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 
Abstract— In this article a dual-band phased-array antenna 

element is presented. The proposed element is particularly 
designed to possess frequency tuning capabilities by variable-
impedance matching. It is demonstrated that the operational 
frequency band of the antenna shifts from L-band to S-band 
(about 2.5:1 frequency ratio) with in-band frequency tuning of 
about 25%. The compact size and the wide-angle scanning 
properties, make the antenna element suitable for phased-array 
application. Other advantages of variable-impedance matching 
for phased-array systems, such as sustain wider scan angles and 
minimize unwanted signal interferences, coming from spurious 
directions, are also discussed.    
 

Index Terms— variable impedance; frequency agility; 
reconfigurable antenna. 
 

I. INTRODUCTION 

RANSMISSION lines and connectors with 50 Ω  
characteristic impedance are extensively used to provide a 

standard interface between antennas, RF-frontends and 
measurement equipment. This standardization, however, 
severely limits the flexibility for RF-frontend and antenna 
design. The 50 Ω reference impedance value has several 
practical advantages, but is neither dictated by any severe 
physical limit nor does it assure the best performance for an 
electronic system. Historically, this impedance value was 
selected as a compromise between the minimum attenuation at 
around 77 Ω and the maximum power handling capability at 
around 30 Ω of an air-filled coaxial-line or waveguide [1]. 
However, having the liberty to choose another impedance 
value increases the design flexibility for both antennas and 
RF-frontends, and can enhance the total system performance 
dramatically [2-7]. Possibility to select reference impedances  
other than the 50 Ω value reveals the opportunity to use 
antenna structures for which the inherent input impedance is  

 
Manuscript received March 25, 2014; revised January 15, 2015; accepted 

March 19, 2015. 
N. Haider and A. G. Yarovoy are with Delft University of Technology, 

Microwave Sensing, Signals and Systems (MS3), 2628 CD Delft, The 
Netherlands (e-mail: nadia@nadiahaider.nl). 

D. Caratelli is with The Antenna Company B.V., 2629 HD Delft, The 
Netherlands, and Tomsk Polytechnic University, 84/3 Sovetskaya Street, 
634050 Tomsk, Russia. 

 
(a) 

 
(b) 

Fig. 1. (a) Conventional impedance-matching and (b) variable-impedance 
matching between antenna and RF-frontend. Here, * notation represents 
complex conjugate. 

not 50 Ω [4]. In addition, [6-7] demonstrate improvements in 
gain and noise factor when the impedance of the RF-frontend 
is not obliged to match a single value. 

To further increase the performance, variable-impedance 
matching can be utilized. There are two possible approaches 
on variable impedance realization: one concept considers 
placing the variable components (e.g. pin-diodes and 
varactors) in the antenna element itself [8-10], while the 
alternative concept realizes antenna matching in 
transmit/receive (T/R) module. The main advantage of the 
former is in keeping interface between an antenna element and 
T/R module at 50 Ω and consequently an ability to use 
standard transmission lines in between, however the clear 
disadvantages are the increase of antenna complexity (and 
related to this increase of antenna system costs), parasitic 
influence of the control lines for tunable antenna elements and 
possible overall increase of the antenna element surface 
(leading to decreased scanning capabilities), additional ohmic 
losses in the control elements (up to 1–2 dB) and consequently 
reduction of maximal transmitted power. The latter approach 
requires impedance tunable RF-frontend with close integration 
with the antenna as illustrated in Fig.1b. This concept does not 
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lead to increase of antenna system complexity and its costs, 
does not limit maximal transmitted power and is actually free 
from other disadvantages of the first concept but its practical 
realization requires avoiding long transmission lines between 
antenna element and the T/R module, which is already a 
standard concept now in large phased-arrays up to X-band. 
Instead of a separate network [11-12], incorporating 
reconfigurable matching in the RF-frontend chip reduces the 
size and can provide a larger range of resistance and reactance 
values. 

The remarkable advancements of the cellular industry have 
initiated immense interest in multi-standard radio. For these 
systems, designers are challenged to provide fully integrated 
reconfigurable RF-frontend [13]. Among other requirements, 
tunable input-impedance is a desired functionality. The study 
in [14] describes a 65 nm CMOS IC with on-chip low-
resistance switches for input-impedance control. In [15] a low-
loss adaptive matching network implemented in silicon-on-
glass technology was demonstrated. Recently, impedance-
tunable RF-frontends are also becoming commercially 
available [16-17].  

