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 In this paper, a frequency-tunable antenna is proposed based on a previous antenna which 
has a ladder shape and a size of 120 x 50 mm2. It is fed using a coaxial cable and it is 
operational at 700 MHz which is in the UHF band with a bandwidth of 30 MHz. Varactors, 
having a very low resistance value and a wide range of capacitance values, are 
implemented on the surface of the antenna which achieves tunability in the DTV 
applications band used for mobile handheld devices. By using such varactors, the 
electromagnetic characteristics of this antenna could be changed by changing its electrical 
length. Multiple cases are studied; either adding a varactor on each step of the ladder 
antenna or adding only one varactor in a certain well justified position. The operating 
frequency is swept in different ranges where all of the obtained frequencies could be used 
for digital TV broadcasting on mobile devices. 
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1. Introduction  

Digital TV broadcasting is now the median of exchanging 
information and that is thanks to the progress in digital TV 
technology in the form of wireless devices as well as the ways of 
sending and receiving signals. The new mobile devices have an 
attractive feature which is to allow users to watch TV on their own 
handheld devices; however, this feature presents some challenges 
in the field of designing antennas for this purpose. The antenna 
has to have a small size to fit in the devices and a high 
performance to satisfy interested users. 

This paper is an extension of the work originally presented in 
the conference paper entitled “Ladder Shape Microstrip Patch 
Antenna”, [1]. It is known that the operational frequency and the 
size of the antenna are inversely proportional. Since our targeted 
frequency is in the UHF band, it is then obvious that the size of 
the antenna operating in the high MHz range will increase. One 
advantage in the design process is that the designer is capable of 
slightly sacrificing the efficiency of the antenna because digital 
TV is a receive-only system in which lower total efficiency is 
acceptable as stated in [2].  

Other than the fact that the antenna has to have a small size, it 
has to have good impedance matching conditions also. This is 
where the designer is required to add a matching circuit in the 
purpose of achieving the best possible power transfer between the 
amplifier and the antenna, which leads to the optimal antenna 

efficiency. Also, the designer has to take into account the fact that 
all the used components in the matching circuit add some losses 
to the design, which affects the whole performance of the system.  

In the literature, there exists many papers that present designs 
of digital TV broadcasting antennas for mobile handheld devices. 
Some of these antennas are the grating monopole antenna, [3], 
having dimensions of 240 x 35 mm2 and operating between 458 
MHz and 960 MHz, the asymmetric fork shaped monopole 
antenna, [4], having dimensions of 245 x 35 mm2 and operating 
between 451 MHz and 912 MHz, the coplanar waveguide-fed 
dipole antenna, [5], having dimensions of 241 x 58.5 mm2 and 
operating between 430 MHz and 1180 MHz and the monopole 
slot antenna, [6], of dimensions 128 x 51 mm2 and operating at 
600 MHz. In [7], two small microstrip antennas and one planar 
inverted F antenna are proposed. These antennas are used in the 
TV band for transmission of cognitive radios. The three of them 
operate between 700 MHz and 900 MHz. Some new references 
could be found in the literature such as [8] in which the authors 
designed and fabricated a flexible printed active antenna having a 
meander line shape for the DTV reception. It has a size of 180 x 
50 mm2 and a wide operational band ranging from 510 MHz to 
790 MHz due to the usage of coplanar waveguide feeding 
technique. This antenna has an omnidirectional radiation pattern 
and a maximum gain of about 18 dB. A compact 46 x 46 mm2 
antenna is designed in [9] covering a wide band from 490 MHz to 
720 MHz. The bandwidth enhancement is achieved by changing 
the size of the ground plane of the antenna and the size reduction 
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is achieved by incorporating the meander line shape in the 
radiating patch. 

In [1], the goal was to design a small antenna for digital TV 
after modifying the antenna proposed in [10], which is also a 
ladder shaped antenna but operational at 90 GHz. Considerable 
modifications were done on the latter one to function in the MHz 
frequencies despite the fact that wireless devices impose some 
size constraints on the antenna. The resulting patch antenna has 
the shape of a ladder and a size of 120 x 50 mm2 which overrides 
some of the antennas presented in the literature. Many of the 
ladder dimensions were studied in [1] to try to improve the 
matching conditions. The software used for the design and 
simulation of the antenna is HFSS. It is then fabricated and tested. 
The simulated and measured results showed good agreement. It 
has a narrow operational bandwidth of 30 MHz only ranging from 
685 MHz to 715 MHz, which do not cover the whole UHF band 
channels. The solution proposed for that issue is to add surface 
mounted varactors to the ladder patch antenna to be able to tune 
the operational bandwidth. A DC bias voltage should be applied 
to the varactors to change their capacitance values and hence 
achieve frequency tunability to different UHF channels. 

