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Abstract—A simple structure of reconfigurable unit cell is 
proposed for 1-bit transmitarrays in the C-band. It consists of 
two square ring patches capacitively coupled to U-shaped 
microstrip resonators, all implemented on a 5-layer printed 

circuit board. The resonators on one side of the unit cell are 
connected to the resonators on the other side through vias. The 
structure can operate on dual linear polarized waves and 

features minimum number of vias, low insertion loss and a 2.8% 
fractional bandwidth. The change of the phase state between 0° 
and 180° is implemented with PIN diode switches. The unit cell 

simulation results are validated by measurements of a stand-
alone unit cell in a rectangular waveguide. In both phase states, 
the transmission and reflection coefficients have very similar 

values with the minimum insertion loss of 1.7 dB and 1.9 dB at 
5.9 GHz in the phase states of 180° and 0°, respectively. 
Application of the proposed unit cell for 1-bit reconfigurable 

transmitarrays is discussed and the effects of the phase 
quantization are evaluated numerically.  

Index Terms—Antenna arrays, lens-array antennas, one-bit 

beamforming, transmitarrays  

I.  INTRODUCTION 

Electronically reconfigurable high-gain antenna arrays 

constitute a core technology of the advanced wireless 

communication, surveillance and imaging systems. 

Conventional phased antenna arrays traditionally employed 

complex multi-stage waveguide or printed planar feed 

networks, which entails increasing antenna size, cost and 

losses for large antenna apertures. Due to the spatial feeding 

technique, transmitarrays and reflectarrays have emerged as a 

viable alternative to the conventional architectures for high-

gain antenna arrays, [1]-[2]. A number of practical solutions 

for electronically reconfigurable transmitarrays have been 

proposed, including those based on the layered-scatterer 

approach and antenna-filter-antenna (AFA) approach, [3]-[4]. 

Alongside the transmitarray architectures, the array feed 

techniques have also been investigated, resulting in the 

development of low-profile integrated antenna arrays, [5].  

A typical AFA transmitarray architecture is shown in 

Fig. 1. The transmitarray is represented by an arrangement of 

half-wavelength unit cells illuminated by a focal plane source. 

More than one focal plane sources can be envisioned for 

spatial division multiplexing [6]. Each unit cell of the 

transmitarray consists of receiving and transmitting antennas 

connected through a phase-shifter. Alternatively, the antennas 

could be coupled to each other asymmetrically, depending on 

the required phase shift, and the specific coupling mode is 

selected by low-loss RF switches.  

Multilayer stacked printed circuit board (PCB) technology 

facilitates the design of large aperture transmitarrays. The 

interlayer connections can be implemented with the plated 

vias or, preferably, by aperture coupling, [1]. Essentially, the 

simplest transmitarray operates as a flat lens transforming the 

diverging spherical wavefront of a focal plane source into a 

collimated beam propagated in specified direction with 

respect the structure principal axis. The outgoing beam can, in 

principle, be steered in real-time by tilting the feed antenna 

aperture, but it has been shown that changing the phase shift 

distribution across the array surface provides a more efficient 

means of beam-steering, [7].  

Various physical approaches to the antenna 

reconfigurability have been investigated, including the use of 

varactor diodes, solid state and MEMS switches, nonlinear 

dielectrics, such as nematic liquid crystal, vanadium dioxide, 

ferroelectric ceramics and electrochromic materials, as well as 

microfluidic and plasma elements [8]-[10]. Although the use 

of nonlinear materials and variable capacitors allows for 

continuous tuneability of the adaptive arrays, it inevitably 

leads to increased insertion loss, layout complexity and array 

response time. Recently emerged one-bit reconfigurable 

transmitarrays, [11], employing a low-loss fast PIN diode 

 

Fig. 1. Geometry of the transmitarray antenna. 



switches proved to be capable of leveraging the array 

complexity and insertion loss, while efficiently minimizing 

the beamforming impairments caused by the phase 

quantization, [12].  

