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1  Introduction


RF switches perform many important switching functions in RF communications systems.  In RF transceivers they are used to switch between the transmitter and receiver sections of the circuit.  Because of the widespread of mobile communication systems, much attention in RF transceiver research has been focused on low power, low voltage, integrated designs.  As a result, RF switches used in RF communication circuits have evolved from PIN diode implementations to ones using GaAs FETs and CMOS.

In Sections 2-4 various switch implementations using PIN diodes, GaAs FETs and CMOS will be described along with various techniques that were used to improve their isolation, linearity and/or power handling ability.  Finally, Section 5 will conclude with future challenges in RF switch design that still need to be resolved.

2 PIN Diode Implementations
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Fig.1 PIN Diode T/R Switch

Fig. 1 shows a basic architecture for a transmit/receive (T/R) switch [1].  DC blocking capacitors are placed at each of the TX, RX and antenna nodes (since the LNA and PA connected to these nodes will, in general, require their own specific DC bias).  The operation of the switch is as follows:

Tx Mode :
Vcon is at a positive voltage, both diodes are forward biased and are at low impedance.  There is a low impedance path between the Tx and antenna ports but a high impedance looking from the Tx to the Rx port (due to (/4 impedance transformation).

Rx Mode :
Vcon is at 0V or a negative voltage, both diodes are reverse biased and are at high impedance.  As a result, the Tx and antenna ports are isolated and a low impedance path exists between the antenna and Rx.

One thing to recognize about T/R switches utilizing PIN diodes is that they consume DC power during the transmit operation.  Because of this and other factors (slower switching speed, more complicated bias networks), they have largely been replaced by GaAs FETs in applications where low power consumption is critical (as in battery-powered mobile communication devices).  Typical performance values for PIN Diode switches are 0.4-0.6 dB (at 1 GHz) insertion loss, 50 dB isolation, 55 dBm IIP3.

3 GaAs FET Implementations
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Fig.2 GaAs FET T/R Switch
Figure 2 shows a typical T/R switch implementation using GaAs MESFET depletion mode transistors [2].  The basic operation is as follows:

Tx Mode:
VG1 is 0V, VG2 is at a negative voltage, FET1 and FET3 are short-circuited while FET2 and FET4 are open-circuited, RF signal can flow between Tx and Antenna, Tx and Rx are isolated

Rx Mode:
VG1 is at a negative voltage, VG2 is 0V, FET1 and FET3 are open-circuited while FET2 and FET4 are short-circuited, RF signal can flow between Rx and Antenna, Tx and Rx are isolated

Of course, in actuality GaAs MESFETs are not perfect on-off switches but can be modeled as having a finite on-resistance (Ron) when conducting and a finite off-capacitance (Coff) when cut-off.  Because of this, increases in the widths of FETs 1 and 2 will decrease the on-resistance while increasing the off-capacitance.  Decreasing the on-resistance reduces the insertion loss in the switch while increasing the off-capacitance lowers the amount of isolation that can be provided between the Tx and Rx ports.  Consequently a tradeoff exists between reduction of insertion loss on one hand and degradation of the isolation on the other.

One of the disadvantages of using GaAs FET is their relatively low power handling capability (compared to PIN diodes)[3].  In order to see this, refer back to the simple switch described in Fig.2.  During Tx mode, the gate voltage of FET1 and 3 is left at 0V while a negative gate voltage is applied to FET2 and 4 to turn them off.  However, if a large negative voltage signal is present at the Tx input, then the gate-to-drain voltage of FET4 may become smaller than its pinch-off voltage (VP), thereby causing the transistor to conduct and clipping the input.  This condition is also true for FET2 where a large RF signal may be present on the antenna.  In [4], the maximum transmit power Pmax that can be delivered to the switch was found to be
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where Vp is the pinch-off voltage of the switch FET, Vc is a control voltage for off-state FET’s and Zo is the characteristic impedance of the system.

In order to get around this limitation, T/R switches using stacked gates, LC resonators, feed-forward capacitors or a combination of them have been proposed [3], [4], [5].  These three methods will be discussed in further detail.

3.1 Stacked Gates
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Fig.3 GaAs FET T/R Switch using Stacked Gates

This idea behind using stacked gates is to replace the single FETs in the switch by a series of 2 of more transistors [3].  As a result, if n transistors are used in the stack, then the voltage seen across the source and drain of each of the transistors will be distributed evenly and will be reduced by a factor n.  Fig. 3 shows this configuration.  As a result, even though a large voltage at the Tx or Antenna ports may cause the first transistor to go into pinch-off and conduct, a high impedance will still be present until the Tx or Antenna voltage increases such that the second and all subsequent transistors also go into pinch-off.  Thus, the maximum transmit power is now modified from the previous equation to
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where n is the number of stacked FETs and Vp, Vc and Zo are as described before.  Thus, the maximum power that can be handled has been greatly increased.

