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Abstract— This paper presents a novel Rotman lens in low-cost 
Substrate Integrated Waveguide (SIW) technology. An original 
solution is proposed for the design of the adsorbing load at the 
sidewalls of the lens and for the phase-shifters at the output 
ports. A three beam prototype feeding an 8-element array 
working at Ku band has been fabricated and tested.   

I. INTRODUCTION 

Antennas with tracking capability are of tremendous 
importance in many applications, such as satellite 
communications, radar systems, point to point communication 
links and imaging.  

Planar antenna arrays can satisfy stringent requirements in 
terms of low-profile, low-weight and fast beam steering 
capability. Such antennas can be controlled in several manners: 
the use of electronic phase-shifters and/or amplitude tuners 
allows one to fully reconfigure the radiation pattern, steer and 
shape the beam, introduce nulls and control the side-lobe level. 
However the cost of such components is still limiting their use 
in commercial applications. On the other hand, though they 
allow a reduced amount of freedom, switched beam antennas 
exhibit acceptable costs.  

 Switched beam antenna arrays employ multi-beam feeding 
networks, such as Rotman lenses, Blass and Butler matrices. 
In this paper a new Rotman lens in Surface Integrated 
Waveguide (SIW) technology is presented. SIW components 
combine the advantages of the low cost fabrication in printed 
technology and the low loss characteristics typical of 
waveguide devices. This is especially true when low 
permittivity and high thickness substrates are employed. 

The lens has been designed at Ku band for satellite 
communications and a number of original solutions have been 
developed:  

- multiple reflection in the TEM region are avoided by 
employing adsorbing material at the lens-side. The 
material is optimally matched by means of periodic 
holes drilled in the structure, 

- differential SIW phase-shifters have been used at the 
output ports of the lens. The devices are based on the 
different propagating properties of waveguides of 
different width. 

The lens has been fabricated and tested. Measurements 
show the feasibility of the proposed solution. Design 
procedure, performance and limitations are also discussed.   

II. CIRCUIT CONFIGURATION 

Fig. 1 shows a schematic representation of the Rotman lens. 
The parallel plate region is delimited by the port contour: the 
input ports lay on a circular profile C1 while the output ports 

lay on the profile C2 (also called array contour), defined by the 
two coordinates (x, y). 

 
Fig. 1 Rotman lens schematic layout. 

The radiating elements are placed on a straight profile. 
Each output port on the profile C2 is connected to the 
corresponding n-th radiating element by a transmission line 
with length Wn. Two symmetrical off-axis focal points F1 and 
F2 and one on-axis focal point F0, having coordinates (-Fcos� , 
Fsin� ), (-Fcos� , -Fsin� ) and (-G, 0), are placed on the input 
profile. Let us denote with �  the desired steering angle of the 
radiation pattern when we feed the lens from the focal point F1, 
and with Yn the vertical coordinate of the n-th radiating 
element. Given the input parameters F, G, � , �  and Yn, 

equations in [2] allow to determinate the array profile (x, y) 
and line lengths Wn  when microstrip lines are used. When the 
lens is fed from a generic angular position �  the main lobe is 
tilted at the angle � , which is determined by the following 
formula: 
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In this work the input and output ports are realized in SIW 
technology, the waveguide broad wall being aligned with the 
parallel conducting plates of the lens. The transmission mode 
through the lens cavity is a TEM mode while the input and 
output guides are designed to work in the TE10 mode region. 
Formulas in [2] can be used for the design of a Rotman lens in 
SIW technology by simply considering an equivalent 



permittivity eeff-MS that gives the same propagation constant of 
the employed SIW line, calculated as follows:  
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where fc is the cut-off frequency of the TE10 mode for the 
output SIW waveguide lines and f is the operating frequency. 

III.  DESIGN OF THE ROTMAN LENS 

The design procedure of a Rotman lens consists of the 
following steps:  

 
- lens profile design, 
- design of input and output ports optimally matched to a 

parallel plate TEM region, 
- design of phase shifters at the output lines, 
- design of TEM region by employing adsorbing 

material at the sidewalls of the lens.  
 
