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Abstract - Minimization of power loss in the tuning circuits 
of frequency-tunable small resonant antennas, such as micro-
strip patches, is studied. First, the frequency shift and the 
associated power loss in certain tuning circuits are theoreti-
cally calculated based on approximate circuit models of 
fairly narrow-band resonant antennas. By investigating the 
ratio of frequency shift and loss, an optimal configuration for 
the tuning circuit can be determined. The theoretical results 
can be used to provide optimal starting values and design 
curves that facilitate the final design with a full-wave elec-
tromagnetic simulator. To support the theory, a design pro-
cedure is demonstrated with two example antenna structures, 
for which both simulated and measured results are presented. 
 
Keywords – Small antenna, frequency tuning, resonator, 
bandwidth, efficiency, and distortion 

I. INTRODUCTION 

One of the major application areas of small resonant anten-
nas, such as short-circuited microstrip patch antennas or 
PIFAs (planar inverted-F antenna), is personal mobile com-
munications. The main problem limiting the performance of 
these antennas is their narrow impedance bandwidth com-
pared to their size. In some cases, the bandwidth problem 
can be alleviated with electrical frequency tuning [1], which 
increases the effective bandwidth and can enable e.g. the use 
of a single antenna element in several radio systems without 
increasing its size. Frequency-tunable antennas can be util-
ized e.g. in mobile communication terminals where small 
antenna size is currently one of the key requirements. 

Besides more complex structure, power loss caused by the 
tuning circuitry is a major problem of frequency-tunable 
antennas [2]. Distortion caused by the non-linear compo-
nents used as switches and electrically controlled reactances 
can also be a problem [3]. Previously, frequency-tunable 
patch antennas have been realized by connecting tunable 
reactances and switches directly between the patch and the 
ground plane [1], [4]. The same components have also been 
used to combine separate parts of the patch [5], [6]. The 
main emphasis in these studies has been on the achievable 
tuning range, whereas the power loss and distortion caused 
by the tuning circuit have received less attention. 

In this paper, a simple but general frequency-tunable antenna 
configuration, which allows systematic analysis and minimi-

zation of power loss in the tuning circuit, is studied. In the 
first part, circuit models for single-resonant frequency-
tunable patch antennas with a fairly narrow impedance 
bandwidth are used to develop formulas for the calculation 
of the frequency shift and the respective losses as a function 
of the parameters of the tuning circuit. By investigating the 
ratio of frequency shift and loss, an optimal configuration for 
the tuning circuit can be determined. In the second part, the 
theory is applied to the design of frequency-tunable shorted 
patch antennas. 

II. THEORY 

Near resonance, the impedance characteristics of a simple 
open-circuited or short-circuited patch antenna can be mod-
eled with a parallel resonant circuit [7], [8] (Fig. 1). The 
resonant frequency of these antennas can be tuned up or 
down by adding an appropriate parallel susceptance. Ideally, 
any susceptance can be realized with a section of transmis-
sion line having length d O/2 and a suitable termination. Two 
such transmission line sections connected by a single-pole 
single-throw (SPST) switch form a general tuning circuit 
that enables switching between two frequencies (fopen and 
fclosed). Besides the lengths of the transmission line sections, 
the obtained tuning range and the power loss in the tuning 
circuit depend on the coupling between the antenna and the 
tuning circuitry, which in turn depends on where the tuning 
circuit is connected to the antenna. This coupling can be 
modeled with an ideal transformer. With two sections of 
transmission line and an SPST-switch, four different tuning 
circuit configurations, covering all practical options, can be 
realized. The first two, shown in Fig. 1, comprise a series 
switch followed by a short-circuited or open-ended line. 
Two more can be obtained if the series switch in Fig. 1 is re-
placed with a shunt switch. 
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Fig. 1. Circuit model for frequency-tunable resonant anten-
na with series switch. Load admittance Ye represents the 
open (Ye = 0) or shorted (Ye = f) end of line 2. 
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Near the resonant frequency fr, the input admittance of a 
patch antenna (Fig. 1) without any tuning circuit can be ap-
proximated as: 
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where Q0,a is the unloaded quality factor of the antenna. As-
suming the antenna is matched at resonance, G can be re-
placed with Yc, which is the characteristic admittance of the 
line feeding the antenna. The new resonant frequency fi, ob-
tained after adding a reactive load in Fig. 1, can be approxi-
mated from the frequency shift required for the antenna sus-
ceptance of Eq. (1) to cancel out the susceptance of the load: 