3.2 LC Resonators
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Fig.4 GaAs FET T/R Switch using LC Resonators
Another method is to replace FET1 and 3 of figure 2 by LC resonant circuits such that when the FET is on, the LC circuit is off and vice versa [4].  When the FETs are on, the resulting parallel LC circuit are tuned to the resonant frequency such that the impedance looking into it is infinite (ideally).  When the FETs are off, the resulting series LC circuits are tuned such that the impedance looking into is zero (ideally).  Figure 4 illustrates this circuit configuration.  Since all transistors are on during transmission, only a single control signal is required.  More importantly, the RF voltage swing across the source and drain of the transistors becomes very small so that it is not limited by the breakdown voltage of the transistor, thus increasing the power handling capability of the circuit.  The new maximum power dissipation for this circuit is
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where Idss and Ql are respectively, the saturation current of the FET’s in the LC-resonant circuits and the loaded Q of the T/R switch in the transmit mode.  Zo is the system impedance.

3.3 Feed Forward Capacitor
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Fig.5 GaAs FET T/R Switch using Feed Forward Capacitor
Figure 5 illustrates the approach taken in [5] where a capacitor and diode are connected in series between the gate of FET1 and the RF port.  This configuration provides a superimposed synchronous voltage on the gate of the FET thereby keeping a relatively constant voltage between the gate and the RF input and preventing pinch-off from occurring.  The diode keeps a negative peak voltage to the gate of FET1 limiting the loss of transmitted power.  The sources and drains of the FETs are biased at Vdd so that no negative gate voltages are required.

Table 1 lists the performance characteristics of the three switches described above as well as others found in the literature [2],[4],[5],[6],[7].


Insertion Loss
Isolation
Power Handling

M. J. Schindler and T. E. Kazior
< 2 dB
> 30
35 dBm

H. Uda. et al.
0.55-0.95 dB
23-31
25.4 dBm

T. Tokumistu et al.
< 1.5 dB
> 35
31 dBm

K. Miyatsuji and D. Ueda
< 0.8
> 25
37 dBm

K. Kawakyu et. Al


0.55
35.8
19 dBm

Table. 1 Performance characteristics of GaAs T/R Switches

4 CMOS Implementations

Recently in the literature, RF switches using standard CMOS have been investigated [8], [9].
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Fig.6 CMOS T/R Switch
The switch architecture used in [8] is shown in Fig. 6.  The architecture is very similar to the one used in GaAs switch with the exception of the two DC bias capacitors whose function is to reduce substrate capacitances.  The basic operation of the switch is also the same as described earlier.  In CMOS, substrate parasitics can no longer be ignored and as a result, there exists a path from the RF input to ground through the substrate.  As a result, increasing the transistor width to reduce the on-resistance to improve insertion loss works up to a point, after which increased substrate capacitor coupling begins to dominate and degrades insertion loss.  In order to minimize these effects, the authors derived the insertion loss using an approximate transistor model.
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where ( is the radian frequency, Zo is the characteristic impedance, RON is the transistor on-resistance, RB is the substrate resistance associated with the transistor and 
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 From this equation, an optimum transistor width could be determined for which the insertion loss is minimized.  In addition, the sources and drains of M3 and M4 were DC biased to a positive voltage in order to reverse bias the source-substrate and drain-substrate junctions, widening the depletion region  and thereby reducing the substrate capacitance.

Table 2 lists the performance characteristics of the switches described above as well as others found in the literature [8],[9],[10].


Insertion Loss
Isolation
Power Handling

R. Johnson et al.
1.7 dB
> 30
-

F.-J. Huang and Kenneth O.
0.7 dB
48
17 dBm

K. Yamamoto et al.
1.5 dB
24
11 dBm

Table. 2 Performance characteristics of CMOS T/R Switches
5 Future Challenges


With the growing need for low-power and low-cost RF transceivers, further investigations into the feasibility of integrating RF functionality onto a chip are likely to continue.  While CMOS T/R switches are inferior to GaAs switches in terms of their insertion loss and power handling capability (due to RF signals capacitively coupling to the substrate), the main advantages of CMOS over GaAs, (i.e. low cost, does not require negative voltage, monolithic implementation) make it the most promising technology for realizing RF transceivers for use in short-range wireless communications such as Bluetooth and wireless LANs.
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