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Abstract: A low insertion–loss, high-isolation switch based on single pole double throw (SPDT) for 
a 2.4GHz Bluetooth low-energy transceiver is presented in this paper. In order to increase isolation, 
the body floating technique is implemented. Based on characteristics whereby the ratio of the sizes 
of the shunt and the series transistors significantly affect the performance of the switches, the 
device sizes are optimized. A simple matching network is also designed to enhance the insertion 
loss. Thus, the SPDT switch has high isolation and low insertion loss without increasing the 
complexity of the circuit. The proposed SPDT is designed and simulated in a complementary 
metal-oxide semiconductor 65nm process. The switch has a 530μm x 270μm area and achieves 
0.9dB, 1.78dB insertion loss and 40dB, 41dB isolation of transmission, reception modes, 
respectively.     
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1. Introduction 

In recent years, the trends in intermediate frequency 
(IF) and radio frequency (RF) wireless communications 
are towards low loss, small area, and low cost. In a 
Bluetooth low energy (BLE) transceiver, all the 
components are designed for low-power applications. In a 
conventional RF transceiver, two antennas are used on 
transmission (TX) and reception (RX) sides to operate as 
transmitter and receiver antennas, as shown in Fig. 1(a). 
This leads to a large die size, high power consumption, and 
high cost. 

Most of the recent research uses a transmitter/receiver 
single pole double throw (SPDT) switch that provides 
mode selection for the required signal paths. As shown in 
Fig. 1(b), the SPDT switch allows one antenna to be 
shared between the transmitter and receiver, instead of two 
antennas, as in a conventional transceiver. A reduction of 
one antenna helps minimize die area and power 
consumption, but also brings to designers new challenges. 
The insertion loss of the selected SPDT mode needs to be 
designed with an ultra-low value to reduce the loss of 
signal in the transmission line. On the other hand, isolation 
between selected and non-selected modes must be well 

maintained to eliminate coupling or disturbance by the 
disabled signal of the enabled one. The switch shown in 
Fig. 1(b) has to connect the antenna with the TX side and 
separate the antenna on the RX side completely in TX 
mode, and then revert in RX mode. 

Several approaches have been proposed and 
implemented to improve the insertion loss and isolation of 
the SPDT design [1-4]. The approach presented by Yeo 
and Kwon [1] uses thick anodized aluminum (Al2O3) 
layers and bare high-power high electron mobility 
transistors (HEMTs) directly mounted on an aluminum 
substrate for high electrical isolation. The SPDT structure 
consists of a power splitter and two pairs of capacitive 
micro electro-mechanical system (MEMS) shunt switches 
implemented on a quartz substrate, as presented by Cheng 
et al. [2]. Both these approaches were applied for an off-
chip level. The approaches presented by Wu et al. [3, 4] 
were applied for an on-chip level. A gallium arsenide 
(GaAs) high-electron mobility transistor process is applied 
to construct the SPDT. Due to the electronic characteristics 
of GaAs devices, the GaAs-based SPDT design has 
impressive performance, but it also has some drawbacks 
due to the cost and integration ability with traditional 
complementary metal-oxide semiconductor (CMOS) 
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processes. 
This paper adopts the body floating technique used in 

the traditional CMOS process to implement a high 
performance SPDT [5]. The body floating technique is 
combined with an impedance matching technique to 
improve insertion loss and isolation of the SPDT. The 
proposed SPDT-based switch is implemented with 
standard CMOS 65nm technology. Our proposed SPDT 
achieved 0.9dB and 1.78dB insertion loss, with 40dB and 
41dB isolation in TX and RX modes, respectively.  

The switch has to connect the antenna with the TX side 
and separate the antenna from the RX side completely in 
TX mode, and then revert. This paper proposes a high-
performance SPDT that adopts the body floating technique 
[1] to improve insertion loss and isolation. The proposed 
variable switch based on SPDT is implemented in standard 
CMOS 65nm technology. 