In the upcoming wireless communication systems, 
reconfigurable antennas are used widely for many reasons. A re-
configurable antenna could have the ability of changing many of 
its characteristics. Frequency, radiation pattern, bandwidth and 
polarization could be altered to adapt to the environment, [11], 
using a reconfigurable antenna. Besides their re-configurable 
capability, re-configurable antennas contain many other features 
such as reduced cost, size miniaturization and multipurpose 
functions and they use microstrip antennas as a platform. In 
addition, recent systems must be able to receive signals over a 
wide range of frequencies so they require, as stated in [12], either 
wide-band or tunable narrow-band antennas. The requirement of 
receiver filters is relaxed because tunable narrow-band antennas, 
in contrary to broadband antennas, provide frequency selectivity. 
Tunable antennas, [13], are of interest for wireless 
communication systems because they could substitute multiple 
antennas operating at different frequencies, which will reduce the 
implementation size and its cost as well as the complexity of the 
system. Another advantage presented by such antennas is the 
ability to reject the interference from services coexisting in the 
spectrum. Slot antennas are one of the common types of antennas 
used in frequency tuning because varactors or switches could be 
used easily to change their resonant frequency. The frequency 
tuning is achieved by varying the effective length of the slots 
using varactor diodes embedded across the slots. Therefore, a 
tunable antenna could be obtained by loading the patch antennas 
with varactor diodes, [14], thus having a change in the resonant 
frequency of the patch.  

The authors of [15] present a slot antenna that uses switches 
to change its electrical length and obtain an effective wide 
bandwidth. A small patch antenna that could be tuned to different 
frequencies, ranging from 800MHz to 900 MHz, is designed in 
[16], this antenna uses variable capacitors and transistors. A radio 
baseband processor sends commands to a digital control unit 
implemented in the antenna to control it. In [17], two lumped 
variable capacitors, also known as varactors, are placed in 
properly chosen positions on a slot antenna. The antenna is 

changed to a dual-band antenna having two operational 
frequencies that could be controlled individually.  

In this paper, the varactors are placed according to three 
different scenarios. The first thing done is to plot the current 
magnitude on the surface of the antenna in [1] and indicate the 
points where it is the highest and the lowest. The first scenario is 
designed by placing a varactor component where the current gets 
cancelled out, which is in the middle of each ladder step. The two 
other scenarios are designed by choosing two different points 
where the current is circulating with high magnitude. These two 
points appeared to be on the side strip connecting the ladder 
elements at the same side of the feeding point, one between the 
third and the fourth element and the other one is between the 
fourth and the fifth ladder element. Two designs were tested for 
the second and third scenarios; first, the copper strip facing the 
varactor had to be removed to avoid short-circuiting the inductors 
and drive the current to pass through the varactor. The second 
design was done by removing all strips similar to the one facing 
the varactor from the ladder patch. All the proposed designs were 
fabricated and tested and good agreement was obtained between 
the simulated and the measured reflection coefficients.  

2. Original Ladder Antenna: Design and Fabrication 
The antenna in [1] is designed with a size of 120 x 50 mm2 on 

an FR4 epoxy substrate with a dielectric constant of 4.4 and a 
thickness of 1.6 mm. All the dimensions of the antenna are shown 
in Figure 1(a). 

       
(a) Dimensions. 

       
(b) Prototype. 

 
(c) Simulated and measured S11. 

