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Abstract. Embedded systems are generally powered by
batteries, characterized by a limited duration of electrical
energy storage. For that, low power consuming RF com-
ponents are often used. This work focuses on the design of
a new RF switch based on one varicap diode within a se-
ries/parallel circuit topology. The latter is low-power-con-
suming in both ON and OFF mode and inhibits eventual
nonlinearities caused by series diodes such as common
PIN diodes. Before performing simulations, the diode has
been characterized experimentally in the whole UHF band
of interest and the extracted S-parameters have been used
in the simulations of the resonating structure. The opti-
mized switch has been measured and has showed a good
agreement with simulated results in terms of high isolation
(50dB) and low insertion loss (0.1 dB). These results
showed better performances compared to other structures
based on RF MEMS, PIN diode or FET transistor devices,
available in the literature.
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1. Introduction

The RF switches commonly used in telecommunica-
tion systems are based essentially on PIN diodes (Positive
Intrinsic Negative diode) [1], [2], FET transistors (Field
Effect Transistor) [3], [4] and on RF MEMS (Micro Elec-
tro Mechanical Systems) [5], [6]. These RF switches have
advantages and disadvantages. A PIN diode RF switch can
handle considerable power and produce less distortion, to
the detriment to a switching time that is longer and that
requires a much greater control current. A FET transistor
switch can operate with a very low polarization current,
making it very well suited for battery powered applica-
tions. The latter can also be incorporated into integrated
circuits. An RF MEMS switch provides a much lower
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switching speed than the FET transistors. It has a very low
insertion loss due to the low resistivity of the metal, high
isolation due to the physical separation of the contacts and
good linearity with respect to PIN diodes and FET
transistors.

Developers of radio frequency devices powered by
a battery require RF circuits that consume as little power as
possible. This has encouraged us to contribute to the de-
velopment of new RF components that require low power
consumption.

Table 1 presents the characteristics of our RF switch
and of some RF (PIN diode, FET transistor and RF
MEMS) switches commonly used in telecommunication
systems [7].

In this article, we designed, realized and characterized
a new RF switch topology. Its operation requires a very
low consumption of electrical energy. It is based on a reso-
nant circuit, which is placed in parallel with the load
(Fig. 1(A), (B) and (C)). The resonant circuit is controlled
by a varicap diode [8]. The DC voltage command of this
diode switches the resonant circuit of a series resonance
(open switch) to a parallel resonance (closed switch). This
switch has multiple advantages such as low manufacturing
cost, simplicity of design and ease of reproducibility. It can
be used in telecommunication applications with a narrow
frequency band or at a single-frequency, such as reconfigu-
rable antennas [9], [10].

The varicap diode, generally used as a capacitor, is
used here to achieve series and parallel resonance yielding
hence an open or short circuit. Among its advantages are
the low energy consumption, low cost, and scalability due
to large tuning possibilities.

Parameters MESFET | PIN diode | MEMS | Our Work
Series resistance () 3to5 1 <1 <1
Loss (dB) 0.5t01.0 | 0.5t0 1.0 0.1 0.1
Isolation (dB) 20 to 40 40 > 40 > 40
Switching speed ~ ns ~ us ~ s ~ us
Control voltage (V) 8 3t05 3t030 | 6.5t012.2
Control current <10 pA 10 mA < 10pA < 10nA

Tab. 1. Comparison between our RF switch and some RF
switches commonly used.
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(A): Realized resonant circuit in microstrip technol-
ogy. (B): Equivalent electrical diagram of the studied
resonant circuit. (C), (D): Synoptic diagram of the
studied RF switch.

Fig. 1.

2. Characterization of the RF Switch

The RF switch was made using microstrip technology
[11] and tested at 925 MHz. It is implemented on a circuit
board that is frequently available and inexpensive. The
substrate is Teflon glass of relative permittivity &,= 4.32, of
thickness H=1.5mm and having losses modeled by
tand = 0.02. The conductor is the copper of conductivity
6=159.6 x 10°S/m and thickness 7'= 35 pm.

2.1 Description of the Realized RF Switch

Figures 1(C), (D) show the block diagrams of the
realized RF switch.

