛷 in (9,10), the cluster sizes of cx

 

and cy that are number of a collection of adjacent unit 

cells with same state, can be obtained as: 

𝑐𝑥 = 𝜆0 (2𝑛 𝑠𝑖𝑛 𝜃𝑟 𝑐𝑜𝑠 𝜑𝑟)⁄  (11) 

𝑐𝑦 = 𝜆0 (2𝑛 𝑠𝑖𝑛 𝜃𝑟 𝑠𝑖𝑛 𝜑𝑟)⁄  (12) 

Since the unit cells have fixed dimensions, the discretised 

cluster size or the required number of unit cells in a single 

cluster is easily calculated as: 

𝑑𝑐𝑥 = ⌊
𝑐𝑥

𝑝
⌉    ,   𝑑𝑐𝑦 = ⌊

𝑐𝑦

𝑝
⌉ (13) 

where ⌊ ⌉ is the rounding operation. Considering ∆x = mp 

(m = 1, 2, …, M) and ∆y = np (n = 1, 2, …, N), where M 

and N are respectively the total number of unit cells in the 

x and y directions. The phase profile Φ(m,n) can then be 

expressed as: 

𝜱(𝑚, 𝑛) =
2𝜋

2𝑛
× [(⌊

𝑚

𝑑𝑐𝑥

⌉ + ⌊
𝑛

𝑑𝑐𝑦

⌉)%2𝑛] (14) 

where % is the modulo operation. 

The full design process of a 2-bit digital MS is 

summarized in Fig. 1. In the clustering step the desired 

direction of the reflected beam {𝜑𝑟 , 𝜃𝑟}  is applied to 

(11,12) and then the discretised cluster size {𝑑𝑐𝑥 , 𝑑𝑐𝑦} 

can be obtained using (13). The gradient formation of the 

phase profile on MS, Φ(m,n) can be achieved using (14). 

Finally, the bias voltage of each unit cell, according to 

the phase profile, is applied using a logic device such as 

FPGA to the biasing circuit that is implemented on the 

back plane of the MS. 

Figure 2 shows absolute values of dcx and dcy as 

functions of the desired direction of the reflected beam 

for a normally incident plane wave. As it can be seen, for 

some cases of 𝜃𝑟  and 𝜑𝑟 , the number of unit cells in a 

single cluster goes to infinity which means that the phase 

profile has no variations in the particular axis. However, 

in some directions where cx or cy are smaller than p, the 

distance parameters of dcx or dcy would be zero, which are 

not feasible and also limits the upper range of states. 

 

2.3. The Proposed Unit Cell Design 

The proposed tunable unit cell structure is inspired from 

[16]. As shown in Fig. 3, this structure is composed of 

two patches etched on a substrate with 𝜀𝑟=2.2 and 2 mm 

thickness (rogers RT5880) on a ground plane. Patches 

and ground are made up of copper with 0.017 mm 

thickness. A MAVR-011020-1141 varactor is deployed 

between two patches. The varactor has constant gamma 

(γ) factor in the range of the biasing voltage which 

provides linear tuning capability [12]. 
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(a) (b) 

Fig. 3.  Unit cell structure (a) perspective view, (b) top 

view and dimensions 

 

Compared to [16], a different biasing mechanism is used 

here. Biasing mechanism in [16] is provided through vias 

by a DC voltage connected to the ground plane and two 

leads of PIN diode separated by a gap in the ground plane. 

The shape of the ground in [16], indicates that all unit 

cells in a same column are biased simultaneously but 

independently in rows. Therefore, regardless of 

limitation of number of states that limits the application, 

in beam steering application using such biasing 

mechanism, this design can only change the direction of 

reflected beam only in elevation or azimuth angle but not 

both. 

Here, in the proposed structure, an entire metallic 

sheet with two holes is used as ground of the unit cell. 

