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The need for dedicated communication keeps increasing. A 

technique to realize that is by using multibeam radiation. A 

Beamforming Network (BFN) is required to enable multibeam 

capability in array antennas. This study uses the Rotman Lens as 

BFN in the frequency of S-Band. The common problem with using 

Rotman Lens is that its conventional design size is quite large, 

mainly due to its transition leg ports. Transition leg ports are 

important to ensure the matching impedance between the lens and 

the array antenna ports the lens and the beam ports or the lens and 

the dummy port. The goal of this study is to reduce the size of 

Rotman lens transition legs by implementing simple and uniform 

size of slots or Defected Ground Structures (DGSs) methods for 

the ports of the Rotman Lens BFN. The method can minimize the 

length of the transition leg and allow the BFN to operate 

efficiently. The results revealed that the use of the same double-

rectangular DGS technique and the same double-rectangular slots 

in ports can reduce the size of the Rotman lens. Compared to the 

conventional methods, the proposed method can reduce the size to 

almost 85 percent from its original size for this S-Band 

implementation.  The other performances of the BFN, besides the 

size reduction, are not degraded by implementing the proposed 

methods. 
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Kebutuhan akan komunikasi khusus terus meningkat. Salah satu 

teknik untuk mewujudkan hal tersebut adalah dengan membuat 

pola radiasi banyak arah. Beamforming Network (BFN) 

diperlukan untuk membuat pola radiasi banyak arah pada antena 

array. Penelitian ini menggunakan Rotman Lens sebagai BFN pada 

frekuensi S-Band. Masalah umum dalam menggunakan Rotman 

Lens adalah ukuran desain konvensionalnya yang cukup besar, 

terutama karena port kaki transisinya. Port kaki transisi penting 

untuk memastikan kesesuaian impedansi antara lensa dengan port 

antena atau lensa dengan port beam atau lensa dengan port dummy. 

Tujuan dari penelitian ini adalah untuk mengurangi ukuran kaki 

transisi Rotman Lens dengan menerapkan metode yang sederhana 

dan ukuran seragam yaitu dengan slot atau Defected Ground 

Structure (DGS) untuk port kaki transisi Rotman Lens. Metode ini 

dapat mengurangi panjang kaki transisi dan memungkinkan BFN 

beroperasi secara efisien.  
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Hasil simulasi maupun pengukuran menunjukkan bahwa 

penggunaan teknik DGS persegi panjang ganda maupun slot 

persegi panjang ganda dengan ukuran sama pada port dapat 

memperkecil ukuran lensa Rotman. Dibandingkan dengan metode 

konvensional, metode yang diusulkan dapat memperkecil ukuran 

hingga hampir 85 persen dari ukuran aslinya pada implementasi di 

frekuensi S-Band. Kinerja lainnya, selain pengurangan ukuran, 

tidak terdegradasi dengan diterapkannya metode yang diusulkan. 

This is an open access article under the CC-BY-SA license. 

 

1. Introduction 

In recent decades, multi-beamforming antenna systems have attracted increasing widespread 

attention. They have been widely used in many fields, such as autonomous vehicles, radar, and 

communications. In the development, three different types of beamforming networks can be used to 

enable the multibeam operation. They are digital, analog, and hybrid BFN. Digital (and also hybrid) 

BFN is still costly. For the low-cost BFN, analog BFN is usually used.  

There are several types of analog BFN. The main idea for this is to use a time or phase delay 

mechanism to create radiation in certain directions. By using microstrip substrate, [1] [2] used the 

Butler matrix concept, [3] [4] used the Blass matrix concept, [5] [6] [7] used the Nolen matrix 

concept as their BFN. Meanwhile [8] [9] [10] [11] using Lens concept as their BFN. Another 

researcher also used biconical [12], strip delay lines [13], and meta surface [14] to form multibeam 

characteristics. 

One of the interesting BFNs is the Rotman Lens. It has wideband resonant frequency 

characteristics, a relatively more flexible phase differentiating design, and relatively low complexity 

regarding the number of ports that can be assigned. But, the Rotman Lens structure is usually quite 

large, it is about 6λ [15]. The large conventional Rotman lens size is mainly due to its transition leg 

ports. Some researchers have tried to tackle this issue. [16] used Klopfenstein's taper lines concept. 

[17] used single energy distribution slots with different sizes in each port. [18] used dual-crescent-

dumble-like DGS structures with different sizes in each beam port. And [15] used the meta-

transmission line concept.  

