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Abstract—  In this paper, a structure and design procedure of a 
novel double ridged horn antenna with a Gaussian amplitude 
radiation pattern and stable phase center for two-element 
direction finding arrays is presented. The radiation properties of 
the structure are improved through appropriate profiling of the 
ridge taper and utilization of an elliptical aperture.  Furthermore, 
rigorous numerical optimization is employed to adjust the 
antenna geometry parameter values. The achieved impedance 
bandwidth  (VSWR < 2) is from 1.5 GHz to 12 GHz (8:1). The 
antenna exhibits 7 dBi to 20 dBi gain, better than 85% aperture 
efficiency, > 10 dB side lobe level, as well as low phase center 
variation (< 5 cm over the operating band). The aforementioned 
features make the proposed antenna suitable for the amplitude 
and phase hybrid direction finding applications. The design is 
validated numerically in CST Microwave Studio. 

Index Terms—wideband antennas, horn antennas, phase 
center, interferometry, EM-driven design. 

I.  INTRODUCTION 
Conical horn antennas are widely utilized as feed reflectors 

and as reference antennas for calibration and gain 
measurements, as well as electromagnetic compatibility (EMC) 
test applications [1-2]. These antennas gained their popularity 
due to excellent characteristics including high gain, high power 
handling capability, high aperture efficiency, low-cost 
manufacturing process, and quality radiation patterns.   

Geometrically, a conical horn antenna is obtained by opening 
the aperture of a circular waveguide. This type of antenna is used 
either as a direct radiator (e.g., in point-to-point communication 
[2]) or as a reflector feed [3-7]. Utilization of high-gain horn 
antennas in the passive radar direction-finding arrays may reduce 
the cost of broadband receivers by reducing their sensitivity 
without changing the system range [8-9]. In this context, the 
important parameter of horn antennas is the location of the phase 
center over the operating frequency range [8-9]. Its variation 
reduces the aperture efficiency of the reflector. Furthermore, the 
location of the phase center is of primary importance for 
interferometry applications, where the arrival angle is estimated by 
calculating the difference of the received phase signal in the two 
adjacent antenna phase centers [10]. In two-element 
interferometry arrays, ambiguity of direction-finding may occur 
for the frequencies where the half wavelength is larger than the 
antenna-to-antenna distance. Resolving this problem through the 
employment of either three and four-element arrays or two-
element arrays with hybrid direction-finding method has been 
suggested [11-12], [13]. The latter utilizes the monopulse 

technique to resolve the ambiguity in the high-frequency range [8-
9], [13]. Other important properties of antennas for the mentioned 
applications include a Gaussian beam shape of the amplitude 
pattern and the low sidelobe level at the principal planes [10].  

In [4], a wideband horn antenna with a constant 10 dB 
beamwidth and a relatively constant phase center over the 6:1 
operating band has been presented. However, due to excitation 
of higher order modes,  the undesirable deformations of the main 
lobe radiation pattern shape can be observed. In particular, the 
main lobe in the E-plane radiation pattern starts to split into two 
or more side lobes pointing in off-axis directions. Such 
characteristics are not suitable for the monopulse applications. 

In this study, a novel structure of a ridged horn antenna for 
direction finding arrays is presented. In the design process, the 
modal analysis is used to prevent the excitation of detrimental 
modes in the feed section at the upper-frequency band. A new 
tangential profile of the ridges and utilization of the elliptical 
aperture permit achieving high aperture efficiency, low sidelobe 
level and the Gaussian beam shape as well as a stable phase 
center over the 8:1 bandwidth. The final design features wide 
impedance bandwidth  (1.5 GHz to 12 GHz, or 8:1), 9 dBi to 
20 dBi gain, > 85% aperture efficiency, > 10 dB side lobe level, 
and low phase center variation (< 5 cm).  

II. DESIGN PROCEDURE 

This section provides a brief overview of direction finding 
using two-element monopulse arrays and the requirements on 
element radiation patterns, as well as discusses the design 
process of the proposed antenna. 

A. Direction Finding By Two-Element Arrays.  
The monopulse method belongs to the most accurate 

amplitude direction finding techniques [10]. Fig. 1 shows the 
setup and conceptual illustration of the direction finding 
process. The axes of the two adjacent antennas are diverted 
from the array axis, which allows for producing the sum and 
the difference functions, leading to the following error function 
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where A1, A2, AΔ, and AΣ are the amplitudes of Antenna 1, 
Antenna 2, their difference and their sum, respectively. 



 Implementation of a practically useful error function requires 
that both antennas exhibit a Gaussian-shaped amplitude radiation 
pattern. The analytical form of the normalized Gaussian pattern is  
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where ac is the scaling coefficient. 