A description of these individual parts is presented, along 

with simulated results all obtained with the software “CST 
Microwave Studio”. 

 

A. Lens Profile 

The lens profile has been optimized by using the formulas 
given in [2] on a 1.575mm Taconic TLX-9 substrate (� r = 2.5, 
tan � =0.0019). The device has three input ports and it feeds an 
eight element linear array, the three beams generated are 
located broadside and tilted at +/-25°.  The operating 
frequency band is 11.325¸ 11.825 GHz.  

 

B. Input and Output Ports 

Both the input and output ports of the lens are implemented 
in SIW technology and SMA connectors are used to excite the 
waveguides. Matching between the SMA connector and the 
SIW line is achieved by optimizing the distance of the 
connector from the short circuit and by properly placing four 
inductive posts along the waveguide line.  
 
 
 
 
 
 
 
 
 

   
 
         (a)                                           (b) 

Fig. 2 Coaxial-SIW line transition layout (a) and simulated S-parameters (b) 

It is worth noting that the effect of two additional screws, 
that ensure a better contact between the waveguide broad wall 

and the SMA connector flange, has been taken into account. 
The coaxial-to-SIW transition layout and the simulated S-
parameters are reported in Fig. 2: simulated return loss better 
than -28dB is achieved in the operating frequency band. 
Matching between the input and output SIW lines and the 
parallel plate region of the lens is again obtained by using an 
inductive post placed at a proper distance from the lens profile 
(Fig. 3). 

 
 
 
 
 
 
 
 
 
                          (a)                                                             (b) 

Fig. 3 SIW line-lens transition layout (a) and simulated |S11| (b) 

C. Phase-shifter 

Rotman lenses require an additional fixed delay at the output 
ports to recover the proper phase excitation of the radiating 
elements. This delay can be obtained by using the formulas 
given in [2]. In addition, the output lines must be properly 
routed in order to connect the parallel plate region output ports 
to the radiating elements, located on a straight line (Fig. 1). In 
microstrip technology the lines can be arranged in meanders in 
order to introduce a different phase-shift in each output port that 
allows one to produce a proper phase distribution in the array 
profile, while compensating the additional delay given by the 
routing. Since SIW lines are too large to accommodate 
meanders, in this work we adopted a different technique that 
consists in recovering the proper phase by employing 
differential phase-shifters. They are made by interleaving 
sections of SIW lines of different width that have a different 
phase propagation constant accordingly. With reference to 
Fig. 4, a section of length L of narrower width an introduces a 
phase variation – with respect to a line of constant width aw – of:  
 

( ) LNWWN ×b-b=f-f=fD           (3) 

 
where bW and bN are the phase propagation constants of the 
wider and narrower waveguides, respectively. The matching 
between the two sections is once more obtained throughout 
inductive posts. Since the lens is symmetrical, three phase-
shifters are required. Simulated results are depicted in Fig. 5.  
 

 
 
 
 
 
 

 

Fig.4 Scheme of the phase-shifter used at the output ports of the Rotman lens 
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          (a)                                              (b) 

Fig. 5 Simulated |S11| and |S21| (a) and phase shifts (b) of the output delay lines 

 

D. Sidewall absorption  

To guarantee a correct operation of the lens, multiple 
reflections in the TEM region must be avoided. In microstrip 
lens this is obtained by employing dummy ports terminated 
on matched loads. The employment of lossy material has 
also been suggested, but with the constrain of having a 
permittivity similar to the one of the lens substrate [3] in 
order to minimize the mismatch between the absorbing strip 
and the parallel plate region.  We used a different approach: 
the lossy material used (Cuming Microwave Corporation) 
has a dielectric constant er-abs = 13.4, dissipation factor tand 
= 0.07 @ 11.5 GHz and thickness of 3.15 mm, the 
permittivity of the lens substrate is however much lower, 
with er = 2.5 and thickness of 1.575 mm. The top and bottom 
of the adsorbing material is covered with conductive tape. 
Matching between the parallel plate region and the lossy 
material is achieved by drilling periodic air holes in the 
absorbing layer at the edge closer to the lens. The resulting 
dielectric constant is the volumetric average between the air 
dielectric constant and the absorbing substrate dielectric 
constant and it is related to the dimensions of the air holes 
and to the their spacing. This is therefore equivalent to 
inserting a matching quarter wavelength section of proper 
impedance. The layout of the structure and the simulated 
results are reported in Fig. 6: the structure is excited with a 
TEM wave perpendicularly incident to the discontinuity. 
Return loss is better than -20dB in the [10¸ 30] GHz frequency 
band. The broad band behaviour of the structure ensures a 
good matching even when the structure is excited with TEM 
wave non-orthogonal to the discontinuity as shown in Fig. 7. 
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Fig. 6 Layout of the lens-adsorbing material interface (a) and simulated 
reflection of a TEM wave incident perpendicularly (b) 