This paper contributes a new design of C-band 1-bit 

reconfigurable unit cell and theoretical analysis of the 

transmitarray based thereupon. The new reconfigurable unit 

cell is implemented in the 5-layer PCB technology with the 

receiving and transmitting antennas represented by 

rectangular ring parasitic patches loaded by U-shaped 

resonators, where the resonators in different layers are 

connected to each other through the buried vias. Changing the 

coupling point of the resonators with the aid of SPDT switches 

allows shifting the local phase of the outgoing wave from 0° 

to 180° and vice versa, thereby providing 1-bit beam steering 

capability of the transmitarray. Simulated and measured 

results of the unit cell phase characteristics are discussed in 

Section II. The antenna array design using the new 1-bit unit 

cell is outlined and its beamforming characteristics are 

simulated in Section III.  

II. 1-BIT TRANSMITARRAY UNIT CELL DESIGN  

A. Linear Polarized Unit-Cell Design  

The proposed transmitarray unit cell is implemented as a 

stacked 5-layer structure, Fig.2. The unit cell contains two 

parasitic patches with square defects. The patch defect is 

aimed to increase the electric current path length, thus 

allowing significant reduction of the patch size for a given 

operating frequency. Each defected square-ring patch is 

inductively loaded by a U-shaped half-wavelength microstrip 

resonator. The two resonators are connected to each other by 

a buried via. The receiving and transmitting layers of the unit 

cell are decoupled by the ground plane placed in the middle 

layer. The metallic patterns are formed on 4 dielectric layers 

of 0.51 mm thick Rogers RO4003 material (εr = 3.5, 

tanδ = 0.0018). The two layers of 0.1 mm bonding film 

Rogers RO4003C (εr = 3.38) are used to attach the layers of 

RO4003 to each other. The size of the unit cell is 

20 mm  20 mm. 

In the proposed unit cell, a 180° phase shift can be realized 

by changing the feed point of the U-shaped resonator on the 

receiving side of the transmitarray from one end of the 

resonator to the other, as shown in Fig.3(a). The switch state 

determines the direction of the current flow in the U-shaped 

resonator and in the patch on the receiving part. The state 

when the resonators at the receive and transmit sides are 

connected at the same end is referenced as a 0° state, because 

the currents flowing in the patches are codirectional. For the 

opposite case, i.e., when the resonators are connected at the 

different ends, the currents in the patches flow in opposite 

directions and the phase shifts by 180° with respect to the 

previous case.  

 

The results of the full wave electromagnetic simulations 

with CST Microwave Studio are shown in Fig. 3(b) for the 

square patch of length p = 12.3 mm and the defect size 

d = 4.2 mm. In the passband of the structure, 5.7 - 5.86 GHz, 

the differential phase shift equals 180° and the simulated 

 
(a) 

 
 (b) 

Fig. 2 Proposed 1-bit linear polarized unit-cell structure (without 
switching): (a) trimetric view, and (b) cross-sectional view showing the 5-

layer PCB structure.  

 
(a) 

 
(b) 

Fig. 3. Differential phase shiff in the linear polarized 1-bit unit cell: (a) 
schematic view of the current flow in the patch antenna for different 

positions of the feed point and (b) simulated scattering parameters of 

a stand-alone unit cell for 180° and 0° phase states (without the PIN 

diode switches and bias lines).  
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insertion loss is below 2 dB. It should be noted that the central 

frequency passband response is identical for the two states. 

Independent control of the switch states of each unit cell of the 

transmitarray allows different phase distributions and thus 

provides beam steering capability.  

