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A Small Linear Ultra-wideband Microstrip Antenna Array: 
Further Bandwidth Enhancement, Reduction of Coupled Energies and Improvement of Bandwidth 

Symmetry between Inner and Outer Elements 
 

A. Massoud and J. T. Bernhard 
Electromagnetics Laboratory, Department of Electrical and Computer Engineering 

University of Illinois at Urbana-Champaign 
 
Introduction  
The previous year’s design’s strategy was to improve the bandwidth of the four-element array by 
introducing semi-circular cutouts in the center elements. This improved the inner element 
performance but at the expense of the outer element’s bandwidth, causing a measurable 
asymmetry. Table 1 summarizes the evolution of the design process and the bandwidth 
performance. Each consecutive design arises to mitigate a problem or improve upon the 
predecessor.  The benefit of each design and the motivation behind each variation is discussed in 
the next section. The first three designs were previously discussed and analyzed. Designs (4), (5) 
and (6) are new for this performance period and will be discussed in detail.  
 
Design Outer Element Inner Element Relative 

BW 
(outer 
element 
: inner 
element 
) 

fmin 

GHz 

fmax  

GHz 

BW 
(GHz) 

fmin 

GHz 

fmax 

GHz  

BW 
(GHz) 

(1)

 

3.59 5.27 1.68 
(1.47:1) 

(37.9%) 

3.57 5.80 2.23 

(1.62:1) 

(47.6%) 

0.75 

(2)

 

3.53 5.84 2.31 

(1.65:1) 

(49.3%) 

3.54 6.00 2.46 

(1.69:1) 

(51.6%) 

0.93 

(3)

 

3.62 5.51 1.99 

(1.52:1) 

(43.1%) 

3.13 6.03 2.90 

(1.93:1) 

(63.3%) 

0.69 



(4)

 

4.49 7.23 2.74 

(1.61:1) 

(46.8%) 

4.30 7.89 3.59 

(1.83:1) 

(58.9%) 

0.76 

(5)

 

3.51 5.90 2.39 

(1.68:1) 

(50.8%) 

3.16 6.01 2.85 

(1.90:1) 

(62.2%) 

0.84 

(6)

 

3.46 7.04 3.58 

(2.16:1) 

(68.2%) 

3.54 7.91 4.37 

(2.23:1) 

(76.3%) 

0.82 

 
Table 1: A summary of each design showing the geometry, lower and upper frequency limits of the 
bandwidth and the dynamic range for the inner and outer elements.        
 
Design evolution 
Design (1): Simply arraying four U-slot antennas symmetrically resulted in improved bandwidth 
for the center element.  However, the bandwidth is lower for the edge element compared to the 
two element case causing bandwidth asymmetry that Design (2) mitigates. 
Design (2): Separating each pair of the four-element array increased the bandwidth for both center 
and edge elements and improved the symmetry.   
Design (3): This design attempts to improve the bandwidth further by introducing semi-circular 
cutouts in the center elements. This improvement is due to a lowering of the lower frequency limit 
in the center element’s bandwidth and hence an increased current path on the patch. However, this 
improvement was not transferred to the edge element increasing the asymmetry again. A second 
issue is the high coupled energy in the 4 GHz frequency range.  
Designs (4) and (5) attempt to solve these two issues separately while Design (6) combines (4) and 
(5) for an overall improvement. 
 
Design (4): Increasing Probe Radius 
It is initially hypothesized that increasing the radius of the probe feeding the patches will shift the 
frequency response to the right, i.e. increasing both the lower and upper frequency limits of the 
bandwidth. The reason is that the capacitance of a cylindrical conductor varies as 1/log (b/a), where 
a is the inner conductor’s radius, so a larger radius increases the capacitance and increases higher 
frequency admittance. Keeping all other parameters constant, the radius in Design (3) was 
increased and simulated for each case from 0.3 mm to 1 mm.        
 
Figures 1 and 2 show the bandwidth behavior for center and edge elements at different radii. As 
the radius is increased, the VSWR< 2 range shifts to the right. The red trace (0.3 mm) case has a 
low VSWR for 3 GHz range and a high VSWR for 7 GHz range and vice versa for the orange 
trace (1 mm).      



 
Figure 1: Bandwidth behavior for inner element for different radii. The arrows indicate the 
general trend when increasing the probe radius.    
 

 
Figure 2: bandwidth behavior for outer element for different radii. The arrows indicate the general 
trend when increasing the probe radius.    
 