Figure 2 shows the RF switch made. It consists of
a bias tee, providing isolation between the RF signal and
the source delivering the control DC voltage, allowing the
variation of the capacitance of the varicap diode. A reso-
nant circuit placed in parallel with the load (Fig. 1(A), (B)

UCOT‘I“I

Fig. 2. Topology and design of the RF switch.

and Fig. 2). A microstrip line, with characteristic imped-
ance Zc= 50 Q, is placed between the input/output ports of
the RF switch. The latter has a width of the track equal to
2.86 mm, calculated by the LineCalc software of ADS
(Advanced Design System).

e Polarization tee

The polarization of the varicap diode is through a bias
tee (isolation circuit) shown in Fig. 3. This bias tee is
a passive component, made in microstrip technology. It is
a low-pass filter, which passes the direct current of the
control source to the varicap diode and blocks the passage
of the RF signal to the control source, so that it is not dis-
turbed. The latter consists of distributed elements, a line of
length L = A,/4 = 44.836 mm and characteristic impedance
Zc=50 Q (W=2.86 mm: width of the track corresponding
to Zc=50Q), followed by a planar capacitor, placed in
parallel with the control source. This capacitor has the
shape of a butterfly, radius R =27 mm and angle &= 45°.
These elements make it possible to inject a continuous
current (or a voltage) into the RF circuit without altering
the RF signal in the transmission chain. The shape of the
butterfly capacitor [12], [13] allows it to operate in a cer-
tain broad band. It also reduces its radiation with respect to
a capacitor of square or rectangular shape. Its length is
chosen equal to A,/4. It is obtained only by an optimization
under the ADS software. And this since its width is in-
creasing. So its characteristic impedance (Z¢) and its effec-
tive permittivity (e.) vary according to its length.

A

e ¢
4 af e,

with ¢ =3 x 10%m/s, speed of light in vacuum.

)

The butterfly capacitor is a planar line [13] which
obeys the relation (2)

20 =2, Z, + J:ZC tan(fx) ?)
Z.+jZ, tan(fx)

where Z; represents the impedance of the load and S
represents the propagation constant.

The length of this line is equal to 4,/4 and it’s open at
its end (Z, = o). It brings back to its input a short circuit
for the RF signal

A
=—)= 3
Z(x 4) 0. 3

The short circuit brought back to the capacitor input is
located at the exit of a line of length A,/4. This line brings
back to its input an open circuit for the RF signal

Z(x:%):oo- @)

Figure 3 shows the parameters S, of the polarization
tee, obtained by simulations under the ADS software and
by measurements using a vector network analyzer (VNA).
Both results are in good agreement.
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Fig. 3. S parameters of the polarization tee.

Figure 3 clearly shows that for a direct current the re-
flection coefficients (S;; = Sy,) are negligible, of the order
of =70 dB, and the transmission coefficients (S,; = S};) are
maximum, of the order of 0 dB. On the other hand, for the
RF signal at 925 MHz, the reflection coefficients are
maximum, equal to almost 0 dB, and the transmission coef-
ficients are negligible, equal to —31 dB. We also note from
Fig. 3 that the bandwidth of this isolation circuit is of the
order of 500 MHz. On this frequency band, the reflection
coefficients are strictly greater than —3 dB and the trans-
mission coefficients are strictly less than —10 dB. We can
also say that the bandwidth of the RF switch is related to
this isolation circuit. In conclusion, the realized isolation
circuit makes it possible to block the RF signal and lets the
control DC voltage towards the varicap diode.

o Resonant series/parallel circuit

Figure 4 shows the series/parallel resonant circuit
studied. It is composed of an inductance L, placed in series
with a varicap diode, variable capacitance C, and resistor
series rg assumed negligible. These two elements are
placed in parallel with a capacitor Cy. The inductance L,
and the capacitor C, are produced using microstrip
technology (Fig. 1(A)), with Co=7pF, Ly=5nH and
f;=925 MHz.

The equivalent impedance of the resonant circuit is
expressed by (5)

. 1- LOCVCOZ (5)
= J 3 .
LC,Cy0’ —(Cy+Cy) @

The series resonance of the circuit is obtained when:

1
Z=0 = Cvzﬁ:59pF (6)

0

The parallel resonance of the circuit (anti-resonance)
is obtained when

o Jo b

Fig. 4. Equivalent electrical diagram of the studied resonant
circuit.
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Fig. 5. Impedance of the resonant circuit as a function of the

capacitance C,.