 

Fig. 7 Simulated |S11| for different incidence angles on the absorbing layer 

IV. SIW ROTMAN LENS 

 
A SIW Rotman lens prototype has been fabricated and 

tested with in-house facilities; the device is depicted in 
Fig. 8. 

  
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Rotman lens SIW prototype (22cm x 16cm)  

Measured return losses for the input and output ports are 
reported in Figs. 9 and 10, respectively: return losses are 
below -10dB in the operating frequency band. The frequency 
shift of the input transition return loss is probably due to an 
inaccuracy in the fabrication process. Good agreement 
between simulations and measurements can be observed 
with reference to the phase distribution: phase increments 
between adjacent output lens ports for the three scanning 
angles at centre frequency are shown in Fig. 11. 

The efficiency of the lens is calculated to be around 65% 
in the no-loss case (transmission coefficients should be 
-11dB). Fig. 12 shows simulated (ideal case) and measured 
insertion losses at centre frequency for the broadside 
configuration: the loss of the device is around 3.5dB, thus 
leading to an overall efficiency around 30%. Improved 
performance can be achieved by employing lower loss and 
higher thickness substrate, as well as more reliable 
fabrication process. 

The measured S-parameters have been used to calculate the 
array factor that can be generated when an array is connected 
at the output ports of the lens. The results for centre frequency 
operation are shown in Fig. 13, each curve is the pattern 
produced by exciting the lens from a different input port: the 
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beams are properly pointed and very good performance can be 
observed in terms of side lobe level. 

 
Fig. 9 Measured |S11| for the three input ports: 90° feed - blue line, 65° feed -
red line, 115° feed - black line 

 
Fig. 10 Measured |S11| for the output ports 

 
Fig. 11 Simulated (dotted line) and measured (solid line) phase differences for 
65° (black lines), 90° (blu lines), 115° (red lines) scanning angle.  

 
Fig. 12 Simulated (solid line) and measured (dotted line) |S21| for the output 
ports when the lens is fed from the 90° beam port at centre frequency. 

Calculated radiation patterns at the lower and upper 
operating frequencies for the [11.325¸ 11.825] GHz range are 

shown in Fig. 14: good results are obtained in terms of both 
side lobe level and main lobe direction. The bandwidth of the 
device is limited by the input/output port transitions (Figs. 9-10) 
as long as the working frequency is within the unimodality 
region of the SIW lines. Dispersion of SIW phase shifters also 
leads to a negligible squint of the radiation pattern of less than 
0.5 degrees within the working frequency band.  

 

 
Fig. 13 Calculated radiation patterns at centre frequency 11.575 GHz: each 
curve refers to a different input port. 

 
Fig. 14 Calculated radiation patterns at 11.325 GHz (solid line) and  
11.825 GHz (dotted line): each curve refers to a different input port. 

V. CONCLUSIONS 

A novel multi-beam Rotman lens in low-cost SIW 
technology has been presented. A Ku-band lens prototype with 
three ports feeding an eight-element array has been fabricated 
and tested, showing very good performance in terms of return 
and insertion loss, confirming the feasibility of the proposed 
device. An innovative solution for the adsorbing sidewall has 
also been proposed, consisting in drilling the lossy material in 
order to create a quarter-wave matching region. The output 
differential phase-shifters are based on the different propagation 
properties of waveguides of different widths. Future 
investigations will focus on further reducing the loss by 
employing materials with higher thickness and lower loss.  
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