Figure 1: Original ladder shape antenna. 
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The substrate has a rectangular shape of length 120 mm and a 
width of 50 mm. The patch has also a rectangular shape of length 
116 mm and a width of 46 mm which means that it is smaller than 
the substrate by 2 mm from each side. The ladder is composed of 
eleven copper rectangular steps of length 40 mm and of width 7 
mm with a spacing of 3.7 mm between each two steps. Finally, 
the width of each of the two side strips connecting the eleven steps 
is 3 mm. As already said, the antenna is fed using a coaxial cable 
and the position of the feeding point was chosen to be in the 
middle of one of the side strips connecting the ladder elements. A 
parametric study was done before making the best choice of the 
feeding position to get the best possible performance of the 
antenna. The fact that this antenna occupy the entire space of the 
PCB does not affect the addition of other antennas necessary for 
the functionality of the device because most of the antennas 
designed now are very small strip antennas and could use different 
PCBs. 

After the fabrication of the antenna as shown in Figure 1(b), 
measurements were done on its reflection coefficient. Both the 
simulated and the measured S11 are shown in Figure 1(c). There is 
a good agreement between the simulated and the measured results. 
The value of -6 dB is the threshold of acceptable S11 values for 
TV antennas therefore the antenna is found to be operational at 
700 MHz with a bandwidth of 30 MHz. 

The reflection coefficient of the antenna shows that it has a 
narrow band covering only one TV channel. However, to be able 
to cover a wider bandwidth in the UHF band, many solutions 
could be proposed one of which is the use of surface mounted 
varactors and changing their capacitance values which allows the 
tuning of the operational frequency of the antenna to different 
UHF channels. 
3. Optimization Approaches 

To improve matching conditions at 700 MHz, four approaches 
were tested in [1]. The first approach, Figure 2(a), was to decrease 
the number of ladder steps to six. The second, Figure 2(b), was to 
use the design obtained after applying the first approach and 
increase the width of the steps to 10 mm which is an increase of 
43% of their original width. The third approach, Figure 2(c), was 
to reuse the original design and subtract eleven slots of size 5 x 2 
mm2 from both, upper and lower, side strips connecting the steps 
making them look like film strips. The final approach tested, 
Figure 2(d), was to decrease the number of slots subtracted to six 
and check their influence on the reflection coefficient. The four 
approaches mentioned are combined with Figure 2(e) that shows 
the reflection coefficients of the antennas obtained after applying 
these approaches as well as that of the original antenna simulated 
using Ansoft HFSS.  

No major improvement is shown in the reflection coefficient 
of the antenna. Instead, resonant frequency is shifted away from 
700 MHz in the four cases. Therefore, since the chosen frequency 
is 700 MHz and also thanks to the simplicity of the design and its 
easy fabrication, the antenna of the original design is the one 
chosen to be fabricated and measured. The network analyzer used 
to do the measurements is the “FieldFox RF Analyzer N9914A” 
from the Keysight Company. A small acceptable difference 
between the simulated and the measured S11 could be noticed and 
it is caused by some fabrication losses therefore, the ladder 

antenna fabricated is a good candidate to be used for TV 
applications. 

 

(a) Approach 1. 

 

(b) Approach 2. 

 

(c) Approach 3. 

 

(d) Approach 4. 

 

(e) Simulated S11 of the above approaches. 

Figure 2: Investigated optimization approaches. 

4. Frequency Tunable Ladder Antenna Scenarios: Designs 
and Fabrication 

The addition of varactor diodes along the current path leads to 
changing the electrical length of the patch and hence the operating 
frequency. It all depends on the capacitance value of the varactor; 
for some capacitances the electrical length increase and the 
resonant frequency decrease and for some other cases, the inverse 
occurs. 

To plainly explain the effect of the capacitance on the 
transmission line length, it is necessary to introduce the Smith 
Chart. The Smith Chart is a way of graphically determining 
transmission line parameters rather than mathematically. 
Consider a transmission line, it has an impedance which is usually 
a complex number expressed by (1) where R is the resistance and 
X is the reactance and can be plotted on the smith chart using the 
resistance and the reactance circles. A complete circle on the 
Smith Chart represents a half wavelength transmission line. One 
of the important applications of a Smith Chart is the length 
calculation of a short-circuited piece of transmission line to 
provide a required capacitive or inductive reactance. The addition 
of a series RC circuit will change the impedance of the 
transmission line by adding R to its real part and Xc, calculated 
using (2), to its imaginary part. 