Z=o = CV %—SgpF (7)
a) —

Figure 5 shows the variation of the impedance Z of
the circuit of Fig. 4 as a function of the capacitance C,. The
resonances of this circuit, in series mode and in parallel
mode, at 925 MHz, are obtained respectively for the ca-
pacitance of the varicap diode C,= 5.9 pF and C,= 38 pF.

In this work, we have taken advantage of the behavior
of the propagation lines to realize, in microstrip technol-
ogy, the inductance L, and the capacitance C, (without
discrete elements inductance and capacitance) [13]. We
know that a transmission line, with a characteristic imped-
ance Zc, closed on an impedance load Z;, has at a distance
x from the latter an impedance Z(x) given by (2). For
a transmission line whose length x <A,/12, the tan(/fx)
approximates 10% close to the product fx. In these condi-
tions we can write:

Z. +iZ.Bx
Z(x):ZCZLJ_—Cﬂ. (®)
«+iZ Bx

a) For a short-circuited line (Z.=0) or a very large
characteristic impedance in front of the impedance of the
load (Z << Zfx), the ratio w/h <1 and ¢, is low. Equation
(8) then becomes:

Z(x) = jZpx = jZ. L x = iL,o. ©)
%
P
Such a line therefore behaves as an inductive
impedance jLyw with:
L=Z.~. (10)
%

b) For a line in open circuit (Z =) or of
characteristic impedance very weak in front of the load
(Zc << Z pL), the ratio w/h > 1 and &, is high. Equation (8)
then becomes:
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The line is therefore equivalent to a value of capacity:

Al (12)

The speed of propagation of the wave v, on a real mi-
crostrip line (or phase velocity) is expressed by:

C
vo=—= A
geff

(13)

¢) The realization, in microstrip technology, of the in-
ductance L, and the capacitance C, follows from all that
has been previously explained. Figure 5 shows the varia-
tions of the characteristic impedance Z¢ and the effective
permittivity &g of a microstrip line as a function of its
width w. They show that the characteristic impedance is
inversely proportional to w and that the effective permit-
tivity of the dielectric is proportional to w. These results
were calculated by the ADS LineCalc software, for the
printed circuit defined above and for a frequency f=
925 MHz.

The L, series inductance is obtained by a strong nar-
rowing of the metal ribbon. A microstrip line of character-
istic impedance Zc= 100 Q is chosen. Based on Fig. 6, we
deduce the width of its metal strip w=0.630272 mm and
its effective permittivity .= 2.908. The length of this line
is calculated using (14) deduced from (10) and (13)

‘e cL,
ZC V geff
A high characteristic impedance line can be identified
with an L, series inductor and two shunt capacitances C'. It
is assumed that the influence of these abilities is negligible
[13-15].

The parallel capacitance C, is obtained by a large ex-
pansion of the metal ribbon. A microstrip line of charac-
teristic impedance Z¢c=20 Q is chosen. Based on Fig. 6,
we deduce the width of its metal tape w = 10.4742 mm and
its effective permittivity .= 3.7. The length of this line is
calculated using (15) deduced from (12) and (13)

cCyZ,

=8.766 mm. (14)

X = =21.83 mm. (15)

geff

From the dimensions w and x of a capacity of rectan-
gular shape, we can deduce the dimensions of a capacity of
butterfly shape, radius R and angle &

o=m4 = = |2 _17067mm.
T

All these embodiments have discontinuities in the
width w of the microstrip line. In an open circuit line, the
electric field lines do not stop abruptly at the end of the line

(16)
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Fig. 6. Variation of Z¢ and & of a microstrip line according
to its width w (f'= 925 MHz).

but propagate a little further. This leads to a larger effective
length [13], [15]. It is therefore necessary during the over-
all realization of the printed circuit to optimize, under the
ADS software, the different lines of the circuit.

The varicap diode BB149A [16] was designed to
work in the UHF band. For a frequency f= 1 MHz, its C,
capacity can vary from 1.951 pF to 21.26 pF. It has
a maximum series resistance 7= 0.75 Q. These parameters
change considerably for high frequencies of use. For some
working frequencies and by varying the voltage Vg, the
varicap diode can change from a variable capacitance to
a variable inductance.