^ ` ^ `

� �.,   ,02

ImIm

,,
2

,0

2
,

closedopenibYN
f

ff
QY

YNYY

iLtc
r

ri
ac

tainin

  �¸̧
¹

·
¨̈
©

§ �

 � 

(2) 

In Eq. (2), Yc,t is the characteristic admittance of the load 
line. The coupling between the antenna and the load line is 
described by N. The normalized susceptance of the load con-
sisting of the switch and lines 1 and 2 is denoted by bL,i. It 
can be calculated using the standard equations of lossy 
transmission lines and an equivalent circuit for the switch. 
Depending on the status of the switch, bL,i gets either the 
value bL,open or bL,closed. The difference of the resulting fre-
quencies gives the frequency shift: 
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The loss power of the load circuit of Fig. 1 is: 
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In Eq. (4), Uin is the input voltage of the antenna, and gL,i is 
the normalized real part of the load admittance. Assuming 
the antenna is matched at resonance (G + GL = Yc), the input 
power is Pin = Uin

2Yc. Now, the relative losses are: 
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The frequency shift obtained with certain loss level or effi-
ciency can be calculated as the ratio of Eqs. (3) and (5): 
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It can be seen from Eqs. (3) and (4) that for a certain selec-
tion of the load circuit (l1 and l2), the increase of frequency 
shift by stronger coupling (increase of N) leads to a respec-
tive increase of power loss in the tuning circuit. However, 

for a given coupling, the ratio of the frequency shift and the 
associated power loss [Eq. (6)] can be maximized by select-
ing suitable lengths for the load lines. Therefore, it is useful 
to study the part of Eq. (6) that depends mainly on l1 and l2. 
It is here called the normalized ratio of frequency shift (or 
tuning range) over losses (TRL). Figs. 2a and 2b show TRL 
with the line lengths from 0 to 0.5O for the open and closed 
switch, respectively. The tuning circuit is the more efficient, 
the larger the absolute values of TRL are. The signs just 
show the direction of tuning. Negative values represent cases 
where opening the switch decreases the frequency. Plots like 
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Fig. 2. Normalized ratio of relative frequency shift and rela-
tive losses (TRL) for a) open and b) closed switch [Eq. (6)]. 
c) Normalized relative frequency shift [Eq. (3)]. Switch is 
connected in series, and the end of l2 is short-circuited. 



the ones in Figs. 2a and 2b can be used to quickly select op-
timal starting values for the design with electromagnetic 
simulators, and thus to reduce the number of iterations 
needed for an optimal design. The same plots can be used as 
design curves that facilitate e.g. the fine-tuning of a final 
design. When the power loss in the tuning circuit has been 
minimized by selecting suitable l1 and l2, the correct fre-
quency shift can be set with the coupling coefficient N. The 
value of N can be calculated from Eq. (3), for which the 
normalized relative frequency shift (bL,closed � bL,open) can be 
read from Fig. 2c. Although N can be easily calculated based 
on the model, finding the correct coupling in the real struc-
ture typically requires few iteration rounds with an electro-
magnetic simulator. 

Figs. 2a-2c have been plotted for the PIN-diode BAR 
64-04W of Infineon. When reverse-biased (switch open), the 
PIN-diode was modeled as a 0.17 pF capacitor (reverse bias 
voltage VR = 20 V). In forward-biased state (switch closed), 
it was modeled as a 1.2 nH inductor and a 2.1 : resistor in 
series (forward bias current IF = 10 mA). Unless otherwise 
stated, the mentioned values for VR and IF are used in the rest 
of the paper. To simplify the calculations, it has been as-
sumed that the impedances of the switch (in open and closed 
states) and the attenuation of the transmission lines 1 and 2 
can be approximated with constant values within the moder-
ate frequency tuning ranges used in this paper 
(_'f/fr_ d 10 %). In Fig. 2, the switch impedances have been 
calculated using the models given above at f = 900 MHz. 
The attenuation of the transmission lines is 0.07 dB/O. 

As a preliminary test for the calculated results, the model of 
Fig. 1 was studied with APLAC, which is an analog circuit 
simulation and design tool [9], [10]. The results given by 
APLAC were found to agree well with our calculations. 