In both figures, the 0.8 mm trace has the largest bandwidth. The reasoning explained above is 
verified by observing the Smith chart of the input impedance. Figures 3 and 4 show the response 
has shifted downwards towards the center line indicating a lower reactance due to an increase in 
capacitance.    



 
Figure 3: Smith chart for inner element. The red trace is the 0.3 mm and purple trace is the 0.8 
mm.  
 

 
Figure 4: Smith chart for the outer element. The red trace is the 0.3 mm and the purple trace is 
the 0.8 mm case. 
 
Figures 5 and 6 show the input impedance plots for the inner and outer elements. As a consequence 
of the lower reactance, the design has more resonance points in the frequency range as observed 
in the blue dashed versus the red dashed traces crossing the horizontal axis.    



 
Figure 5: Input impedance of the outer element for the 0.3 mm case (blue trace) and 0.8 mm case 
(red trace). Solid traces are the real part of the impedance. Dashed traces are the imaginary part 
of the impedance.    



 
Figure 6: input impedance of the inner element for the 0.3 mm case (blue trace) and 0.8 mm case 
(red trace). Solid traces are the real part of the impedance. Dashed traces are the imaginary part 
of the impedance.    

   
(a) Coupled energy for the outer element for 0.3 mm (red trace) and 0.8 mm (green trace) radii.   



 
(b) Radiated energy for the outer element for 0.3 mm (red trace) and 0.8 mm (green trace) radii. 

 
(c) Coupled energy for the inner element for 0.3 mm (red trace) and 0.8 mm (purple trace) radii. 



(d) Radiated energy for the inner element for 0.3 mm (red trace) and 0.8 mm (purple trace) radii. 
Figures 7 (a)-(d): the coupled and radiated energy for the outer element, (a) and (b), and inner 
element (c) and (d)  
 
Figures 7 (a) and (c) show that peak of the coupled energy has decreased for the larger probe 
radius. Similarly, Figures 7 (b) and (d) show that the radiated energy increases in the higher 
frequency band around 7 GHz for the larger radius case. Overall Design (4) has a lower coupled 
peak energy and an increase in high frequency range radiation compared to Design (3) in addition 
to a slight increase in bandwidth symmetry. 
 
Design (5): Introducing Arm Curvatures 
To improve the bandwidth symmetry between inner and outer elements, the outer element can be 
manipulated to increase overall bandwidth. Previous trials of introducing a semi-circular cutout on 
the outer element similar to that on the inner element resulted in reduced bandwidth. So the 
alternative is to introduce arcs on the “arms” of the U-slots. The increase in current path near the 
outer edges of the arms lowers the lower frequency limit. If the curvature of the arc is 
parametrically varied and the bandwidth is noted, then the ideal curvature can be chosen. From 
Table 1 it can be seen that the outer element’s lower and upper frequency limits have increased, 
thus improving the bandwidth symmetry. A full analysis of the frequency behavior is presented in 
the next section.   

 



 
Figure 8: Geometry and bandwidth response of Design (4). Red trace is the inner element and 
blue trace is the outer element.    
 
Design 6: Combination of both designs 
Given the results in Designs (4) and (5), it is conducive that combining both design strategies will 
likely yield their combined benefits. Starting with the idealized radius of 0.8 mm, the arm curvature 
of the outer element is varied parametrically to achieve the widest possible bandwidth. Figures 9 
and 10 show the bandwidth for design (6) with 0 mm curvature (red trace), 3 mm curvature (purple 
trace) and 4 mm curvature (blue trace). The zero curvature case (red trace) has a significantly 
higher VSWR in the low frequency range which becomes progressively lower with increasing 
curvature. At the meantime when the curvature is too large (4 mm case) the response overshoots 
the VSWR<2 limit in the mid-frequency range (5.5 GHz). The optimal arm curvature was found 
to be at 2.2 mm. The geometry is shown in Figure 11.    
 



 
Figure 9: Bandwidth behavior of the outer element in design (6) for different arm curvatures. 0 
mm curvature (red trace), 3mm curvature (purple trace) and 4 mm curvature (blue trace). 

 
Figure 10: Bandwidth behavior of the inner element in design (6) for different arm curvatures. 0 
mm curvature (red trace), 3mm curvature (purple trace) and 4 mm curvature (blue trace). 
 
The introduction of arm curvature lowered the lower frequency limit for both the inner and outer 
element. In addition, the higher frequency limit set by the increase in radius was not greatly 
affected. The overall effect is an increase in bandwidth by 0.9 GHz and 0.8 GHz for the inner and 
outer elements respectively. The frequency response for the inner and outer element is shown in 
Figure 12. Furthermore, the bandwidth symmetry between the inner and outer element is improved 
again.    