This study would like to reduce the size of Rotman lens transition legs by implementing simple 

and uniform size of slots or Defected Ground Structures (DGSs) methods for all the ports of the 

Rotman Lens in S-band frequency. The contribution of the research is that this research successfully 

reduced the size of the Rotman Lens by using the same-size double-rectangular DGS technique or 

by using the same-size double-rectangular slots in all ports. This technique also reduces the iterations 

that often have to be done a lot. 

The rest of the paper is as follows. Chapter 2 will explain the basics of Rotman Lens, Chapter 3 

will explain the reduction method, Chapter 4 will discuss the results of the reduction, and Chapter 5 

will conclude the research. 

2. Basic of Rotman Lens 

The structure of the Rotman lens is composed of a pair of metal plates that are aligned parallel 

to each other. In its early development, the space between the two metal plates was left to be filled 

with air, but in more recent advancements, it is filled with a certain dielectric substrate. The size of 

the Rotman lens depends on the permittivity of the substrate. A greater permittivity results in a 

smaller size for the Rotman lens.  

Rotman Lens has three main parts. The first part is array ports, where the lens is connected to 

the array antenna. The second part is beam ports where excitation ports are connected to (when used 

as a transmitter) or signal is gathered (when used as a receiver). The last part is dummy ports where 

http://creativecommons.org/licenses/by-sa/4.0/
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internal reflections are absorbed. 

 

Fig. 1. Basic Geometry of Rotman Lens 

In this paper, Trifocal formulations are utilized to design the Rotman Lens, like in [19]. First of 

all, three points should be determined from the origin point (O) with the radius of t1, t2, and t3, 

where t2 has the same length as t3. Then, the trifocal points T1, T2, and T3. Here we get that t2 is 

symmetrical with t1. After that, we have the following equations to determine the position of the 

array port contour. 

 𝑇1𝑃√𝜀𝑟  + 𝑊√𝜀𝑒   = 𝑡1√𝜀𝑟 + 𝑊0√𝜀𝑒 (1) 

 𝑇2𝑃√𝜀𝑟  + 𝑊√𝜀𝑒  +  𝑁√𝜀𝑖𝑠𝑖𝑛 ∝ = 𝑡2√𝜀𝑟 + 𝑊0√𝜀𝑒 (2) 

 𝑇3𝑃√𝜀𝑟  + 𝑊√𝜀𝑒 −  𝑁√𝜀𝑖𝑠𝑖𝑛 ∝ = 𝑡2√𝜀𝑟 + 𝑊0√𝜀𝑒 (3) 

  When substrate with a dielectric constant of ɛr is in the lens, substrate with the dielectric 

constant of ɛe is in the transmission lines, and substrate with a dielectric constant of ɛi is in the 

antenna; some more equations should be used 

 𝑤 =  
√𝜀𝑒

√𝜀𝑟

−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
 (4) 

 

𝑥 =  
𝜀𝑖 𝑁2 𝑠𝑖𝑛2𝛹

2 𝜀𝑟 (𝛽𝑐𝑜𝑠𝛼 − 1)
+

(1 − 𝛽)𝑤

𝛽𝑐𝑜𝑠𝛼 − 1
√

𝜀𝑒

𝜀𝑟
 (5) 

 

 

 

𝑦 = √
𝜀𝑒

𝜀𝑟
 
𝑁 𝑠𝑖𝑛2𝛹

𝑡1 𝑠𝑖𝑛 ∝
(1 −

𝑤

𝛽
√

𝜀𝑒

𝜀𝑟
) (6) 

Where   

 

 
𝑎 = 1 −  (

1 − 𝛽

1 − 𝛽𝐶
)

2

−
ζ2

𝛽2

𝜀𝑒

𝜀𝑟
 

(7) 

 
𝑏 = −2 +

2ζ2

𝛽

𝜀𝑖

𝜀𝑟
+  2 (

1 − 𝛽

1 − 𝛽𝐶
) −

ζ2𝑠2(1 − 𝛽)

(1 − 𝛽𝐶)2

𝜀𝑖

𝜀𝑟
 

(8) 

 
𝑐 =  (−ζ2 +

ζ2𝑆2

(1 − 𝛽𝐶)
−

ζ2𝑆4

4(1 − 𝛽𝐶)
)

𝜀𝑖

𝜀𝑟
 

(9) 

 
𝛽 =

𝑡2

𝑡1
 

(10) 

 
ζ =

𝑁 𝑠𝑖𝑛𝛹

𝑡1 𝑠𝑖𝑛𝛼
 

(11) 
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a 

Fig. 2. (a) Phase front pattern when Beam Port 2 activated, while (b) Phase front pattern 

when Beam Port 1 activated 

It is assumed that the array ports will receive the appropriate phases of the incoming waves 

based on the equations shown in Figure 2. The blue curves in Figure 2 (a) show the phase front 

pattern of the port with the excited center beam. It is possible to deduce that the array ports will get 

the same phase and will make radiation that is perpendicular to the plane. 