 
Fig.1. Conceptual diagram of a two-element monopulse array.  

 
The accuracy of the system depends to a certain extent on 

the diverting angle. Dipless main lobe and low sidelobe level 
radiation pattern are also required to ensure reliable direction 
finding. Notwithstanding, wideband antenna designs featuring 
radiation pattern of the aforementioned characteristics as well 
as a constant phase center are rare in the literature. 

B. Proposed Antenna Structure. Design Procedure 
This section discusses the structure and the design process 

of the antenna proposed in this work and explains the 
innovations introduces therein. The main objective is to 
achieve radiation characteristics suitable for direction finding 
applications as described in Section II.A.  

Fig. 2 shows the antenna geometry. The double ridged horn 
structure comprises the feed section and a new shaped double-
ridged flare with an elliptical aperture. The feed section is 
formed by the cavity back and a coaxial-fed double ridged 
waveguide adapter. Due to its simplicity and known analytical 
relationships, the rectangular structure is utilized to suppress 
the undesired higher-order modes within the higher end of the 
operating frequency range. The double-ridged flare section 
provides the transition from the rectangular waveguide to 
elliptical aperture. The latter is employed to ensure high 
aperture efficiency and to reduce the phase center variation 
over the operating bandwidth. The electrical field is coupled to 
the ridges by the inner conductor of the SMA that passes 
through the upper ridge and connects to the lower ridge. The 
inner conductor acts as an electrical probe to excite the 
dominant mode. The design objective is to ensure sufficient 
matching over the entire 8:1 operating band. An important role 
in achieving this is played not only by the dimension of the 
double ridged waveguide, but also by the allocation of the 
electrical probe and the dimension of the cavity back. 

Unlike the previously reported designs, heavily based on the 
exponential profile, this study employs the tangential profile to 
provide the desired impedance transformation from 50 ohm to 
the free space impedance of 377 ohm, as well as to provide a 

desirable mode on the aperture. The tangential tapering equation 
with a linear term can be described as: 
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where gw, de, R, p, and L are the semi-ridged gap, the semi-minor 
axis of the aperture, linear ratio, the power of tangens, and the 
length of the flare, respectively. Moreover, a novel smooth 
rectangular-to-ellipse flare structure is developed. The ellipse is 
chosen because it allows for a reduction of the quadratic phase 
error as compared to a rectangle of comparable dimensions. The 
quadratic phase error affects the antenna radiation and increases 
the sidelobe level.  To reduce the effect of the quadratic phase error 
on the phase distribution of the aperture, the opening angle of the 
flare (and, consequently, the aperture area) should be restricted, 
whereas the dimension of the aperture should support the 
dominant mode at the lowest operating frequency. In summary, a 
trade-off between minimization of the aperture phase distribution 
and the lowest operating frequency needs to be worked out. 
   As mentioned above, one of the main goals of this study is to 
design a wideband antenna featuring a Gaussian-shaped pattern 
and a sidelobe level lower than 10 dB over the entire operating 
band. Excitation of the unwanted modes such as TM12 and TE30 on 
the aperture deforms the far-field radiation pattern, produces a dip 
in the main lobe and increases the sidelobe levels at the higher 
band. To suppress these modes, the modal analysis and parametric 
studies have been conducted as a part of the design process.  

III. ANALYTICAL AND PARAMETRIC STUDIES 
As discussed in Section II, both the excitation of higher-

order modes on the aperture and the phase quadratic error are 
the two major reasons for deforming the pattern as well as 
increasing the sidelobe level.  

The electromagnetic power for the wideband frequency 
range cannot be restricted to the dominant mode, therefore, at 
the higher frequencies, the fraction of this power is coupled to 
the higher-order modes. More precisely, as the frequency 
increases, the proportion of higher modes relative to the 
dominant mode grows. Fig. 3 shows the contribution of the 
modes on the aperture. The electrical field stretches between 
the lateral ridge edges and the sidewall of the waveguide, 
instead of focusing between the ridges. Fig. 4, illustrates the 
electrical field within the lateral part of the waveguide. These 
parts of the ridged waveguide are assumed to be the common 
rectangular waveguides excited by the gap electrical field. 

Due to the lateral waveguide dimension at higher 
frequencies, higher-order modes propagate within the structure. 
For instance, the TE02  and  TM12 mode field patterns are shown 
in Fig. 5. These modes propagate in the lateral waveguides and 
generate the unwanted electrical field distribution on the 
aperture. Since the target frequency range is 1.5 and 12 GHz, 
the cutoff frequency for those two mentioned modes should be 
higher than 12 GHz. 