                              𝑍𝑍 = 𝑅𝑅 + 𝑗𝑗𝑗𝑗                 (1) 
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                              𝑋𝑋𝑐𝑐 = 1
2𝜋𝜋𝜋𝜋𝜋𝜋

                              (2) 

𝑓𝑓 is the frequency in Hertz and C is the capacitance in Farads. 
Any change in the position of the transmission line impedance 
point on the Smith Chart, caused by adding matching circuits such 
as a series RC circuit, will lead to a change in the electrical length 
of the transmission line as well as its impedance which modifies 
its matching conditions. The electrical length will either increase 
or decrease, therefore the operational frequency which is directly 
related to it, will also change. The distance traveled by a current 
signal along a transmission line is expressed in relation to its 
source frequency. The wavelength calculated by (3), where c is 
the speed of light, is this distance considered for a given frequency. 

                                 𝜆𝜆 = 𝑐𝑐
𝑓𝑓

                                           (3) 

In the two suggested scenarios, the varactors are connected 
serially across a slot subtracted from the radiating patch, which 
means between two halves of the patch as in [18] and [19]. 
According to [20], the tunability of the antenna is therefore 
achieved by cutting small slots from the copper lines and inserting 
varactors in their place. 

The diode model used here is a serial connection between a 
capacitor and a resistor as shown in Figure 3. The resistor has a 
very small value of 0.01 Ω. The capacitance of the varactor that is 
used, 1SV325, is varied between 7 pF and 80 pF when a reverse 
voltage between 0V and 6V is applied. 

 
Figure 3: Used configuration of the varactor model depending on resistance R 

and capacitance C implemented in series. 

In what follows, the simulated reflection coefficients are 
presented for some capacitance values ranging between 7 pF and 
80 pF. The measured reflection coefficients are captured while 
varying the DC bias voltage. It is varied between 0V and 6V for 
the case of only one varactor added to the surface of the ladder 
patch antenna represented by scenarios 2 and 3 in the following 
figures. However, the voltage could be varied in a greater range 
for the antenna of scenario 1 that has a varactor added to each of 
its ladder steps because the varactors are in a parallel connection 
to each other so the voltage would be divided across all the 
varactors.  

Figure 4(a) represents the first antenna scenario where eleven 
varactors are added each in the middle of one of the steps, with 
the simulated S11 in Figure 4(b) and the measured S11 in Figure 
4(c). 

In the second antenna scenario, the varactor is added between 
the third and the fourth ladder step. Figure 5(a) represents the first 
design of the second scenario with only one copper strip removed. 
The simulated S11 is represented in Figure 5(b) and the measured 
S11 in Figure 5(c). 

 

(a) One Varactor in the middle of each ladder step. 

 

(b) Simulated Reflection Coefficient. 

 

(c) Measured Reflection Coefficient. 

Figure 4: Scenario 1. 

 

(a) One Varactor between the third and the fourth step with one 
facing copper slot removed. 

 

(b) Simulated Reflection Coefficient. 

 

(c) Measured Reflection Coefficient. 

Figure 5: Scenario 2 - Design 1. 
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Figure 6(a) represents the second design of the second 
scenario with all copper strips removed. Its simulated S11 is 
represented in Figure 6(b) and the measured S11 in Figure 6(c).  

 

(a) One Varactor between the third and the fourth step with all copper 
slots removed. 

 

(b) Simulated Reflection Coefficient. 

 

(c) Measured Reflection Coefficient. 

Figure 6: Scenario 2 - Design 2. 

 

(a) One Varactor between the fourth and the fifth step with one facing 
copper slot removed. 

 

(b) Simulated Reflection Coefficient. 

 

(c) Measured Reflection Coefficient. 

Figure 7: Scenario 3 - Design 1. 

In the third antenna scenario, the varactor is added between 
the fourth and the fifth ladder step. Figure 7(a) represents the first 
design of the last scenario where only one copper strip is removed. 
The simulated S11 is represented in Figure 7(b) and the measured 
S11 in Figure 7(c). 

Figure 8(a) represents the second design of the last scenario 
with all copper strips removed. Its simulated S11 is represented in 
Figure 8(b) and the measured S11 in Figure 8(c). 

In the figures showing the simulated and the measured 
reflection coefficients for all the antennas deigned, a slight 
difference could be noticed. This difference is due to the 
fabrications inaccuracies as well as the losses that could be 
encountered in the measurement process. However, it is well 
shown that all the tunable frequencies fall in the same frequency 
ranges when comparing simulated and measured results for each 
design. 