These holes are adjusted for biasing the varactor through 

the vias separately and without electrical connection to 

the ground, to have beam steering in both directions. The 

radius of these holes is chosen twice bigger than radius 

of vias. One important point about the proposed unit cell 

is that it is uses only one tunable circuit element that 

reduces costs of MS implementation compared to those 

structures with same application which have more 

tunable circuit elements in the unit cell [17,18]. 

The selected varactor can provide a variable 

capacitance with range of 0.025 pF to 0.19 pF 

corresponded to 15 V and 0 V bias voltages respectively, 

with parasitic impedances. Thus, to find different states 

of the unit cell for beam steering application, four 

different cases corresponded to four different bias 

voltages of the varactor have been simulated. The full-

wave simulation results are obtained using the 

commercial software CST Microwave Studio 2019. 

The reflected amplitudes and phases of the structure in 

four cases are depicted in Fig. 5. The polarization of 

incident and reflected wave is according to Fig. 3(b). As 

can be seen, at 9 GHz centre frequency, this unit cell 

covers four states of the reflected phase (“00”, ”01”, ”10” 

and “11” states) which are approximately 0, 90, 180 and 

270 degrees, by applying different bias voltages. Values 

of bias voltages and total capacitances related to different 

states are mentioned in Table I. 

 

Table I. States and characteristics of the unit cell 

 State 00 State 01 State 10 State 11 

     

Phase (°) 0 90 180 270 

Ct (pF) 0.058 0.025 0.11 0.072 

Vb (V) 6 15 2 4 

 

3. Results and Discussion 

This section is devoted to the analyzing and 

modelling of the proposed structure. In section 3.1, an 

equivalent circuit model of the unit cell is provided to 

describe the physical structure using circuitry elements. 

In section 3.2, the analytical approach for analyzing the 

response of the MS with a comprehensive discussion 

about the effects of number of unit cells and states, on the 

far-filed pattern is provided. Finally, to evaluate the 

design process introduced in section 2.2, a comparison 

between numerical and analytical simulation results of 

beam steering is presented in section 3.3. 

 

3.1. Equivalent circuit model 

Here, an equivalent circuit model of the unit cell is 

provided to describe the physical behavior of the 

structure using circuit components, as depicted in Fig. 4. 

In this model, the media of propagation of the incident 

plane waves is modelled by a transmission line with 

characteristic impedance of 𝑍0 = 𝜂0 = 377 ohms. The 

patch structure of the unit cell behaves as RLC circuit and 

the implemented varactor is placed parallel to the 

capacitance. 

According to [13], the substrate is modelled as an 

inductor Ld and the end of the circuit is loaded by a short 

circuit because of the presence of the ground plane. 

Therefore, the impedance Z(ω) represents the surface 

impedance of the unit cell. The parasitic impedances of 

the varactor are considered in series resistance and 

inductance (R and L). Values of each parameter of circuit 

model for different states are mentioned in Table II. It 

should be noted that although there are approximate 

formulas for calculating the values of the model, but 

exact values are extracted using the optimization and 

tuning by a circuit simulator (Advanced Design System 

(ADS)). 

 

 
Fig. 4.  The proposed circuit model of the unit cell 

 
(a) 
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(b) 

Fig. 5.  Comparison of (a) reflection phase and (b) 

reflection amplitude, of full wave simulation results 

(using CST) and equivalent circuit model (using 

ADS) of the proposed unit cell in different states. 

 

Table II. Parameter values of circuit model 

 State 00 State 01 State 10 State 11 

     

R (Ohm) 3.825 2.8 8.742 4.95 

C (pF) 0.001 0.001 0.001 0.001 

Cv (pF) 0.034 0.0314 0.04 0.038 

L (nH) 6 4.5 7.6 6 

Ld (nH) 2.9 2.9 2.9 2.8 

 

The reflected amplitude and phase of the equivalent 

circuit model compared to full wave simulation results 

obtained by CST are depicted in Fig. 5. As can be 

observed, the introduced circuit effectively models the 

behaviour of the proposed unit cell in the entire band and 

therefore can be used to predict and analyze the 

behaviour of the proposed unit cell.  