III. NARROW-BAND FREQUENCY-TUNABLE 
SHORTED PATCH ANTENNA (A1) 

A. Design 

To demonstrate the usefulness of the theoretical design 
curves of Fig. 2, a narrow-band frequency-tunable shorted 
patch antenna (A1), with a very high unloaded quality factor 
(Q0,a = 99) was designed. The high Q0,a was selected to 
represent a very difficult case to tune. As the theoretical ratio 
of frequency shift and loss is inversely proportional to Q0,a 
[Eq. (6)], any antenna with Q0,a < 99 can be tuned an equal 
amount with less power lost in the tuning circuit. The tuning 
range was selected to be approximately 5 % and the direc-
tion of tuning so that fr increases as the switch is closed 
('f/fr = �0.05). The PIN-diode described in Sec. II was used 
as the switch. A simple short-circuited patch antenna, with fr 
around 900 MHz, was chosen as the test structure. It was 
mounted on a large 0.3 m u 0.3 m ground plane to enable 
radiation efficiency measurement with the Wheeler cap 
method [11], [12]. The high Q0,a for the test antenna was ob-
tained by making it very thin. 

The antenna element without the tuning circuit 
(fr = 957 MHz and Q0,a = 99) was first designed with a 
commercial method-of-moments (MoM) -based full-wave 
electromagnetic simulator (IE3D). After that suitable line 
lengths l1 and l2 were approximated based on Fig. 2 and 
similar figures for the three other possible tuning circuit con-
figurations. Owing to the largest ratio of tuning range over 
losses (TRL) with the shortest combined length of l1 and l2, 
the tuning circuit comprising a series switch and a short-
circuited line 2 was selected. The goal was to minimize the 
power loss in the tuning circuit while keeping it approxi-
mately equal in both switching states. The line lengths 
l1 = 0.21O and l2 = 0O (at 957 MHz) were selected as starting 
values. As shown in Fig. 2, this leads to the TRL | �120 in 
both states of the switch. If l1 is increased from 0.21O, TRL 
increases in the closed state of the switch but decreases in 
the open state. Thus, the chosen line lengths can be regarded 
as optimal. After selecting the starting values for l1 and l2, a 
coupling coefficient (N) giving the frequency shift of 5 % 
was determined from Eq. (3). The value N = 1.4 was ob-
tained by substituting: Qa = 99, fr = 957 MHz, 'f/fr = �0.05, 
Yc,t = Yc, = 20 mS, and bL,closed � bL,open = �5.1. 
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Fig. 3. Geometry of frequency-tunable shorted patch an-
tenna. 

The final antenna structure, including the tuning circuit and a 
DC-control circuit for the switch, was designed with IE3D 
(Fig. 3). In the simulations, air was used as the dielectric for 
the antenna and for the tuning circuit. For the prototype, the 
tuning circuit was scaled for 0.79 mm-thick RT/duroid 5870 
substrate (Hr´ = 2.33 and tanG = 0.0012). The tuning circuit 
was positioned beside the antenna for easier prototyping. 
However, it is also possible to position it between the patch 
and the ground plane in order to save space. The patch was 
made of tin bronze, whereas the tuning lines and the ground 
plane were made of copper. To reduce the computation time, 
the 0.3 m u 0.3 m ground plane was approximated in the 
simulations with an infinite ground plane. The main dimen-
sions of the antenna in millimeters are: L1 = 43.4, L2 = 43.5, 
h = 3, w = 5.4, x =  2.5, d =  0, s = 0.5. The final lengths of 
the tuning lines were l1 = 42.3 mm (0.18O at 912 MHz, in-
cluding the pin connecting line 1 and the patch) and 
l2 = 5.3 mm (0.02O at 912 MHz). Only minor changes to the 
preliminary dimensions were required to obtain the desired 
performance. The slight increase of l2 from zero was done to 
make it easier to attach the switch to the tuning circuit. 



Based on the design curves of Fig. 2, this was expected to 
have a negligible effect on the performance. 

B. Results 

Fig. 4 shows the simulated and measured frequency re-
sponses of reflection coefficient for the optimized antenna 
with the switch open, with the switch closed, and with the 
tuning circuitry removed. A good agreement between the 
simulated and measured results can be observed. The simu-
lated frequency shift is from fr = 911 MHz (switch open) to 
fr = 959 MHz (switch closed, 5.3 %), whereas the measured 
frequency shift is from fr = 912 MHz to fr = 957 MHz 
(5.0 %). 
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Fig. 4. Simulated and measured frequency responses of 
reflection coefficient for A1. 
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Fig. 5. Simulated and measured radiation efficiencies for A1. 