These advancements in tunable RF technology give the 
opportunity to develop antenna systems with variable 
impedance matching that benefit from the high level 
integration between the antenna and the RF-frontend. An 
example of this technology is detailed in [18] where a 
broadband differential LNA (Low Noise Amplifier) designed 
for an active bunny-ear antenna array with non-standard input 
impedance is presented.  

Although reconfigurable antennas have recently been 
studied for wide scope of applications [19-20], the concept of 
frequency reconfiguration by variable input-impedance of the 
RF-frontend did not gain wide research interest yet. 
Nevertheless, technological capabilities to tune the input 
impedance of RF modules are already available (e.g., the input 
impedance tunable 65 nm CMOS RF-frontend is presented in 
[14] and used to reconfigure the operational band of a 
microstrip antenna in [28]). In this article we investigate this 
concept by a dedicated antenna design for frequency 
reconfiguration between L and S radar-bands. A dual-band 
radiating element with two parallel E-slots has been developed 
to fully utilize the advantages of non 50 Ω variable-impedance 
matching. Having phased-array radar application in mind, the 
scanning properties of an electrically very large array with the 
proposed radiating elements have been thoroughly 
investigated. This article also emphasizes on a detailed 
description of the theoretical background of the variable-
impedance approach and its advantages. 

This manuscript is organized in six sections. We discuss the 
concept of variable-impedance matching and exemplify some 
of its major benefits in Section II. In Section III the theoretical 
analysis of power-wave theory is discussed. In Section IV the 
design of a frequency reconfiguration planar antenna by 
utilizing the variable impedance approach is presented. 

Section V discusses the advantages of the proposed design 
concept for phased-array antennas. Finally the conclusions are 
drawn in Section VI. 

II. THE CONCEPT OF VARIABLE IMPEDANCE MATCHING 

In Fig. 1 the concept of variable-impedance matching is 
illustrated. Unlike conventional fixed-impedance matching 
(Fig. 1a), here the input-impedance of the RF-frontend is 
tunable (Fig. 1b). Therefore, the input-impedances of both the 
antenna ( antZ ) and the RF-frontend ( rZ ) are not obliged to be 
equal to a fixed value, typically 50 Ω, in order to minimize 
mismatch losses. Note that in Fig. 1b the 50 Ω transmission 
line is not included. Here, any transmission line (connecting 
the antenna to the RF-frontend) is now becoming a part of the 
antenna and is included in antZ  in Fig. 1b. This requires that 
this line length has to be known in advance. However, a small 
variation in this length (less than one twentieth of the 
wavelength) has in practice negligible influence on the 
antenna input-impedance.  

This concept of variable-impedance matching has many 
fundamental advantages. For instance, many antenna elements 
show high radiation efficiency outside their instantaneous 
frequency band. As input impedances of most antennas are 
highly frequency dependent, a fixed 50 Ω impedance 
transformation only allows a good matching within a limited 
frequency range. For the concept presented in Fig. 1b, the 
input-impedance of the RF-frontend ( rZ ) can be changed to 
match the antenna input-impedance ( antZ ). In this way, 
frequency reconfigurable or tunable antennas can be easily 
realized. This approach is useful to support different 
communication standards, compensate for antenna mismatch 
losses due to aging or detrimental effects of objects in the 
close vicinity of the antenna (particularly important for hand-
held cellular devices) or reduce any mismatch caused by 
manufacturing processes.  

The approach can also be applied in selecting sub-bands of 
wideband or multi-band antenna systems. This can be 
achieved by matching the frontend to the corresponding 
impedance of a specific band while suppressing the signals 
from other bands through intentional mismatch. This will 
provide band selectivity, decrease out-of-band signals, reduce 
the noise bandwidth and relax the constraints on the frontend 
filters. Furthermore, the proposed concept is helpful for 
phased-array antennas to maintain good matching over large 
scan angles and thereby increase scan volume. On the 
contrary, angle dependent input-impedance matching provides 
the opportunity to perform spatial-filtering and thereby 
reduces interfering signal levels impending from adjacent 
angles.    