This paper is organized as follows. Section 2 describes 
the proposed variable switch. The layout and simulation 

results are presented in Section 3. Finally, a conclusion is 
given in Section 4. 

2. Proposed SPDT 

The SPDT switch is used to select the signal path of the 
RF transceiver. It will decide if the signal is connected 
from the transmitter to the antenna or from the antenna to 
the receiver using voltage controls V and VB. Thus, the 
transceiver will operate in TX mode or RX mode, 
respectively. Fig. 2 shows the proposed switch based on 
SPDT.  

In this proposed SPDT switch, the two main switches 
are series transistors M1,2, and two others are shunt 
transistors M3,4. The shunt transistors are used to increase 
the isolation of the switches in the off-stage. When the 
switch operates in TX mode, control voltage VB goes high. 
As exhibited in Fig. 2(b), transistors M1,4 are ON and 
work as resistors R1,on, R4,on, whereas transistors M2,3 
are OFF and work as capacitors C2,off, C3,off. The values 
of inductor L1 and transistor M3 are calculated in order to 
achieve the optimal performance. In that case, L1 and M3 
become a matching network that includes L1 and C3,off. 
On the RX path, capacitor C2,off prevents the signal flows 
from the antenna to the receiver that reduce the insertion 
loss and increase the isolation. The operation of the switch 
in RX mode is the same and is illustrated in Fig. 2(c).  

In order to reduce the insertion loss of the SPDT switch, 
the body floating technique is used. A resistor, R, is added 
in series to the body terminal of each transistor, as shown 
in Fig. 2(a). According to Wu et al. [4], the insertion loss 
of the circuit is calculated based on the value of the 
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substrate resistance associated with the transistor and the 
equivalent capacitance of the transistor. Usually, the 
amount of substrate resistance is very close to Rmax, 
which gives the insertion loss the maximum value. To 
improve insertion loss performance, substrate resistance 
should be either extremely large or approximately zero. As 
there is always a parasitic resistor, it is impossible to get 
the substrate resistance close to zero. Therefore, the only 
way is by increasing the substrate resistor value. In this 
paper, 15KΩ resistors are chosen using the sizing method. 

The size of transistors is optimized to reduce the 
insertion loss when the channel is on, and increase the 
isolation when the channel is off. The performance of the 
switch, especially the insertion loss, is also significantly 
affected by the ratio of the sizes of the shunt and the series 
transistor. According to Yeh et al. [5], there are two ways 
to achieve low insertion loss: (1) using a large size for the 
series transistor and a small size for the shunt, and (2) 
simply vice versa. The body floating technique is applied 
to reduce the leakage of the transistor and contribute to 
improving insertion loss and the isolation characteristic, 
and as mentioned above, it still contains impedance 
mismatch. In an RF system, impedance mismatch between 
two components causes reflection power at the interface of 
those components, thus reducing the power that was 
intended for transfer. 

The impedance mismatch problem can be solved 
simply by applying the L matching network. By assuming 
the TX part is fully isolated in RX mode, and the RX port 

is fully isolated in TX mode, the impedance at source 
terminal M2 and the impedance at drain terminal M1 is 
measured for the impedance-matching calculation. The L, 
C values of the matching network in the RX (L2, C4,off) 
and TX (L1, C3,off) ports are determined by the Schmidt 
chart method shown in Fig. 3. The impedance of the TX 
port is matched to the output impedance of the low-noise 
amplifier (LNA), and the impedance of the RX port is 
matched to the input of the LNA. The input and output 
impedance of the LNA specified in Fig. 2 is from the LNA 
design used in our 2.4GHz Bluetooth low energy 
transceiver. The sizes of transistors M3 and M4 are 
optimized to have the drain-source capacitance value 
(when the channel is off) equal to C3,off and C4,off, 
respectively. The on-channel resistors M3 (R3,on) and M4 
(R4,on) are optimized to increase the impedance of the 
disabled part of the SPDT operation, and thus, they 
contribute to increasing the isolation of those parts.  