Fig. 5 presents the simulated and measured radiation effi-
ciencies. The efficiency measurements were performed with 
the Wheeler cap method [11], [12]. As shown in Fig. 5, the 
simulated and measured efficiencies agree very well. The 
simulated efficiency of the antenna without the tuning line is 
fairly low and changes considerably with frequency. This is 
a well-known problem of thin (here 0.009O0) microstrip 
patch antennas. Although the used antenna element is not the 
best choice for practical applications, it is fully appropriate 
for the study of losses caused by the tuning circuit. To show 

only the effect of losses caused by the tuning circuit, the 
simulated and measured radiation efficiencies with the tun-
ing circuit have been normalized to the respective simulated 
and measured radiation efficiencies without the tuning cir-
cuit (Table 1). The measured cases were normalized to the 
simulated efficiency curve without the tuning circuit after its 
level had been corrected so that it passed through the value 
measured without the tuning circuit. 

Table 1. 
 Normalized simulated and measured radiation efficiencies 

for A1. Simulated values given in the range fr r 5 MHz. 

 Switch open Switch closed 
Simulated 79…80 81…83 
Measured 76 86 

Distortion generated by the non-linear tuning element can be 
a problem in frequency-tunable antennas. Therefore, the 
linearity of the prototype was studied with the two-tone 
intermodulation distortion measurement. When the switch 
was closed, no measurable intermodulation (IM) products 
were observed. At the input power level Pin = 30 dBm/tone, 
the level of third-order intermodulation products (IMD3) was 
below �80 dBc and the third-order input intercept point 
IIP3 > 70 dBm. When the switch was opened, the distortion 
increased considerably and IIP3 decreased to 46 dBm. Re-
duction of VR was found to increase the distortion. When VR 
was reduced to 3 V and 0 V, IIP3 decreased to 40 dBm and 
30 dBm, respectively. The generation of harmonic frequen-
cies was studied at the input power level Pin = 33 dBm. The 
level of harmonics was found to be below –85 dBc in both 
states of the switch. When VR in the open state was reduced 
to 0 V, the first and second harmonic increased to �73 dBc 
and �74 dBc, respectively. 

IV. FREQUENCY-TUNABLE SHORTED PATCH 
ANTENNA FOR E-GSM900 (A2) 

A. Design 

A prototype that is capable of switching between the trans-
mitting (TX, 880…915 MHz) and receiving (RX, 
925…960 MHz) band of an E-GSM900 mobile station (MS) 
and has the adequate bandwidths and a high radiation effi-
ciency at both bands is presented as the second example 
(A2). The same PIN-diode switch (BAR 64-04W) was used 
as in the first example. The goal was to minimize the power 
loss in the tuning circuit and to obtain approximately equal 
radiation efficiencies at both bands. 

The antenna is based on a shorted patch with Q0 = 20 and 
fr = 900 MHz. A tuning circuit comprising a series switch 
and a short-circuited line 2 was selected also for this design. 
The direction of tuning was chosen to be the opposite to that 
of the first example so that fr decreases when the switch is 
closed. In this case, the correct tuning direction is obtained 
with positive TRL-values. Selecting l1 = 0.28O and l2 = 0.02O 



leads to TRL = 100. This choice gives the largest common 
TRL-value with the shortest total line length. After finding 
optimal starting values for l1 and l2, the coupling coefficient 
that gives the correct frequency shift was determined from 
Eq. (3). The value N = 0.6 was obtained by substituting: 
Qa = 20, fr = 900 MHz, 'f/fr = 0.05, Yc,t = Yc = 20 mS and 
bL,closed � bL,open = 5.0. The obtained N is smaller than that 
obtained in the previous example. This means that the tuning 
circuit must be connected to the antenna relatively closer to 
the point of zero impedance than in the first example. The 
final antenna structure was designed with IE3D and con-
structed the same way as in the first example. Its main di-
mensions in millimeters are: L1 = 46.7, L2 = 46.6, h = 12, 
w = 10, x =  7.5, d =  6, s = 1.9 (Fig. 3). The final lengths of 
the tuning lines were l1 = 60.3 mm (0.25O at 941 MHz, in-
cluding the pin connecting line 1 and the patch) and 
l2 = 5.0 mm (0.02O at 941 MHz). 

B. Results 

Fig. 6 shows a good agreement between the simulated and 
measured frequency responses of reflection coefficient for 
the optimized antenna. In simulations, the resonant fre-
quency shifted from 941 MHz down to 897 MHz (4.7 %), 
whereas the measured shift is from 941 MHz to 898 MHz 
(4.6 %). The measured antenna covers the TX and RX bands 
of an E-GSM900 mobile station with the return loss 
Lretn t 8.5 dB. 
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Fig. 6. Simulated and measured frequency responses of 
reflection coefficient for A2. 