Owing to these benefits there is a strong possibility that in 
future, variable-impedance matching will extensively be used 
for many applications, for example communications, cognitive 
radio, radio astronomy and radar. 
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III. THE THEORY OF POWER WAVES FOR VARIABLE 

IMPEDANCE MATCHING 

In this section, the theoretical formulation backing the 
variable impedance matching approach is described and 
discussed in detail. 

In the theory of microwave circuit, the concept of travelling 
waves is a useful and straightforward method to provide a 
physical explanation for many phenomena occurring in 
transmission lines. Travelling waves were introduced by 
applying linear transformations to voltages and currents and 
they provide a meaningful physical understanding of waves 
travelling in two opposite directions along a transmission line. 
The travelling waves are defined as,   

ܽ௧ ൌ
ඥோ௘௓ೝ
ଶ|௓ೝ|

ሺ ௜ܸ ൅ ܼ௥ܫ௜ሻ, 	ܾ௧ ൌ
ඥோ௘௓ೝ
ଶ|௓ೝ|

ሺ ௜ܸ െ ܼ௥ܫ௜ሻ	      (1)    

where, ܽ௧	and ܾ௧	are the travelling waves moving towards and 
from the thi  port respectively, while ௜ܸ  and ܫ௜	are the voltage 
and current amplitudes flowing into the corresponding port. In 
(1) ܼ௥  denotes the reference impedance, or, in other words, the 
impedance seen from the thi port looking towards the 
transmission line. The time-average real power delivered to 
the antenna can be computed as,  

௔ܲ௡௧ ൌ
ଵ

ଶ
ܴ݁ሺ ௜ܸܫ௜

∗ሻ  

௔ܲ௡௧ ൌ
ଵ

ଶ
ሺ|ܽ௧|ଶ െ |ܾ௧|ଶሻ െ

ூ௠௓ೝூ௠ሺ௔೟
∗௕೟ሻ

ோ௘௓ೝ
                    (2) 

From (2) we know that for a complex value of ܼ௥the total 
delivered power cannot be expressed straightforwardly as the 
difference in power carried by the incident and reflected 
travelling waves [21].   

In order to allow for a more insightful analysis of the 
general case involving complex reference impedances, 
different formulations based on suitable linear transformations 
of port voltages and currents were proposed [21-25]. Among 
them, special attention is to be given to the concept of power 
wave which provides a more consistent description of the 
propagation of power in transmission lines and was introduced 
in [22-23] as, 

ܽ௣ ൌ
௏೔ା௓ೝூ೔
ଶඥோ௘௓ೝ

, 	ܾ௣ ൌ
௏೔ି௓ೝ∗ூ೔
ଶඥோ௘௓ೝ

                                           (3)    

where, ܽ௣	and ܾ௣ are the power waves moving towards and 

from the thi  port respectively. In this case, the total power 
delivered to the antenna can be expressed as the difference in 
power carried by the incident and reflected power waves, 

௔ܲ௡௧ ൌ
ଵ

ଶ
ቀหܽ௣ห

ଶ
െ หܾ௣ห

ଶ
ቁ                                             (4) 

When the reference impedance (in this case	ܼݎ) is complex, 
the power-wave definition of reflection coefficient is more 
meaningful than the more commonly used travelling-wave 
definition. The reflection coefficient for power waves has been 
derived in [22] as,  

௣߁ ൌ
	௕೛
௔೛
ൌ

௓ೌ೙೟ି௓ೝ∗

௓ೌ೙೟ା௓ೝ
                                                    (5) 

Equation (5) shows that ߁௣ is zero when the antenna and the 
RF-frontend impedances are complex conjugates of each 
other. It this case, there is no reflected power wave (ܾ௣) and 
maximum power will be delivered to the antenna for radiation. 
It is worth pointing out here that the conventional travelling-
wave-based definition of reflection coefficient, 

௧߁ ൌ
	௕೟
௔೟
ൌ

௓ೌ೙೟ି௓ೝ
௓ೌ೙೟ା௓ೝ

                                                     (6) 

does not satisfy the above mentioned condition and fails to 
provide a physical meaning when the reference impedance is 
complex. In addition, as explained in [23] for (6) the 
magnitude of reflection coefficient can be larger than unity 
even for a passive system. On the other hand, the magnitude of 
the power-wave reflection coefficient is smaller than unity, 
that is ห݌߁ห ൏ 1, provided that the real parts of	ܼܽ݊ݐ	and 
ܼ௥	have the same signs, as always expected for passive 
devices.   