 

3.2. Analytical Approach 

This subsection is aimed to present the analytical 

formulation of far-field scattering pattern of the MS, 

F(φ,θ) .  From antenna array theory [15] on can write: 

𝑭(𝜑, 𝜃) = 𝒇𝑬(𝜑, 𝜃) × 𝒇𝑨(𝜑, 𝜃) (15) 

where 𝒇𝑬(𝜑, 𝜃) and 𝒇𝑨(𝜑, 𝜃) are element factor (pattern 

function of single unit cell) and array factor (pattern 

function of unit cell arrangement), respectively. By 

assuming an M×N MS with element factor as dipolar 

scatterer, i.e. 𝒇𝑬(φ, θ) = cos 𝜃  [19], and the phase 

profile Φ(m,n) to be exactly either 0, 90, 180, or 270 

degrees, F(φ,θ) can be obtained as: 

  
(a) 

  

(b) 

  
(c) 

Fig. 6.  The phase profile and the normalized far-field 

scattering pattern of MS with: (a) M = N = 10, n = 1, 

(b) M = N = 20, n = 1, (c) M = N = 20, n = 2. 

 

𝑭(𝜑, 𝜃) = 𝑐𝑜𝑠 𝜃 ∑ ∑ 𝑒𝑥𝑝(−𝑗[𝜱(𝑚, 𝑛)

𝑁

𝑛=1

𝑀

𝑚=1

+ 𝑘𝑝(𝑚 − 0.5) 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜑
+ 𝑘𝑝(𝑛 − 0.5) 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜑]) 

(16) 

 

To investigate effects of number of unit cells (M and 

N) and number of states (n) on the far-field scattering 

pattern, the F(φ,θ) function calculated for different 

values of these parameters using (16). 

Figure 6 shows different phase profile and normalized 

far-field patterns which in all cases the normally incident 

plane wave and θr = 30°, φr = 45° have been considered. 

It can be understood from Fig. 6 that the beamwidth 

decreases by increasing number of unit cells (M and N). 

It also can be seen that the level of grating lobes decreases 

by increasing the number of states. Another important 

point from Fig. 6 is that for beam steering capability, the 

number of states must be selected more than two (n > 1). 

 

3.3. Numerical Results 

In the previous subsection, the unit cells are assumed to 

have fixed reflection phases and unit reflection 

amplitudes and then, the far-field pattern calculated 

analytically. To evaluate the beam steering applicability 

of the MS in the real world, i.e., with distributed 

reflection phase and amplitudes of unit cells and also 

assuming interference between them, the full wave 

simulation for a MS with 20 × 20 unit cells which 

introduced in section 2.3, is presented. There are two 

cases to evaluate this design: Case 1: beam steering in θ 

direction. Case 2: beam steering in φ direction. 

Therefore, four different θr values for case 1 and four 

different φr values for case 2 are considered as the desired 

directions of the reflected beam. The analytical and 

numerical (full wave simulation) results of normalized 

far-field patterns are depicted in Fig. 7 and Fig. 8, 

respectively. In all cases normally incident plane wave is 

considered. It can be seen from Fig. 7(a-d) and Fig. 8(a-

d) for case 1 that the θr of the main beam steered 

approximately from 0° to 60° by 20° steps. Also, Fig. 

7(e-h) and Fig. 8(e-h) shows that φr steered almost from 

40° to 310° by 90° steps for case 2. 
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Fig. 7.  The normalized far-filed scattering pattern of analytical results of (left column) case 1 with (first row) θr = 0°, 
(second row) θr = 20°, (third row) θr = 40°, (fourth row) θr = 60° and consant φr = 135° as desired directions, and (right 

column) case 2 with (first row) φr = 40°, (second row) φr = 130°, (third row) φr = 220°, (forth row) φr = 310° and consant 

θr = 30° as desired directions. 