 

(a) One Varactor between the fourth and the fifth step with all copper 
slots removed. 

 

(b) Simulated Reflection Coefficient. 

 

(c) Measured Reflection Coefficient. 

Figure 8: Scenario 3 - Design 2. 

 
Figure 9: Current distribution for antenna [1]. 
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5. Current Distribution 

Figure 9 shows the current distribution on the surface of the 
ladder patch antenna in [1] at the resonant frequency 700 MHz. It 
is shown that the current magnitude is not equal in all of the points 
on the patch; the current on the ladder steps is lower than the one 
circulating on the side strips connecting them. This is obvious 
since the current is being canceled out in the middle of the steps 
because of the fact that it is traveling in opposite directions. 

Figure 10 represents the current distribution on the surface of 
the ladder patch for the five tunable designs discussed above at 
700 MHz frequency. 

 

(a) Scenario 1. 

 

(b) Scenario 2 - Design 1. 

 

(c) Scenario 2 - Design 2. 

 

(d) Scenario 3 - Design 1 

 

(e) Scenario 3 - Design 2 

Figure 10: Current distribution for the tunable antennas. 

6. Radiation Characteristics 

Figure 11(a) shows antenna [1] positioned in the xyz-plane. 
The three-dimensional radiation pattern of the antenna is shown 
in Figure 11(b). The main lobe of the antenna is directed in the 
plane formed by theta equals 90° and phi equals 45°. 

Figure 12(a) represents the first antenna design of the second 
scenario which is having the varactor placed after the third step 
and removing the copper strip facing it. Two plots of the radiation 
pattern are presented in Figures 12(b) and 12(c) for resonating 
frequencies 840 MHz and 870 MHz respectively. Both plots show 
that the main lobe changed its direction when compared to that of 
antenna [1]. 

 
(a) Antenna [1] in the xyz plane. 

 
(b) 3D Radiation pattern. 

Figure 11: Antenna [1] - Radiation Characteristics. 

 
(a)  Antenna of scenario 2 - Design 1. 

 
(b)  3D Radiation pattern at 840 MHz. 

 
(c)  3D Radiation pattern at 870 MHz. 

Figure 12: Antenna of scenario 2 - Design 1 - Radiation Characteristics. 

It is shown that the gain of this antenna is negative; that is due 
to its small size compared to what it should have been for 
operational frequencies in the UHF band. For 700 MHz frequency, 
the wavelength is around 400 mm however the length of this 
antenna is 120 mm, which means that the current is circulating on 
a path that is much smaller than what it should be. However, as 
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already stated in the introduction, this antenna is considered as a 
receive-only system in which efficiency could be sacrificed more 
than in a transmit-system. 

7. Conclusion 

The antennas presented in this paper are an extension of the 
ladder-shape microstrip patch antenna design presented in the 
conference paper [1]. When comparing the antenna presented in 
[1] to other antennas in the literature designed for the same 
purpose, it shows good improvement in terms of the compactness 
of its size. It has a length of 120 mm whereas other antennas are 
of length 240 mm, [3], and 245 mm, [4]. Even though its size suits 
most of the mobile phones used in the market, this antenna has 
one drawback which is its narrow operational bandwidth of 30 
MHz.  

The proposed solution in this paper is to transform this antenna 
into a frequency tunable antenna by adding varactors onto its 
surface. A slight change in the geometrical shape of the antenna 
will create new current paths and new radiation edges which will 
introduce multiple shifts in the resonant frequency. According to 
[21], the position of the varactors obviously affect the current flow 
path, so to tune the obtained resonant frequency, changing these 
positions is a must. 

The varactors are placed in certain positions that achieve 
frequency tuning while keeping sufficient matching conditions 
with minimal perturbation. The antennas presented in this paper 
resonated on new sets of frequencies falling between 200 MHz 
and 1 GHz, which allows them to be used for Digital TV 
broadcasting applications on mobile handheld devices.  

These antennas have a negative gain because of their small 
size according to their frequency of operation however, many 
techniques could be used to improve the antenna gain such as 
changing the substrate and using a different material having lower 
losses such as air, adding parasitic patches or meandering edges, 
cutting parts of the ground plane, etc…  
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