Despite the fact that the theory of power wave has been 
introduced many decades ago, it is still not widely used by the 
antenna and microwave engineer community (some 
applications of power wave method are seen for RFID tag 
design [26]). For commonly used fixed 50 Ω impedance-
matching one can resort to the much simpler travelling wave 
theory. However, for a co-design of antenna with the RF-
frontend where the impedance is not limited to any real values, 
a correct understanding of the power-wave theory is crucial.  

IV. FREQUENCY RECONFIGURATION WITH VARIABLE 

IMPEDANCE MATCHING 

 In this section, the concept of variable-impedance matching 
is applied to tune the antenna’s operational frequency over a 
large band. For dual- or multi-band antennas, an operational 
band can be selected by matching the frontend to the 
corresponding antenna input impedances within a specific 
band while suppressing, in this way, the signals from other 
bands by deliberate mismatch. For this investigation, an E-slot 
microstrip antenna is presented for which the operating 
frequency can be shifted from L-band to S-band by using the 
variable impedance matching approach discussed in the 
previous sections. 

A. The E-Slot Antenna Topology 

The physical layout of the E-slot antenna is sketched in Fig. 
2. The proposed antenna mainly differs from conventional 
microstrip antennas by having the double E-slots and a blind-
via feeding. 

Dual-band planar antennas are commonly realized by 
inserting slots in the radiating structure [27]. This approach 
provides the opportunity to control the operating band of the 
 ଴ଷ଴ mode and to transform the three-lobe radiation patternܯܶ
of this mode to the desired single-lobe pattern.  

In comparison with two parallel slots [27], the proposed E-
slot structure separates the ܶܯ଴ଵ଴ mode and the ܶܯ଴ଷ଴ mode 
over a wider frequency band. The parameter ݓ௘ (see Fig. 2b)  
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(a) 

 

(b) 

 

(c) 

Fig. 2. E-slot antenna (a), the slot section (b) and the feeding section (c). 
Geometrical characteristics of the structure: wp=34 mm, lp=35 mm, wg=90 mm, 
lg=90 mm, hd=9 mm, xf=0 mm, yf=-5.5 mm, we=5 mm, wslot=33 mm,  lslot=6.5 
mm, tslot=4.5 mm,  Df=5 mm, hf=7.6 mm, Dp=0.5 mm. The number of vias in 
the fence is 11, and the diameter of the center probe is 1.28 mm. The origin of 
the adopted coordinate system is located at the center of the radiating patch. 

 

Fig. 3. Simulated results of the resonance modes vs central slot width ( ew )  

influences the current path of the third harmonic  
 due to high surface current distribution at these (mode	଴ଷ଴ܯܶ)
locations. Increasing this value leads to a shorter current path 
for the ܶܯ଴ଷ଴ mode and thereby swifts the resonating 
frequency towards the upper band. On the other hand, the 
central slots only marginally affect the first harmonic 
 as the current density of the subsequent mode (଴ଵ଴modeܯܶ)
is particularly low at the slot locations. In Fig. 3 the effect of 
the slot width (ݓ௘) on the frequency ratios of the two 
aforesaid modes is depicted. By controlling the width of the 
central slot we can influence the frequency band of the ܶܯ଴ଷ଴ 

mode. It is evident in Fig. 3 that ܶܯ଴ଵ଴ mode remains 
unaffected by the variations of this parameter. 

B. Blind-via Feeding Section 

The blind-via feeding section is shown in Fig. 2c. A 
detailed study of the proposed feeding structure for a single-
band microstrip antenna is presented in [29]. The effect of the 
proposed feeding structure on the reference antenna element is 
discussed here for completeness.  

It is known that the input impedance of an antenna element 
fed by a probe possesses a large reactive part. For the 
proposed E-slot microstrip antenna this reactive value is 
particularly high for the ܶܯ଴ଷ଴ mode for which the thickness 
of the dielectric substrate relative to the wavelength is large 
compared to the ܶܯ଴ଵ଴ mode.  