 
 
 



 
(a) 

   
                      (b)                                                         (c) 
Fig.2. Proposed design: (a) side view, (b) feed cross-section, (c) 3D view. The 
relevant dimensions are presented in Table I.  

In accordance with the aforementioned discussion, the 
initial design is developed to achieve VSWR < 2 within the 
entire operating band. In the following, to control the mode 
excitation process, the parametric studies are carried out for the 
primary design. These studies reveal the gain and VSWR 
dependencies on the feed parameters, and facilitate 
identification of the starting point of the optimization process. 
For the sake of brevity, only the effects of the waveguide width 
Ww, the waveguide height hw, and the ridged gap height gh are 
shown in Figs. 6 through 8, respectively.  

TABLE I   OPTIMIZED DIMENSIONS OF THE PROPOSED ANTENNA 

Parameter L Cb gh fp de rw ww hw 

Value[mm] 249 11.3 1.14 2.4 84.47 5.84 56 16 
 

Starting from the design produced by the parametric 
studies, numerical optimization is employed to further improve 
the antenna performance. This leads to achieving the radiation 
pattern with sidelobe level better than 10 dB and reduced phase 
center variation while keeping VSWR below 2 over the 
targeted frequency range. The optimized parameter values are 
presented in Table I. 

 
 

 
Fig. 3. Mode contribution of the aperture field. 

 

 
Fig. 4. Higher-order electrical field distribution within the lateral waveguides. 
The lateral waveguides are marked with the red ellipses. 
 

 
Fig. 5. Unwanted higher-order mode field distribution in the feed section. 

 
Fig.6. Parametric study on the height of the feed waveguide for gain and VSWR 
of the proposed design. 

 
Fig.7. Parametric study on the width of the feed waveguide for gain and VSWR 
of the proposed design. 

 
Fig.8. Parametric study on the gap height of the feed waveguide for gain and 
VSWR of the proposed design. 
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IV. SIMULATION RESULTS 
The performance of the proposed design is evaluated using 

CST Microwave Studio.  Fig. 9, shows the simulated VSWR 
and gain. The sidelobe level at the E and H planes are presented 
in Fig. 10. As it can be observed, the sidelobe level of the 
proposed design is better than 10 dB. Fig. 11 illustrates the 
normalized radiation patterns for three sample frequencies, 
which are all dipless and Gaussian-shape. 

The distance of the allocation of the phase center (APC) 
from the aperture is presented in Table II. The variation of the 
phase center does not exceed 5 cm over the operating frequency 
range. Table III provides a comparison between the proposed 
design and the recent horn designs from the literature. Apart 
from a Gaussian radiation pattern, our design features a more 
stable phase center and improved aperture efficiency over the 
wider bandwidth ratio. 

 
Fig.9. Simulated VSWR and gain of the proposed design. 

 
Fig.10. Sidelobe level at the two main planes over the operating frequency. 

 
Fig.11. Normalized radiation patterns at the E and H planes for 3 GHz (black), 
7 GHz (red) and  11 GHz (blue). 

TABLE II   SIMULATED PHASE CENTER  
Frequency 

[GHz] 1.5 2 3 4 5 6 7 8 9 10 11 12 

APC 
[mm] 2.3 7.8 14.5 21.7 30.5 35.1 36.5 47.1 43.6 46.8 48 50.2

 

TABLE III COMPARISON WITH STATE-OF-THE-ART HORN DESIGNS 

Design 
Bandwid
th ratio

(fmax/fmin)

Length 
(�fmin) 

Gaussian  
and        

dip-less 
Pattern 

Phase   
center 

variation 

Aperture 
efficiency % 

[3] 6:1 1.1 No 5cm 50-70 
[4] 6:1 1.07 No 3cm 50-60 
[5] 5.2:1 2 No - 60-78 
[14] 9:1 1.1 No - 65-95 
[15] 4:1 2.73 Yes - <40 

This work 8:1 1.5 Yes 5cm 85-95 

V. CONCLUSION 
In this paper, a novel wideband horn antenna with a 

Gaussian amplitude radiation pattern and stable phase center 
has been presented. The design employs the elliptical aperture 
to reduce the quadratic phase error on the aperture. 
The impedance bandwidth (VSWR < 2) is from 1.5 GHz to 
12 GHz. Furthermore, it provides 7 dBi to 20 dBi gain, better 
than 85% aperture efficiency, the Gaussian radiation pattern 
with the sidelobe level better than 10 dB, as well as < 5 cm 
phase center variation over the 8:1 bandwidth ratio at the 
microwave frequency range. The aforementioned 
characteristics, make the proposed antenna a suitable option for 
wideband direction finding arrays. 
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