B. Dual Polarized Unit Cell Design 

The previous design of the 1-bit unit cell was aimed at 

single linear polarized waves with the polarization state 

determined by the position of the resonators. Using two 

resonators at the orthogonal arms of the square-ring patch, 

see Fig. 4(a), allows dual polarized and circular polarized unit 

cell designs, [13]. The simulated results of the C-band dual 

polarized unit cell are shown in Fig. 4(b). In the same manner 

as the single linear polarized unit cell, c.f., Fig. 3(b), the dual 

polarized unit cell in Fig. 4 provides a 180° differential phase 

shift for vertical and horizontal polarization in the 10-dB 

passband of 160 MHz. The effects of the PIN diodes and bias 

lines proved to be negligible in simulations. When used within 

the transmitarray structure, the number of the bias lines per 

unit cell will increase, depending on the antenna aperture, but 

our simulations suggest that up to 10 bias lines can be safely 

fit in the unit cell structure without noticeable effect on the 

beamforming performance.  

To confirm the simulation results, the dual polarized unit 

cell prototype was fabricated and measured is a rectangular 

waveguide, see Fig. 5. The custom-design rectangular 

waveguide with a cross section of 48 mm × 24 mm was used 

for the measurements, Fig. 5(a). The measurements were 

carried out using a Rohde & Schwarz ZNB20 vector network 

analyzer. The unit cell phase switching was verified by 

measuring two samples of stand-alone unit cells whose 

topologies differed by the direction of excitation of the U-

shaped resonators at the transmitting part. The simulation 

results are in a good agreement with the measurements, see 

Fig. 5(b). The experimental results exhibit a higher insertion 

loss due to unaccounted attenuation in the coaxial-waveguide 

junction, which was measured separately and amounted to 

about 1 dB. The transmission and reflection coefficients are 

very similar in both states with the minimum insertion loss 

being 1.7 dB and 1.9 dB for the phase states 180° and 0°, 

respectively. The passband at 10 dB return loss is 160 MHz. 

The next section provides essential design and simulation 

results for a 10  10 unit cell transmitarray implemented with 

a generic 1-bit unit cell, which can be one of the two designs 

proposed above.  

III. TRANSMITARRAY RADIATION PATTERN SIMULATION 

In the transmitarray, the fields received by each unit cell 

normalized to the transmitted power is given by  

 
(a)  

 
(b) 

Fig. 4. Dual polarized 1-bit unit cell: (a) the unit-cell structure with PIN 
diodes and bias network and (b) simulated scattering parameters of a 

stand-alone unit cell for two orthogonal polarizations and the phase 

states of 0° and 180° (including the PIN diode switches and bias lines). 
In (b), the solid and dashed curves for the magnitude corresond to the 

0° and 180° phase states, respectively, whereas the solid and dashed 

curves for the differential phase correpspond to the vertical and 

horizontal polarizations of the incident wave, c.f., Fig. 5.  

 

 
(a) 

 
(b)  

Fig. 5. Meassurement of the dual polarized 1-bit unit cell: (a) the 

fabricated waveguide insert with the stand-alone unit cell, and (b) 

measured scattering parameters for the vertical polarization (solid lines 
of the magnitude correspond to 0° and the dashed lines to 180° phase 

states, respectively).  
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where n = 1, 2,…, N and m = 1, 2,…, M are the row and 

column indexes of the array which determine the position of 

each unit cell with respect to the reference one, k is a free-

space wavenumber,  is the operating frequency, 
fs

nmF  is the 

complex radiation pattern of the focal plane source in the 

direction of the unit cell (n, m), 
uc

nmF  is the complex radiation 

pattern of the unit cell (n, m) in the direction of the focal plane 

source and nmR  is the distance between the focal plane 

source and the unit cell (n, m). 

The radiation pattern of the transmitarray,  ,F   , can 

be calculated as the vector sum of the fields radiated by each 

unit cell, while taking into account their scattering 

parameters: 

     sin cos sin sin

1 1

, ,
N M

jkd n muc

nm

n m

F F b e
   

   


 

  , (2) 

where  ,ucF    is the radiation pattern of a unit cell in the 

periodic array, nm nm nmb T a  are the radiated fields and nmT  

the unit cell transmission coefficients. 

 

It should be noted that the maximum gain of the 

transmitarray is limited by power efficiency, which also 

includes the spill-over loss, and the optimal focal distance of 

the transmitarray depends on the radiation characteristics of 

the feeding antenna. 