A high reactive input impedance of the antenna makes it 
difficult to match the device to the RF-frontend.  By 
minimizing the effective length of the probe-feed the reactive 
part of the input impedance can be reduced. To achieve this 
goal, a via-pin fence can be used to encircle the probe 
resulting in a coaxial-line-like section partly slipped in the 
antenna substrate (see Fig. 2c). The obtained results illustrate 
that the BV fence structure significantly reduces the antenna 
input reactance and flattens the antenna resistance around the 
 ଴ଷ଴ mode. Furthermore, geometrical parameters (inܯܶ
particular the fence diameter ܦ௙) of the fence can be used to 
control the input impedance of the antenna.  

C. Antenna Performance 

Based on the antenna architecture discussed in the previous 
section, an antenna element with high radiation efficiency in 
L- and S-radar bands (1.2-1.4 GHz and 2.9-3.5 GHz) was 
designed. The antenna is etched on Rogers high-frequency 
material, RO4003, with ߝ௥= 3.5. The prototype of the antenna 
is presented in Fig. 4. For the experimental data the Agilent 
E8364B network analyzer was used. The length and the width 
of the radiating element here are less than ߣ଴/6, ߣ଴	being the 
free-space wavelength of the first harmonic (1.4 GHz).The 
size of the antenna element was reduced by avoiding air- 
  

 
Fig. 4. E-slot microstrip antenna prototype 
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substrate and by increasing the thickness of the dielectric 
substrate up to 9 mm. The antenna compact size makes it 
suitable for dense array environment. 

The measured input impedance of the antenna is compared 
with the simulation results and a close agreement was 
observed (Fig. 5). The fundamental mode (ܶܯ଴ଵ଴	mode) 
resonates at 1.45 GHz. Around the fundamental mode we 
notice two circuitry resonances (peaks in the real part of the 
input impedance curve and zeros in the imaginary part) caused 
by loading the patch with complex-valued impedance of the 
slots. These resonances however do not correspond to 
excitation of new current modes on the patch. The second 
 harmonics are efficiently (଴ଷ଴ܯܶ) and the third (଴ଶ଴ܯܶ)
excited around frequencies of 2 GHz and 3 GHz, respectively. 
Due to the presence of the E-slots, the higher order harmonics 
are shifted towards the lower frequency range.  

The measured and simulated boresight absolute gains 
(which do not consider any reflection occurring at the feeding 
location) of the antenna are plotted in Fig. 6. Around 1.45 
GHz and 3 GHz the antenna’s absolute gain reaches the local 
maxima as a result of radiation of the fundamental and the 
third harmonic modes, respectively. The measured absolute 
gain is 6.8 dBi at 1.47 GHz while it is 5.4 dBi at 3 GHz. It 
should be pointed out here that the absolute gain remains 
higher than 3 dBi from 1.05 GHz to 1.55 GHz and again from 
2.7 GHz to 3.2 GHz. Due to relatively thick substrate, the 
antenna radiation efficiency decreases with frequency from 
approximately 95% at 1.5 GHz to 82% at 3.5 GHz. This 
indicates adequate radiation efficiencies at the aforementioned 
frequency bands. Here, the antenna gain values are slightly 
less than that for a conventional patch (about 6.0-6.5 dBi) due 
to the reduced antenna aperture at the lower band and the 
surface-wave loss at the upper band. 

The measured and the simulated reflection coefficients of 
the antenna for two different input-impedance settings as 
typical examples are shown in Fig. 7. In this example, the 
frequencies for which the absolute gain reaches its maximal 
values are selected. Here, the experimental data is measured 
for 50 Ω reference impedance and the input-reflection 
coefficient for other impedance values were extracted 
according to (4). Fig. 7 reveals that by changing the reference 
input impedance from about 10 Ω to 75 Ω (both in simulations 
and post-processing of the experimental results) the operating 
frequency can be shifted from L to S band. The realization and 
the details of an input-impedance tunable RF-frontend are 
discussed in [11] and [28] where a 65 nm CMOS RF-frontend 
was used to tune the operational band of a microstrip antenna. 