 
Figure 11: geometry of Design (6) for arm curvature of 2.2 mm. 

 

 
Figure 12: Bandwidth behavior for the inner (blue trace) and outer (red trace) element for the 
optimal case (2.2 mm curvature). 
 
Figures 13 and 14 show the impedance response of the outer and inner elements respectively. 
When compared with Figures 5 and 6 of Design (4), it can be seen that both the real and imaginary 
parts of the impedance are more rectified particularly in the lower frequency range. This can also 
be verified in the Smith chart of the reflection coefficient (Figures 16 and 17). The VSWR<2 
frequency band is now more centered with respect to the center line (zero reactance line) as 
compared to the traces in figures 3 and 4. This indicates that Design (6) is more optimized and the 
introduction of arm curvatures does improve the overall performance.  
 
From Figures 13 and 14, a general trend for the impedance behavior can be ascertained as follows: 
At the lower frequency limit, 3.5 GHz, the resistance is small while there is a large negative 
reactance (capacitive). The tight coupling probably has introduced high capacitances between the 
arms of neighboring elements, which become stronger with lower frequencies since the relative 
distance with respect to the wavelength becomes smaller.  



Inside the bandwidth range, the impedances pass through several resonances with a periodicity of 
about 1.3 GHz. The ground plane contribution to the impedance is also periodic and is given by 
ZGND=j Z0/√εr tan (2π h/λ). However, the input impedance periodicity cannot be caused by the 
ground plane since the first null occurs at λ/2, far higher than the substrate thickness. It is likely 
caused by varying current distribution profiles on the patches, owing to their irregular geometry, 
that result in alternating profiles every 1.3 GHz interval. Within that interval, the current profiles 
set up on each patch interact in such a way to generate a distinctive equivalent RLC circuit. It 
rapidly transitions into a different RLC circuit, as a new current profile dominates and the effective 
geometry of the array becomes rescaled with increasing frequency. These cycles continue until a 
limit is reached, based on the array size, which can no longer support enough coupling between 
the elements to counteract the inductance due to the ground plane. Thus at the higher frequency 
limit the reactance is positive (inductive) as shown in figure 14 around 7.8 GHz.  
 
Based on the number of resonance points in Figures 13 and 14, it can be surmised that the 
equivalent circuit is not a simple parallel RLC system as this will result in a single resonance point 
for the imaginary impedance (second order circuit). The required circuit is at least seventh order. 
A similar trend in the impedance response in also reported by Tzanidis [1] in their thesis where 
wideband array is designed based on a large square array of tightly coupled spirals. Figure 15 
shows the impedance response for the spiral element array compared to two traditional wideband 
designs: the current sheet array and tightly coupled bow-tie antennas. Only the spiral design 
exhibits the highly oscillatory behavior in the impedance. Tzanidis reports that the ripples in the 
spiral’s impedance depends on the number of turns within a given unit cell size indicating a 
dependence on how currents are set up on non-uniform geometries. All three designs exhibit wider 
bandwidth response since they are not backed by a ground plane.              

 
Figure 13: Real (solid trace) and imaginary (dashed trace) parts of the impedance for the outer 
element.   



 
Figure 14: Real (solid trace) and imaginary (dashed trace) parts of the impedance for the inner 
element.   

 



 
Figure 15: Impedance response of spiral element array compared to bowtie and current sheet array.  
It can be concluded that small linear arrays require asymmetrical elements to compensate for the 
asymmetry experienced by the edge elements and simply arraying identical elements worsens the 
performance of the overall array and does not utilize its full bandwidth potential.            
 
 

 
Figure 16: Smith chart of the reflection coefficient of the outer element. 



 
Figure 17: Smith chart of the reflection coefficient of the inner element. 

 
Future Work 
This project has demonstrated that careful and theory-based design of small, wideband arrays is 
possible.  The extensions of this project into the future can include the creation of an array-based 
model that captures the characteristics of the coupling and bandwidth properties necessary for each 
element to deliver on the total array specification.  As part of this, a generalized coupling model 
for individual elements such that the properties (though not the geometries) of each element can 
be specified to deliver desired performance for any particular set of volumetric and material 
constraints.  Additionally, the ability of the array and individual element performance to be 
maintained throughout beam scan should certainly be investigated.   
 
 
References: 
[1] Tzanidis, I., “Ultrawideband Low-Profile Arrays of Tightly Coupled Antenna Elements: 
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