The BB149A diode operates with a DC voltage and
a very low reverse bias current (10 nA for V=30V and
T;=25°C) [16]. This has an advantage over PIN diodes
that require a much larger control current (10 mA) [7].

2.2 Results of the Realized RF Switch
e Coefficient of reflection of the BB149A diode

The simulation of the RF switch (Fig. 2) under the
ADS software requires knowledge of the reflection coeffi-
cient (module and phase) of the varicap diode BB149A.
For this, measurements of this parameter have been made
using an E5062A vector network analyzer for two inverse
DC voltages applied to the varicap diode (7 V and 11.3 V).

1
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Fig. 7. Contents of the two slp files of the BB149A varicap
diode (for VYx=7 Vor k=113 V).
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These two voltages reconfigure the resonant circuit of the
RF switch in parallel or series resonance mode.

Figure 7 presents the results of measurements of the
reflection coefficient of the varicap diode BB149A. They
are saved in Touchstone slp files [17]. They describe the
actual behavior of the varicap diode BB149A when simu-
lating the RF switch under the ADS software when
VR: 7V or VR: 11.3 V.

e Parameters S of the realized RF switch

The application of a control inverse voltage equal to
7V causes the closing of the RF switch. The resonant
circuit of Fig. 2 operates in parallel resonance mode. It has
an infinite impedance between the ribbon of the microstrip
line and the ground plane. At this time the RF signal passes
from port 1 to port 2 or vice versa (bi-directional) without
any difficulty. The RF switch is transformed into a charac-
teristic impedance transmission line Z¢= 50 Q. This makes
it possible to manage a considerable power, without distor-
tion of the RF signal and with a low insertion loss.

Figure 8 shows a comparison between the simulation
and measurement results of the RF switch (Fig. 2). They
have the same variations. This figure presents the varia-
tions of the coefficients of transmission (S,; > —1.4 dB) and
of reflection (S;;<-12.7dB) as a function of the fre-
quency. This for a control reverse voltage Ugo= Vr=7 V.

For a frequency f=925MHz, the transmission
coefficient S,;=-1.04 dB and the reflection coefficient
S11=-28.3 dB. The measurement and simulation results
show the same variations and show that the RF switch is
closed with a well-adapted input and output.

The application of a control reverse voltage equal to
11.3 V causes the RF switch to open. The resonant circuit
of Fig. 2 operates in serial resonance mode. It has a zero
impedance, which short-circuits the transmission line and
blocks the passage of the RF signal from port 1 to port 2 or
vice versa.
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Fig. 8. Variation of S;; and S, as a function of frequency
(Vr=7V).
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Fig. 9. Variation of S;; and S, as a function of frequency
(Vr=11.3 V).

Fig. 10. Commutation time of the realized RF switch.

Figure 9 shows a comparison between the simulation
and measurement results of the RF switch (Fig. 2). They
are in good agreement. This figure presents the variations
of the transmission coefficients (S>; <—18 dB) and reflec-
tion coefficients (Sy;>—0.7 dB). This for a control reverse
voltage Ugop=Vr=11.3 V.

For a frequency f=925MHz, the transmission
coefficient S;;=-30dB and the reflection coefficient
S11=-0.4 dB. These results show that the RF switch is
really open.

e Commutation time of the realized RF switch

Figure 10 shows the output signal of the RF switch
(Fig. 2) when controlled by a rectangular shaped voltage.
The amplitude of this voltage switches between two levels
(7V and 11.3 V). This RF signal was measured by using
a spectrum analyzer. From this signal we measured the
switching times of this RF switch. The rise time fon= 4 s
and the descent time fopr= 14 ps.

3. Improving of the Performances
of the RF Switch

To improve the performance of the RF switch, we
cascaded two resonant circuits. Figure 11 shows the new
topology of the RF switch with two resonant circuits.
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3.1 Coefficient of Reflection of the BB149A
Diode

The simulation of the new topology of the RF switch,
under the ADS software, requires knowledge of the reflec-
tion coefficient (module and phase) of the BB149A varicap
diode. This can be seen through the two reverse control
voltages 6.5V and 12.2 V. The 6.5 V control voltage en-
sures the closing of the RF switch (parallel resonance
mode) and the 12.2 V control voltage ensures the opening
of the RF switch (serial resonance mode). Figure 12 shows
these reflection coefficients.