Using (2), a 5λ  5λ, i.e., 10  10 unit cell transmitarray 

has been designed and simulated. A simple printed patch 

antenna with a gain of 6 dBi and a half-power beamwidth of 

90° at 5.8 GHz was used as the focal plane source. The 

transmitarray focal distance was chosen equal to 2.5 λ for 

optimal efficiency.  

In conventional phased arrays, beam steering is achieved 

by changing the phase distribution of the radiated field across 

the array aperture. In the considered transmitarray, the ideal 

continuous phase distribution is discretized due to 

quantization of the unit cell phase shift, according to the 

following recipe: 

 
 0 arg 90
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 (3) 

where  arg c

nmT  is the wrapped continuous phase shift of each 

unit cell required to implement the ideal phase distribution at 

the outward side of the transmitarray. 

Fig. 6 and 7 show the effect of quantization on the H-plane 

beampattern of the simulated 1-bit transmitarray, where 

 

 
(a) 

 
(b)  

Fig. 6. Effects of the phase quantization on the beam at the broadside: (a) 
ideal and 1-bit quantized phase distributions across the fifth column of 

unit cells on the outward surface of the 10  10 transmittarray with the 

source patch antenna at 2.5 λ from the array, and (b) the simulated H-
plane radiation patterns for the phase distributions in (a). 

 

 
(a) 

 
(b)  

Fig. 7. Effects of the phase quantization on the beam at 15° off the 

broadside: (a) ideal and 1-bit quantized phase distributions across the 

fifth column of unit cells on the outward surface of the 10  10 

transmittarray with the source patch antenna at 2.5 λ from the array, 

and (b) the simulated H-plane radiation patterns for the phase 

distributions in (a). 
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 ,   corresponds to the normalized radiation pattern (2). 

In Fig. 6, the transmitarray is beaming at the broadside, which 

corresponds to the ideal phase distribution on the transmitting 

patches given by the straight line in Fig. 6(a). The quantization 

of the phase shifts imparted by the 1-bit unit cells results in the 

uneven phase distribution in Fig. 6(a) and, consequently, in 

the gain loss of the main beam and the higher level of the 

sidelobes in Fig. 6(b), which is the expected result of the 

debased phase resolution, c.f., [11]-[12].  

To steer the beam the phase distribution on the outward 

side of the transmitarray should be changed accordingly. 

Fig. 7(a) shows the ideal and 1-bit quantized phase 

distributions for the case when the direction of the main beam 

is 15° off the broadside. Indeed, the phase quantization again 

results in the gain loss, higher sidelobe level and a beam 

squint, see Fig. 7(b).  

Our extensive simulations show that, along with the 

observed impairments, 1-bit phase quantization can also result 

in the emergence of the grating lobes for some combinations 

of the phase distribution and position of the focal plane source. 

These effects are being investigated and will be reported 

elsewhere.  

Finally, it has been shown that a higher phase resolution 

should result in increased antenna gain and reduced sidelobes, 

[14]. The linear polarized unit cell design proposed in this 

paper can be modified to allow a 2-bit reconfigurability, e.g., 

by using two U-shaped microstrip resonators at the opposite 

sides of the patch. A 90° phase shift could be achieved by 

adding a relative phase shift using a section of microstrip 

transmission line, or by a judicious choice of the excitation 

point. This topic is beyond the scope of the current 

contribution and will be further investigated in future work.  

IV. CONCLUSIONS 

A new design of reconfigurable unit cell for C-band 1-bit 

transmitarrays has been proposed. The structure features low 

complexity, low insertion loss, high return loss and 

satisfactory beamforming characteristics. The simulated 

performance of the unit cell shows good agreement with the 

measurements. Design of 1-bit transmitarrays based on the 

proposed unit cell structure has been discussed and it has been 

shown by the numerical analysis that the phase quantization 

effects in 1-bit transmitarray may cause considerable gain loss 

and rising sidelobes. The simulated 10  10 transmitarray will 

be fabricated and measured and the final results will be 

reported in the future.  
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