The green curves in Fig. 2 (b) show the phase front arrangement of the port when it is excited. 

The phase differences in the neighboring array ports will also affect the direction of the radiation of 

the antenna. This is because the linearities of the successive array port's phase difference will shift 

the beam's direction not to be perpendicular to the plane. 

When two array ports are excited at the same time, there will be two radiation patterns produced 

by the array antenna. This means that through a Rotman lens, multi-beam operation can be achieved. 

3. Proposed Method for Reducing Rotman Lens Size 

In this research, the Rotman Lens is designed to work in S-band frequency. The substrate that is 

being used for all ports and lens structures is FR-4  whose dielectric constant is 4.3. The number of 

the beam port is five (it is depicted in Fig 3 with ports 1,2,3,8 and 9; port 1 is symmetrical with port 

9) to make five directional radiation patterns. While the number of the array port is six (ports 

4,5,6,10,11, and 12). Array antenna elements used are also six. The space between array antenna 

elements is arranged to be half of the wavelength. The number of the dummy ports is two (ports 7 

and 13). 

There will be 3 Rotman structures shown here. They are the conventional one which employs a 

long transition leg, the reduced Rotman lens by using the DGS technique, and the reduced one by 

using the slot technique. All those 3 structures should qualify the same design parameter shown in 

Table 1 below. 

Table 1. Rotman Lens Design Parameters 

Parameter Value 

Frequency S-Band 

Number of Beam Ports 5 

Number of Array Ports 6 

Spacing Between Array λ/2 

α 36 o 

β 0.9 

ζ 1.1 

Bandwidth 100 MHz 

Return Loss ≤ -9,54 dB 

Designated Beam Directions ±36, ±18, 0 

                         
(a)                (b) 
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Fig. 3. Conventional Rotman Model and Its Surface Current Profile when Port 1, 3, and 8 are 

excited 

 

 

Fig. 4. Reduced Rotman Lens Models by DGS Technique and Its Surface Current Pattern when 

Port 8 is excited 

 

 

Fig. 5. Reduced Rotman Lens Models by Slot Technique and Its Surface Current Pattern when Port 

8 is excited 
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3.1 Conventional Method 

In this conventional method, the length of the leg transition is quite long due to the flare angle. 

The flare angle should be less than 12.5 degrees. This flare angle guarantees a smooth impedance 

continuity transition so that return loss can be low. The model built by this conventional model can 

be seen in Fig. 3. The resulting surface currents are also smooth for all time. It indicates that the 

impedance matching is good and impedance discontinuity is low. 

3.2 Reduction by DGS Method 

The long transition legs of the Rotman lens were truncated and DGS was applied to each port. 

Before determining what shape could reduce the Rotman lens well, investigating the characteristics 

of a simple DGS shape is needed. Parametric studies were conducted to examine the effect of the 

length and width of a single rectangular DGS on the return loss of each port. It was found that a 

single DGS structure will resonate in various frequencies in each port. The longer the length, the 

resonant frequency will shift to the higher frequency. The wider the width, the resonant frequency 

will shift to the higher frequency as well (except port number 2) with better return loss value. 

However, there had not been any single structure in all ports to resonate in S-Band. 

Parametric studies were continued with dumbell structure. Dumbell structure was chosen 

because many researchers in antenna and or microwave devices showed good results/performances 

by employing this kind of structure. It investigated the effect of the length and the width of the head 

of the dumbell. The longer and wider of the head will result in a higher return loss. 

Because there was no fit result, the study continued to employ two identical rectangular DGSs. 

It was hoped to create mutual resonant frequency so that the bandwidth is broad. It turned out that 

the idea was fruitful, the bandwidth became broad and it covered the 2.45 GHz ISM band as well. 

Optimization was continued by using 3 identical DGSs. However, the results showed that the 

frequency was shifted to the lower frequency. 