The results in Fig. 12 are recorded in Touchstone slp
files. These describe the actual behavior of the varicap
diode BB149A, when simulating the RF switch under the
ADS software, when VR=6.5 Vor V'g=12.2 V.

3.2 Parameters S of the realized RF Switch

The application of an inverted control inverse voltage
equal to 6.5V causes the closing of the RF switch. The
resonant circuits of Fig. 11 operate in parallel resonance
mode. They have infinite impedances and the RF switch is

1

Fig. 13. Variation of S;; and S, as a function of frequency
(Vr=6.5V).

transformed into a transmission line with characteristic
impedance Zc= 50 Q. This makes it possible to manage
a considerable power, without distortion of the RF signal.
The transmission between ports 1 and 2 of this switch is bi-
directional with good linearity with respect to PIN diodes
and FET transistors.

Figure 13 shows the variations of the transmission
and reflection coefficients, when the RF switch is in the
on-state (S, =-1.48dB and S;;=-182dB for f=
925 MHz and Vx= 6.5 V). The input and output of the RF
switch are well adapted.

The application of a control reverse voltage equal to
12.2 V causes the RF switch to open. The resonant circuits
of Fig. 11 operate in serial resonance mode. They have
zero impedances, which short-circuits the transmission line
and block the passage of the RF signal between ports 1 and 2.

By a comparison in Fig. 9, Figure 14 clearly shows
that the isolation of the RF switch was almost doubled in
the off-state (S;;=-53dB and S;;=-04dB for f=
925 MHz and Vx=12.2 V).
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420 F. MEJRI, T. AGUILI, DESIGN OF A NEW RADIO-FREQUENCY SWITCH TOPOLOGY...

During the opening of our RF switch, we observe
a total reflection (Fig. 14) due to the short circuit produced
by the resonant circuit designed around the varicap diode.
This influences the input and output impedance matching
of our RF switch which brings us to the different applica-
tions, where the power is considerable, to provide an iso-
lator RF to protect the RF source supplying power to our
circuit.

We also deduce from the measurement result of the
transmission coefficient (Fig. 14), that the two resonant
circuits do not have the same resonance frequency (f;;=
911 MHz and f,=935 MHz). This is probably due either
to the voltage drop between the two varicap diodes, the two
resonant circuits (Vr;# Vry = Cyi1# Cyva= fu # /), or to
the two varicap diodes which may have a slight difference
between values of the junction capacitances (Cy;# Cy, =
fr1# frn), or to a difference in the discontinuities of the two
resonant circuits produced by the soldering points.

The presented switch is composed of resonating
structure and is then inherently narrowband. It can be de-
signed and tuned for any given application but in its pre-
sent form it is not intended to cover wide bandwidths.

For some applications, the tuning voltage (V= 6.5V
or V'R=12.2 V) is considered high enough or not available
on board, this can be resolved either by selecting the ap-
propriate varactor or by choosing the accurate values of
inductors in the resonant structure in order to keep the
voltage in the desired range.

4. Conclusion

In this article, we presented a new RF switch topol-
ogy, made in microstrip technology. It has multiple ad-
vantages such as low manufacturing cost, simplicity of
design, ease of reproducibility, low insertion loss, low
power consumption and good linearity over PIN diodes
and FET transistors. It is bi-directional and its control is
based on a resonant circuit, placed in parallel with the load.
The switching of the latter, of a series resonance (open
switch) to a parallel resonance (closed switch) is provided
by a varicap diode. The latter is a frequently available and
inexpensive component. It is controlled by a DC voltage
and operates with an almost negligible reverse bias current
(10 nA), which is much lower than that required by a PIN
diode (10 mA). This switch has been tested and character-
ized in the UHF band. Its switching time is of the order of
microseconds. In the off-state, it has good insulation, of the
order of 50 dB. In the on-state, the resonant circuit has
an infinite impedance and the RF switch is transformed
into a transmission line with a characteristic impedance
Zc=50 Q. This makes it possible to manage a considerable
power, without distortion of the RF signal and with a low
insertion loss. The size of the realized RF switch can be
considerably reduced by replacing the distributed elements
(inductances and capacitors) with localized elements.
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