Fig. 5 shows that within the radar L-band (1.2 GHz – 1.4 
GHz) the input-impedance varies rapidly with frequency.  This 
provides opportunity to tune the operational band by proper 
impedance matching. For the E-slot antenna, the input-
impedance of the antenna is inductive within the above 
mentioned band. It is worth mentioning here that inductive 
antenna impedances are often advantageous for conjugate 
matching since in an integrated circuit capacitive  
 

 
Fig. 5. Input-impedance of the E-slot microstrip antenna 

 

Fig. 6. Boresight absolute gain as a function of frequency 

 

Fig. 7. Simulated and measured power wave reflection coefficient for two 
different impedance settings  

 
Fig. 8. Power-wave reflection coefficient for various complex reference 
impedance settings 
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Fig. 10.  Normalized radiation patterns at S-band 
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Fig. 9.  Normalized radiation patterns at L-band 
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impedances are easier to synthesize compared to inductive 
ones. In Fig. 8 it is shown that the operational band shifts 
towards the higher frequencies when the resistive part of the 
input impedance increases while the reactive part decreases. 

The far-field radiation patterns are presented in Figs. 9-10. 
Measured and theoretical results indicate low cross-
polarization levels for the lower band. At the higher band the 
cross-polarization levels increase for H-plane due to the larger 
electrical thickness of the dielectric substrate. Furthermore, 
symmetric radiation patterns for both upper and lower 
frequency bands are evident owing to the symmetrical 
geometry of the antenna. 

V. VARIABLE-IMPEDANCE MATCHING FOR PHASED-ARRAY 

ANTENNAS 

It is widely known that the active impedance of a phased-
array antenna varies with the scan angle and the scale of this 
variation depends on the amount of the couplings between the 
radiating elements.  As a result, a single predefined reference 
impedance value gives an optimal impedance matching for a 
single beam direction (usually for boresight scanning). For 
other directions the reflected signal increases due to 
impedance mismatch.  

Generally, the variation of the active impedance is 
minimized by reducing the antenna mutual couplings with 
proper antenna design and optimization. However, the 
outcome of such approach is highly design specific. To 
alleviate this problem utterly, a scan dependent variable-
impedance matching is desired [30]. This can be realized by 
changing the input-impedance of the RF-frontend not only as a 
function of the desired band, but also if needed, as a function 
of the scan angle. 

To investigate the concept of scan dependent matching, an 
infinite array of E-slot elements with triangular grid was 
analyzed. The numerical model of the infinite array is 
illustrated in Fig. 11 where an element spacing of 53.6 mm 
was selected to allow ±60° grating-lobe free scan angle up to 3 
GHz. The current work is done having in mind electrically  

  
Fig. 11 E-slot infinite array configuration with 53.6 mm element periodicity 

 

Fig. 12 E-plane active input impedance versus frequency for various scan 
angles 

 
Fig. 13 H-plane active input impedance versus frequency for various scan 
angles 

very large arrays with thousands of radiating elements. The 
infinite array analysis is useful to evaluate the active-element 
impedances of such large arrays. However, it is worth noting 
here that the performances of elements close the edge of a 
finite array will be different from the element within an 
infinite array. 

In Fig. 12 and Fig. 13 the active input impedances of the 
antenna are shown for different scan angles. Along the E-
plane coupling with the adjacent elements are less due to the 
triangular array arrangement. Hence, the impedances remain 
more stable with the frequency within the operational bands. 
In Fig. 13 we notice that along the H-plane the impedance 
variation is higher for the L-band in comparison with the S-
band (at lower frequency the electrical distance between the 
elements is smaller resulting in a larger coupling). The scan-
angle ( ) dependency of the impedances can be expressed 

with polynomial functions as follows: 
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where 0NC are the polynomial coefficients. As the variation in 

the impedances is not abrupt, a third order (N=3) polynomial 
function can estimate these values with about 0.97 correlation 
of determination. Note that the ability to analytically express 
the scanning behavior of the antenna with polynomial 
functions will significantly reduce the total number of 
numerical analysis necessary for the co-design of the antenna 
and RF-frontend. To extract the equivalent mathematical 
expression, numerical active-impedances of only five scanning 
angles (0°, 15°, 30°, 45°, 60°) were used. Fig. 14 shows the H-
plane active input impedances as a function of the scanning 
angle at 1.37 GHz as a typical example. Here we observe a 
nearly perfect fit to the data curve. 

In Fig. 15 the frequency-domain behavior of the coefficients 

0NC , conveniently expressed as 6th-order polynomial 

functions, is shown. For f < 1.3 GHz, the higher order 
coefficients become negligible (resulting in an almost constant 
value of impedances). On the contrary, for f > 1.3 GHz these 
coefficients become larger. In this context, it is worth noting 

that the 0C coefficient reveals the frequency-domain behavior 

of the antenna input-impedance for 0° scanning angle. 

