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Abstract:    A multi-band/multi-mode single-pole nine-throw (SP9T) switch for GSM/UMTS (global system for mobile com-
munications/universal mobile telecommunication system) systems is demonstrated. The switch consists of a GaAs 0.5 μm pseu-
domorphic high-electron mobility transistor (pHEMT) radio frequency (RF) switches module and Si complementary 
metal–oxide–semiconductor (COMS) digital module with an encoder and a DC boost circuit. High isolation and high linearity are 
achieved by a series-shunt switch structure and the DC boost circuit, respectively. The switch shows a measured insertion loss of 
0.4 dB at 0.8 GHz for GSM transmit arms, 0.7 dB at 0.9 GHz and 0.9 dB at 1.8 GHz for GSM receive arms, and 0.6 dB at 1.8 GHz 
for UMTS arms. The switch introduces 2nd and 3rd harmonic suppression levels less than −64 dBc at 37 dBm input power. 
Isolations between transmit and receive terminals are more than 48 dB when one transmit arm is activated. The size of the RF 
switches module is 1.5 mm×1.1 mm, and the size of the digital module is 1.3 mm×0.63 mm with gold bonding wires connecting 
these two modules. 
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1  Introduction 
 

As a foremost component connected with an-
tennas in wireless communication systems (Guo et al., 
2003; Ruan et al., 2007), there has been a growing 
demand for multi-band/multi-mode radio frequency 
(RF) switches since cellular phone handsets should 
support multi-band/multi-mode radios, e.g., the 
global system for mobile communications (GSM), 
distributed control system (DCS), personal commu-
nications service (PCS), and universal mobile tele-
communication system (UMTS), especially in the 
midst of transition from the second generation to the 
third generation recently. For RF and microwave 
switch design, PIN diode (Brogle et al., 2009), micro- 
electromechanical system (MEMS) (Kim et al., 2008), 

and field-effect transistor (FET) (in both GaAs and 
CMOS processes) (Gu et al., 2003; 2004; Gotch et al., 
2004; Kohama et al., 2005; Tinella et al., 2006; 
Prikhodko et al., 2007; Wu et al., 2007) are three 
commonly used technologies. However, considering 
cost, integration, switching speed, power consump-
tion, and linearity, FET switches based on III–V 
compounds (e.g., GaAs), especially pseudomorphic 
high-electron mobility transistors (pHEMTs), are the 
most attractive choice on the wireless communication 
market.  

There are some published studies on RF and 
microwave pHEMT switches, but most of them focus 
on a switch with fewer arms, such as the single-pole 
double-throw (SP2T) switch (Gu et al., 2004), SP3T 
switch (Gu et al., 2003; 2004), SP6T switch (Gotch et 
al., 2004; Prikhodko et al., 2007; Wu et al., 2007), 
and SP7T switch (Kohama et al., 2005). In this paper, 
a single-pole nine-throw (SP9T) RF switch which 
supports quad-band GSM and UMTS mobile com-
munication systems is demonstrated. Being the 
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foremost component in the front-end architecture, 
linearity should be high enough to pass on the output 
power of the transmit amplifier. Isolation between 
transmit and receive terminals, as another important 
figure of merit, should be high enough to decrease 
signal leakage from the activated arms to the inacti-
vated arms. A series-shunt switch structure and a DC 
boost circuit are used to improve isolation and line-
arity, respectively. Good simulated and measured 
results are achieved and shown. 
 
 
2  Circuit design 
 

A GSM/UMTS mode cellular phone system 
requires that the handsets should be able to transmit 
and receive both GSM and UMTS signals.  

2.1  RF switches module 

Topological schematic of the SP9T switch con-
sists of two parts: RF switches module and digital 
module. The schematic of the RF switches module is 
shown in Fig. 1. 

 
 
 
 
 
 
 
 
 
 
 
 
The GSM850/900 and GSM1800/1900 are 

transmit arms in GSM mode, and RX1 to RX4 are 
corresponding GSM receive arms. UMTS1 to 
UMTS3 work in UMTS mode, realizing both transmit 
and receive functions. There are 11 controlling lines 
generated by a digital encoder to decide the state of 
each of the 11 switch units. To increase the isolation 
between transmit and receive terminals, a series-shunt 
switch 1 and switch 11 structure, which is connected 
with a coupling capacitor to ground, is used. When 
any of the TX arms detailed in Fig. 1 is activated, 
switch 11 is on and switch 1 is off. The RF signal 
leaking from ‘off’ switch 1 is down to ground through 

‘on’ switch 11; therefore, the isolation between trans-
mit and receive arms can be remarkably improved.  

2.2  Digital module 

A five-input eleven-output encoder and a DC 
boost circuit are included in the digital module. Five 
control lines (Vc1–Vc4 and Vdd) are used to select one 
of the nine arms or an ‘idle’ state. The truth table for 
selecting each of the SP9T switch arms and ‘idle’ state 
is shown in Table 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

The function of the DC boost circuit is pulling 
voltage from 3 V to 7 V; thus, the control voltage of 
RF switches is 7 V. The high control voltage plays a 
tremendous part in improving linearity, which will be 
explained in the following section. A Dickson struc-
ture is adopted in the DC boost circuit (Fig. 2). 