3. Layout and Simulation Results 

This work was implemented with CMOS 65nm 
technology and was simulated using Cadence Spectre. The 
area of the SPDT switch is 530 μm x 270 μm, which is the 
layout illustrated in Fig. 4. Fitting the total size of a BLE 

                      
                                                     (a)                                                                                              (b) 

Fig. 3. Impedance-matching Smith chart (a) TX mode, (b) RX mode. 

Table 1. Device Sizes 

Devices Size 
L1 (nH) 1.03 
L2 (nH) 9.97 
R (KΩ) 15.008 

M1 (μm/nm) 640/280 

M2 (μm/nm) 400/280 

M3 (μm/nm) 576/280 

M4 (μm/nm) 80/280 
 

Fig. 4. Proposed SPDT Layout. 
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system, our SPDT takes up a small area, but contributes an 
important role in solving the problems of a system 
containing double antennas. Compared to using double 
antennas for the transceiver or using other techniques that 
require a special CMOS process or an off-chip component, 
our SPDT design is a better solution. 

The port setup for the simulation results, shown in Figs. 
5 and 6, is as follows: port 1 is the TX port, port 2 is an 
antenna, and port 3 is the RX port. The insertion loss 
S(2,1) in TX mode is better than S(2,3) in RX mode due to 
the output impedance of the power amplifier (PA) and 
input impedance of the LNA connected to the TX and RX 
ports, respectively. S22 is the reflection loss at the antenna 
port. Our SPDT is designed to maintain reflection at the 
antenna ports below —11dB over a wide frequency range. 

Figs. 5 and 6 illustrate the simulation results of the 
SPDT switch in RX and TX modes, respectively. The 
results show low insertion loss and high isolation of the 
SPDT switch. The proposed switch achieved 0.9dB and 
1.78dB insertion loss, and 40dB and 41dB isolation in TX 
and RX modes, respectively. Even though the matching 

network is applied to match the impedance of the port, 
there is still some limitation on matching the big gap 
impedance mismatch by the single L network. 

The center frequency in the designed process of our 
SPDT is 2.4GHz, as mentioned above. The insertion loss is 
nevertheless maintained constantly low over a wide 
frequency range up to 5GHz for both RX and TX modes. 
The isolation of both RX and TX modes is maintained 
lower than 39dB at up to 4GHz.  

4. Conclusion 

A low insertion–loss, high-isolation, variable switch 
based on SPDT for an RF transceiver has been proposed. 
This work is implemented with standard CMOS 65nm 
technology. With the operating frequency at 2.4GHz, the 
switch achieved 0.9dB and 1.78dB insertion loss, and 
40dB and 41dB isolation for TX and RX modes, 
respectively. 

The performance summary of the proposed SPDT 
switch is shown in Table 2. Besides the insertion loss and 
the isolation performance, the results also illustrate a good 
matching parameter between the antenna and two 
terminals of the transceiver. 

The performance from insertion loss and isolation of 
both RX and TX modes is maintained over a wide 
frequency range, so our SPDT can be applied to many 
transceiver systems that have an excited frequency in a 
covered range up to 4GHz. The compact size of our SPDT 
is suitable for integration into many modern transceiver 
systems. 
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Fig. 5. Insertion Loss and Isolation in RX mode
simulation results. 

 

 

Fig. 6. Insertion Loss and Isolation in TX mode
simulation results. 

 

Table 2. Performance summary and comparison

Parameter This work [5] [6] 

Process CMOS 
65nm 

CMOS 
180nm 

CMOS 
90nm 

Frequency 
(GHz) 2.4 2.4 5.8 50~67 

Mode Tx Rx N/A N/A 
Insertion 
loss (dB) 0.96 1.78 0.7 1.1 1.9 

Isolation 
(dB) 40 41 35 27 >38 

Reflection 
Loss (dB) 14 11 N/A N/A 

Die size 530μm x 270μm 0.03mm2 550μm x 550μm
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