Fig. 4 shows the structure of the reduced Rotman lens by the DGS technique. From the surface 

current profile, it can be seen that the smooth current flow is only in double DGS whose return loss 

is low.  

3.3 Reduction by Slot Method 

The same as reduction by the DGS technique, before determining what shape could reduce the 

Rotman lens well, investigating the characteristics of a simple slot shape is needed. Parametric 

studies were also conducted to examine the effect of the length, width, and area of rectangular slots 

on the return loss of each port. 

In the slot technique, it was also found that a single slot structure will resonate in various 

frequencies in one port and another. The longer the length of the slot, the resonant frequency will 

shift to the higher frequency. The wider the width, the resonant frequency will shift to the lower 

frequency. The larger area of the slot can’t be concluded. However, there was not been any single 

structure in all ports to resonate in the S-Band. 

Because there was no fit result, the study continued to employ two identical rectangular slots. 

As in double DGS, it was hoped to create mutual resonant frequency so that the bandwidth is broad 

as well. It turned out that the idea was fruitful as well, the bandwidth became broad and it also 

covered the S-band including the 2.45 GHz ISM band. 

Optimization was continued by using 3 identical slots. However, the results showed that the 

frequency was shifted to the lower frequency, as in the DGS technique. 

Fig. 5 shows the structure of the reduced Rotman lens by slot technique. From the surface current 

profile, it can be seen that the smooth current flow is only in a double slot whose return loss is low, 

as in DGS. When there are 1 or 3 slots, the surface current flow is not smooth because the return 

loss is high. The phase front pattern is degraded when 1 or 3 slots are employed. 
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Table 2. Performance Comparison Among Conventional, double DGS, and Double Slot  

  Conventional Double DGS Double Slot 

Dir. Gain SLL Dir. Gain SLL Dir. Gain SLL 

Port 1 35 0.5 -5.2 37 1.42 -8.8 36 2.26 -10.9 

Port 2 18 0.92 -6.5 18 3.47 -9.8 19 3.37 -11.3 

Port 3 0 1.45 -10.5 0 5.37 -11.6 0 4.67 -12.8 

Average 
 

0.96 -7.40 
 

3.42 -10.07 
 

3.43 -11.67 

 

4. Results and Discussion 

The performance of the reduced structure by double DGS or double slots is compared to the 

performance of the conventional Rotman model. After getting the appropriate technique, the reduced 

Rotman lens is integrated into the array antenna with transmission line adjustment. After that, a far 

field simulation is conducted to get the radiation pattern including the direction of the beam, gain, 

and sidelobe level.   

Table 2. shows the comparison of the performance of the Rotman lens made by a conventional 

method, the reduced by Double DGS Technique, and the reduced by Double Slot Technique. There 

are no significant differences in terms of direction of the beam. While for the gain, the gain of the 

conventional is lower than the reduced, it is possible because the loss in the conventional is higher 

for its large structure. The sidelobe level is also lower in the conventional than the reduced, this 

could happen because the large structure of the conventional affects the radiation of the antenna for 

its nearfield is also larger. 

To validate the result, fabrication and measurement were conducted. The one which is fabricated 

is the reduced with double slot. The bandwidth is quite similar in ports 1, 2, 8, and 9. Port 1, 2, 8, 

and 9 reach wide bandwidth characteristics. The port 3 shows multiband characteristic. This happens 

because port 3 receives more reflection for its design. Fig. 6 shows the measured Return Loss profiles 

of ports 1, 2, 3, 8, and 9 in the 2.3-2.6 GHz range. 

Radiation pattern measurement is done in one full rotation for port 3, and -60 to 60 degrees for 

other ports. The simulations and the measurements show quite similar results. The measured gain 

and SLL are also similar to the simulation. The maximum difference is 2 dB. The multi-beam 

radiation patterns can be seen in Fig. 7. They indicate that the design with the new method is proper. 

 

Fig. 6. Measured Return Loss Profiles of Port 1, 2, 3, 8, and 9 in 2.3-2.6 GHz Range 
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5. Conclusion 

In this research, the miniaturization of Rotman by utilizing the DGS and slots method has been 

successfully designed, fabricated, and measured in S-Band frequency. The development of new 

techniques, namely the same-size double rectangular DGS technique and the same-size double 

rectangular slot, has been proven to decrease the size of the Rotman lens to become about 15 percent 

from its origin compared to the size of conventional design. This also means simpler design and 

fewer iterations can be achieved compared to the previous studies. No significant degradation of the 

performances resulted from the reduction countered as well. 
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