 
 
 
 
 
 
 
 
 

2.3  Switch layout 

Depletion mode 0.5 μm GaAs pHEMT is used 
for the RF switches module, while a 0.18 μm Si 
CMOS process is adopted for the digital module to 
minimize both size and cost. Figs. 3a and 3b show the 
layout and microphotograph of the RF switches 
module respectively, Fig. 4 shows the layout of the 
digital module, and Fig. 5 shows the photograph of 
the test board. The size of the RF switches module is 

Table 1  Single-pole nine-throw (SP9T) true table 
Mode Vc1 Vc2 Vc3 Vc4 Vdd

GSM850/900 TX H H L L H 
GSM1800/1900 TX H L L L H 
RX1 L L L L H 
RX2 L L H L H 
RX3 L H L L H 
RX4 L H H L H 
UMTS1 H L H L H 
UMTS2 H L H H H 
UMTS3 H H H L H 
Idle L L L L L 
H: high; L: low 

Fig. 1  Topological schematic of the RF switches module
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1.5 mm×1.1 mm and the size of the digital module is 
1.3 mm×0.63 mm. Gold bonding wires are used to 
connect these two modules. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

3  Switch performance 

3.1  Control bias methods 

There are two control bias methods for pHEMT 
switches in wireless, non-reference control bias and 
reference control bias.  

For the former one, VC is positive for the gate of 
the ‘on’ state switch arm, and other control lines are at 
0 V. At least one switch arm must be in the ‘on’ state. 
For the latter, VC is negative for all gates of ‘off’ state 
switch arms, and the ‘on’ state gate control is at 0 V. 
All RF lines are at 0 V DC. The non-reference control 
bias method used in this work is the most popular 
because of the easy realization. 

3.2  Power handling capability 

Take the single-pole double-throw (SPDT) switch 
as an example. The power handling capability of the 
RF switch is determined by two aspects: the largest 
power that the ‘on’ state switch arm can withstand, 
and the characteristic of the ‘off’ switch arm.  

For the ‘on’ state switch arm, the largest power is 
limited by the size of the FET; thus, it can be in-
creased as the size increases. The equation is given by 
 

2
max DDS L 2,P I Z /=                         (1) 

 
where IDDS is the saturation current of the FET, and ZL 
is the load impedance. 

For the ‘off’ state switch arm, FET is equivalent 
to a reverse-biased diode. Fig. 6 explains how it limits 
the power handling capability.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Layout of the digital module with a size of 
1.3 mm×0.63 mm 

Fig. 5  Photograph of the test board Fig. 6  Single-pole double-throw (SP2T) switch
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Fig. 3  Layout (a) and microphotograph (b) of the RF 
switches module with a size of 1.5 mm×1.1 mm 
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In Fig. 6, VC is the ‘on’ state control voltage, 
which is fixed by the DC boost circuit, and VP is the 
pinch-off voltage. The voltage dropped across the 
gate resistance is ignored for clarity. The largest 
power can be obtained by 

 
2

C P
max

0

2[ ( )]
,

N V V
P

Z
+

=                    (2) 

 
where N is the series number of the ‘off’ state switch 
arms, and Z0 is the characteristic impedance. With 
series FETs, power handling capability can be greatly 
enhanced. 

3.3  Linearity  

There are two typical waveform distortions, 
waveform clipping and waveform asymmetry, which 
result in poor linearity in a switch circuit (Gu et al., 
2004). 

Waveform clipping is a large signal related dis-
tortion, mostly caused by ‘off’ switch arms. As can be 
seen from Fig. 7, RF signal is superpositioned on VC 
and swings across the gate-to-drain or gate-to-source 
junction on both ‘on’ and ‘off’ arms. When the dif-
ference between the input RF signal voltage and gate 
voltage becomes larger than VP, the output waveform 
is clipped. Therefore, the ‘off’ switch arms, which 
should be off through a whole RF signal cycle, would 
be on in a certain amount of periods. 

 
 

 
 
 
 
 
 
 
 
 
There are three solutions to improve the nonli-

nearity caused by waveform clipping. One is to use 
multi-gate FETs or series FETs, which can reduce the 
amount of voltage dropped across the gate-to-drain or 
gate-to-source junctions, but this will increase the 
layout size. Another solution is to increase the pinch- 
off voltage VP, but this will increase the on-resistance, 
which results in higher insertion loss, and weakens 

the power handling capability of the ‘on’ state switch 
arm. The most effective solution is to increase the ‘on’ 
state control voltage VC. Thus, the ‘off’ switch arm 
can handle larger RF signal swings and deepen the 
‘off’ level. The effectiveness can be seen from simu-
lation results in Fig. 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

As the ‘on’ state control voltage increases, the 
2nd and 3rd harmonic suppressions are improved 
remarkably. They reach saturation when the ‘on’ state 
control voltage is high enough.  