 

 
Fig. 8.  The normalized far-filed scattering pattern of numerical simulation results of (left column) case 1 with (first 

row) θr = 0°, (second row) θr = 20°, (third row) θr = 40°, (forth row) θr = 60° and consant φr = 135° as desired directions, 

and (right column) case 2 with (first row) φr = 40°, (second row) φr = 130°, (third row) φr = 220°, (forth row) φr = 310° 
and consant θr = 30° as desired directions. 
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(a) 

 
(b) 

Fig. 9.  The normalized far-field scattering patterns of 

numerical and analytical simulations of (a) case 1 

with θr = 0°, 20°, 40°, 60° and consant φr = 135° and 

(b) case 2 with φr = 40°, 130°, 220°, 310° and consant 

θr = 30° desired directions. 

 
Figure 9 (a) and (b) respectively illustrate normalized 

far-field scattering patterns corresponding to constant φ 

values for case 1 and constant θ values for case 2. As can 

be seen, there is fair agreement between analytical and 

numerical results. However, in the numerical results, 

more side lobes along with main lobe have been appeared 

as a consequence of the interference between unit cells. 

Also, main beam directions in these results have been 

slightly deviated from the desired directions which occur 

at a result of discretization of the phase profile. The 

desired and simulated main beam directions with the 

steering error evaluated as the difference between desired 

and achieved main beam direction for each case are given 

in Table III. As can be observed in this table, the steering 

error is not exceeded from 5o in the worst case.  

 

 
(a) 

 
(b) 

Fig. 10.  The MS designed for RCS reduction: (a) the 

phase distribution and (b) normalized farfield pattern 

 

The proposed unit cell in this paper can be also 

applied for the application of radar cross section (RCS) 

reduction. So, here we present the results of this feature.  

Table III. Performance Results 

 Beam Steering in 𝜃 Beam Steering in 𝜑 
Case 1-a Case 1-b Case 1-c Case 1-d Case 2-a Case 2-b Case 2-c Case 2-d 

         

Desired Direction 

{𝜑𝑟(°), 𝜃𝑟(°)} 
{- , 0} {130,20} {130,40} {130,60} {40,30} {130,30} {220,30} {310,30} 

Achieved main beam 

{𝜑𝑟𝑎(°), 𝜃𝑟𝑎(°)} 

Anal. {- , 0} {128,21} {135,39.5} {135,62} {39,26} {129,26} {219,26} {309,26} 

Num. {- , 0} {130,22} {135,38} {136,64} {40,32} {129,35} {220,32} {308,34} 

Error of direction 

{𝐸𝑟𝑟𝜑(°), 𝐸𝑟𝑟𝜃(°)} 
Anal. {- , 0} {2,1} {5,0.5} {5,2} {1,4} {1,4} {1,4} {1,4} 

Num. {- , 0} {0,2} {5,2} {6,4} {0,2} {1,5} {0,2} {2,4} 

The RCS is defined as the ratio of the backscattered wave 

to the incident wave. One RCS reduction technique is to 

guide the reflected wave to other directions that do not 

point to the receivers. The RCS reduction in [16] is based 

on this technique and it is obtained using the chessboard 

pattern of the phase profile of MS. Therefore, we present 

the results of RCS reduction of our proposed MS by this 

approach. The phase profile is chosen to be chessboard 

pattern as depicted in Fig. 10(a) and the normalized 

farfield pattern of the MS according to normal incident is 

shown in Fig. 10(b). As it can be seen the power of 

reflection wave is splitted and scattered from the 

broadside angle into other angles. 

 
4. Conclusion 

This paper proposes a 2-bit programmable MS 

structure by means of varactors for 2D beam steering 

application at 9 GHz frequency. Beam steering is 

achieved in both elevation and azimuth directions by 

independently controlling the unit cells in a digital 

manner. The unit cell structure presented in this paper can 

be tuned locally and independent from adjacent unit cells. 

It is shown that for beam steering, unit cells must provide 
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more than two phase states and the beam width can be 

reduced by using more unit cells (bigger MS size). An 

equivalent circuit model of the unit cell is provided. The 

numerical and analytical simulation results are presented 

to evaluate the design process and a good agreement 

between them is achieved. 
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