In Fig. 16 the active reflection coefficients are illustrated. 
Here these active reflection coefficients are computed 
according to (4). In Fig. 16(a) the reference impedances were  
 

 

Fig. 14 H-plane active input impedance versus scan-angle at 1.37 GHz 

 
   ■   Numerical data / real part    – – – – Polynomial function / real part     
▲ Numerical data / imag part    ••••••• Polynomial function / imag part 

Fig. 15 Polynomial coefficients of equations (7) and (8) for H-plane  as a 
function of the frequency 

considered constant for all scan angles and were selected to 
provide an optimal matching condition at θ=0° angle at 1.37 
GHz. Here, we notice that the reflection coefficient increases 
with the scan-angle. Note that within the operational bands, 
the highest variation in active impedance is around 1.37 GHz. 

If further improvement of the matching condition is desired 
for the utmost scan angles, an impedance matching where the 
reference impedance will vary with the scan angle is required. 
Fig. 16(b) provides an illustration of this approach.   Here, the 
reference impedance is conjugate-matched to the 
corresponding active-antenna impedances and hence reduction 
of the active reflection coefficients are observed for off-
boresight angles (the active-antenna impedances at 1.37 GHz 
are presented in Fig. 14). In this example, the reference 
impedance is set to provide a minimum reflection at 1.37 
GHz. As a result the realized gain is maximized. In this case, 
the realized gain of each element can be improved by 0.6 dB 
for θ=60°. Fig. 16(b) reveals that the active-impedance 
bandwidth (at -10 dB level) is 50 MHz. This bandwidth can be 
improved at the expense of reduced matching, known from the 
Bode-Fano criterion [31-32]. 

This approach of scan dependent impedance matching is 
helpful for phased-array antennas to maintain good matching 
over large scan angles. In addition to this advantage of 
sustaining better matching, the proposed approach has another 
potential for phased-array systems. An angle dependent input-
impedance matching provides the opportunity to perform 
some spatial-filtering. Any signal approaching from directions 
other than the main beam will undergo larger suppression. 
This will assist beam forming networks to minimize the 
interferences of unwanted signals impending from adjacent 
angles.    
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(a) 

 

(b) 

Fig. 16 Magnitude of active reflection coefficient versus frequency along H-
plane for (a) reference impedance conjugate-match to the active input 
impedance of the antenna for θ=0° at 1.37 GHz (

rZ = 114 – 130j ) and (b) 

reference impedance conjugate-match to the corresponding active antenna 
impedances at 1.37 GHz (shown in Fig. 14) 

VI. CONCLUSION 

This paper discusses and verifies advantages of having a 
variable-impedance matching between the antenna and the 
RF-frontend.  The concept of antenna frequency 
reconfiguration by variable impedance matching was, in 
particular, implemented to an E-slot planar antenna. This 
antenna possesses dual- (L- and S-) band operation based on 
radiation of the fundamental (ܶܯ଴ଵ଴) mode and the third 
harmonic (ܶܯ଴ଷ଴). We showed that the antenna’s operational 
band can be switched from L- to S-band (about 2.5:1 
frequency ratio) by changing the reference impedance. In 
addition, operational frequency shift of about 25% within L-
band is possible by proper tuning of the reference impedance. 
The E-slot antenna considered is an attractive solution for 
frequency reconfigurable (phased-) array due to its ability to 
switch from L- to S- (radar) bands, compact size of 35 x 34 
mm2, symmetric radiation patterns, back feeding technique 
and wide-angle scanning capabilities. 

Furthermore, we demonstrate that the variable-impedance 
matching might provide substantial advantages to phased-
array systems. In particular, a scan-angle dependent 
impedance control of the RF-frontend will diminish the 
fundamental active-impedance matching problem and thereby 
increase the scan volume. At the same time a scan dependent 
matching will further enhance system performance and 
robustness by reducing interfering and jamming signals 

impinging from adjacent angles. Finally, it is well-known that 
elements close to the edge of an array have active impedance 
essentially different from those located in the center. Dummy 
elements along the array borders are often used when a 
conventional 50 Ω impedance matching is applied. These 
dummy elements reduce the overall gain. An impedance-
tunable RF-frontend can provide a particular impedance 
matching for these edge elements and thereby avoid the use of 
non-active dummy elements.   
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