Another cause of waveform distortions is 
waveform asymmetry, which is generated by either 
small or large RF signals. For the sinusoidal RF signal 
waveform, it can be seen from Fig. 7 that the distor-
tion does not exist during the negative cycle because 
of a more completely shut off channel in the ‘off’ state 
switch arms when the RF signal level increases. 
During the positive cycle, however, the channel is less 
shut off due to a more positive level, resulting in a 
smaller signal current in the positive cycle than nor-
mal current in the negative cycle. Thus, a signal 
asymmetry distortion occurs and there is no effective 
method to avoid this asymmetry. 
 
 
4  Results and discussion 
 

In the RF switches module, arm GSM850/900 
and arm GSM1800/1900 are identical, the three arms 
in UMTS mode are identical in schematic, and the 
four receive arms are identical. Thus, only simulated 
and measured results of arms GSM850/900, UMTS1, 
and RX1 are plotted.  

Fig. 7  Waveform clipping 
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Fig. 8  Harmonic suppression as ‘on’ state control voltage 
increases (Pin=35 dBm, frequency=0.9 GHz) 
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Fig. 9 is the simulated and measured insertion 
losses (ILs) of arms GSM850/900, UMTS1, and RX1. 
The measured IL results include the loss of the PCB 
board, which is approximately 0.3 dB at 0.9 GHz and 
0.43 dB at 1.8 GHz. Metal lines in the layout cause 
measured IL to be greater than simulated IL. Ac-
cording to the measured IL results (Fig. 9), we can 
calculate that IL at 0.8 GHz of the GSM arm is about 
0.4 dB, IL at 1.8 GHz of the UMTS arm is about  
0.6 dB, and ILs at 0.9 GHz and 1.8 GHz of the RX 
arm are about 0.7 dB and 0.9 dB, respectively. IL 
values are acceptable in the GSM/UMTS system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 is the simulated and measured isolations 

between transmit and receive terminals as one of the 
SP9T switch arms is activated. GSM-RX isolation 
and UMTS-RX isolation are remarkably high as the 
GSM arm and UMTS arm are at ‘on’ state, respec-
tively. They are more than 48 dB when one transmit 
arm is activated, as can be seen from Figs. 10a and 
10b. The series-shunt switch structure is playing a 
significant role here.  

Fig. 11 is the simulated and measured harmonic 
suppressions of arms GSM850/900, GSM1800/1900, 
and UMTS1. Harmonics cannot be read from the 
Agilent PSA series spectrum analyzer since the 2nd 
and 3rd harmonics are submerged beneath the noise 
when input power is low. As the GaAs pHEMT model 
provided by the foundry is inaccurate in the high input 
power and high frequency condition, the measured 
2nd and 3rd harmonic suppressions are very different 
from simulated ones. Harmonic suppressions drop 
quickly as input power rises. It is difficult to obtain 

high harmonic suppressions at high input power. In 
this design, 2nd and 3rd harmonic suppressions of 
arms GSM850/900 and GSM1800/1900 are all below 
−64 dBc until 37 dBm input power, and 2nd and 3rd 
harmonic suppressions of arm UMTS1 at different 
frequency points are all below −70 dBc until 32 dBm 
input power.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  Simulated (sim.) and measured (meas.) insertion 
losses of arms GSM850/900, UMTS1, and RX1 
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Fig. 10  Simulated (sim.) and measured (meas.) isolations 
between transmit and receive terminals as one of the 
single-pole nine-throw (SP9T) switch arms is activated 
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5  Conclusions 
 

The design of the SP9T switch with an encoder 
and a DC boost circuit for a quad-band GSM/UMTS 
mobile communication system has been discussed in 
detail. Isolations between transmit and receive ter-
minals and linearity are remarkably improved by a 
series-shunt switch structure and a DC boost circuit, 
respectively. The switch shows an insertion loss of  
0.4 dB at 0.8 GHz for GSM arms, 0.6 dB at 1.8 GHz 
for UMTS arms, and 0.7 dB at 0.9 GHz and 0.9 dB at 
1.8 GHz for RX arms. The 2nd and 3rd harmonic 
suppression levels of arms GSM850/900 and 
GSM1800/1900 are below −64 dBc until 37 dBm 
input power, and below −70 dBc until 32 dBm input 
power for UMTS arms. The isolations between 
transmit and receive terminals are more than 48 dB 
when one transmit arm is activated. The size of the RF 
 

 

switches module is 1.5 mm×1.1 mm and the size of 
the digital module is 1.3 mm×0.63 mm with gold 
bonding wires connecting these two modules. 
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Fig. 11  Simulated (sim.) and measured (meas.) harmonic 
suppressions for arms GSM850/900 and GSM1800/1900 
(a) and arm UMTS1 at 2.1 GHz and 0.8 GHz (b) 
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