Fig. 7 shows the simulated and measured (Wheeler cap) ra-
diation efficiencies for the antenna. The measured radiation 
efficiencies are 95 % at both resonant frequencies. Reducing 
either the reverse bias voltage VR or forward bias current IF 
from the original design values of VR = 20 V (switch open) 
and IF = 10 mA (switch closed) was found to decrease the 
efficiency. When VR was reduced to 0 V, the efficiency de-
creased to 92 %. When IF was reduced to 1 mA, the effi-
ciency decreased to 88 %. This is a small decrease consid-
ering that the reduction of IF increased the typical forward 
resistance of the PIN-diode from 2.1 : to 12.5 :. The reso-
nant frequencies did not change appreciably. To show only 

the effect of losses caused by the tuning circuit, the simu-
lated and measured radiation efficiencies with the tuning 
circuit have been normalized to the respective simulated and 
measured radiation efficiencies without the tuning circuit the 
same way as in the first example (A1). The normalized 
values are shown in Table 2. 
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Fig. 7. Simulated and measured radiation efficiencies for A2. 

Table 2. 
 Normalized simulated and measured radiation efficiencies 
for A2. Simulated values given in the range fr r 20 MHz. 

 Switch open Switch closed 
Simulated 97 97…99 
Measured 97 97 

The linearity of the second prototype was also studied with 
the two-tone test. When the switch was closed, no measur-
able intermodulation products were observed (with 
Pin = 30 dBm/tone IMD3 < �80 dBc and IIP3 > 70 dBm). 
When the switch was opened, the distortion increased and 
IIP3 decreased to 61 dBm. Reducing the reverse bias to 3 V 
and 0 V, increased the distortion and decreased IIP3 to 
53 dBm and 40 dBm, respectively. The generation of har-
monic frequencies was studied at the input power level 
Pin = 33 dBm. The level of harmonics was below –85 dBc in 
both states of the switch. When the reverse bias was reduced 
to VR = 0 V in the open state, the level of the first harmonic 
increased to �69 dBc, whereas the second one stayed below 
–85 dBc. 

In simulations, adding the tuning circuit was found to have 
only a minor effect on the radiation patterns of both proto-
types (A1 and A2). The effect was the largest when the 
switch was open. 

V. CONCLUSIONS 

A design method for single-resonant frequency-tunable 
patch antennas has been proposed. By using the presented 
method the power loss in the frequency tuning circuit can be 
systematically minimized with respect to the achievable 
tuning range between two frequencies. As application exam-
ples, two frequency-tunable shorted patch antennas were de-



signed. In electromagnetic simulations, the first antenna with 
Q0,a = 99 was tuned 5.3 % with the losses of the tuning cir-
cuitry reducing the radiation efficiency roughly by 20 % at 
both frequencies. The measured tuning range was 5.0 %, 
while the losses of the tuning circuitry reduced the efficiency 
by 24 % at the lower frequency and by 14 % at the higher 
frequency. With the proposed method, a moderate frequency 
tuning ('f/fr | 5 %) of even a very narrow-band antenna can 
be done with fairly small reduction of efficiency caused by 
the tuning circuit. The second antenna with Q0,a = 20 was de-
signed for switching between the TX and RX bands of an 
E-GSM900 mobile station. Both in simulations and in meas-
urements, the necessary frequency tuning was obtained at the 
expense of roughly 3 % reduction in efficiency. With both 
prototypes, the efficiency was found to decrease as either the 
reverse bias voltage or the forward bias current was de-
creased. According to the presented theory [see Eq. (6)], the 
ratio of frequency shift and the associated power loss in the 
studied tuning circuits is inversely proportional to Q0,a. 
Therefore, an antenna with a wide bandwidth (low Q0,a) can 
be tuned a given amount with higher efficiency than an an-
tenna with a narrow bandwidth (high Q0,a). Alternatively, it 
is possible to obtain a larger tuning range instead of a higher 
efficiency. The designed examples and measured results 
clearly support the theory. 

The tuning circuits of both prototypes caused very little dis-
tortion when the switch was closed (IIP3 > 70 dBm). Open-
ing the switch increased the distortion, which was found to 
depend on the applied reverse bias. In both cases, the distor-
tion increased as the reverse bias was decreased. At 20 V 
reverse bias, the antenna with Q0,a = 20 was found to be 
more linear (IIP3 = 61 dBm) than the one with Q0,a = 99 
(IIP3 = 46 dBm). 
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