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SWITCH CIRCUIT AND METHOD OF 
SWITCHING RADIO FREQUENCY SIGNALS 

CROSS-REFERENCE TO RELATED 
PROVISIONAL APPLICATION CLAIM OF 

PRIORITY 

This application claims the benefit under 35 U.S.C. S 119 
(e) of pending U.S. Provisional Application No. 60/328,353, 
filed Oct. 10, 2001, entitled “Silicon-on-Insulator RF 
Switches”, hereby incorporated by reference herein in its 
entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to Switches, and particularly 
to a Switch circuit and method of Switching radio frequency 
(RF) Signals within an integrated circuit. In one 
embodiment, the Switch circuit comprises CMOS devices 
implemented on a Silicon-on-insulator (SOI) Substrate, for 
use in RF applications Such as wireleSS communications, 
Satellites, and cable television. 

2. Description of Related Art 
AS is well known, radio frequency (RF) Switches are 

important building blockS in many wireleSS communication 
systems. RF Switches are found in many different commu 
nications devices Such as cellular telephones, wireleSS 
pagers, wireleSS infrastructure equipment, Satellite commu 
nications equipment, and cable television equipment. AS is 
well known, the performance of RF Switches is controlled by 
three primary operating performance parameters: insertion 
loss, Switch isolation, and the “1 dB compression point.” 
These three performance parameters are tightly coupled, and 
any one parameter can be emphasized in the design of RF 
Switch components at the expense of others. A fourth per 
formance parameter that is occasionally considered in the 
design of RF switches is commonly referred to as the 
Switching time or Switching speed (defined as the time 
required to turn one Side of a Switch on and turn the other 
side off). Other characteristics that are important in RF 
Switch design include ease and degree (or level) of integra 
tion of the RF Switch, complexity, yield, return loSS and cost 
of manufacture. 

These RF Switch performance parameters can be more 
readily described with reference to a prior art RF Switch 
design shown in the simplified circuit schematics of FIGS. 
1a–1C. FIG. 1a shows a simplified circuit diagram of a prior 
art single pole, single throw (SPST) RF switch 10. The prior 
art SPST Switch 10 includes a Switching transistor M15 and 
a shunting transistor M2 7. Referring now to FIG. 1a, 
depending upon the State of the control Voltages of the two 
MOSFET transistors M15 and M27 (i.e., depending upon 
the DC bias applied to the gate inputs of the MOSFET 
Switching and Shunting transistors, M1 and M2, 
respectively), RF signals are either routed from an RF input 
node 1 to, an RF output node 3, or Shunted to ground through 
the shunting transistor M27. Actual values of the DC bias 
Voltages depend upon the polarity and thresholds of the 
MOSFET transistors M15 and M27. Resistor R09, in series 
with the RF Source Signal, isolates the bias from the Source 
Signal and is essential for optimal Switch performance. FIG. 
1b shows the “on” state of the RF switch 10 of FIG. 1a (i.e., 
FIG. 1b shows the equivalent small-signal values of the 
transistors M1 and M2 when the RF Switch 10 is “on”, with 
Switching transistor M15 on, and shunting transistor M27 
off). FIG. 1c shows the “off” state of the switch 10 of FIG. 
1a (i.e., FIG. 1c shows the equivalent Small-signal values of 
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2 
the transistors M1 and M2 when the RF switch 10 is “off”, 
with Switching transistor M15 off, and shunting transistor 
M27 on). 
As shown in FIG. 1b, when the RF Switch 10 is on, the 

Switching transistor M1 5 is primarily resistive while the 
shunting transistor M27 is primarily capacitive. The “inser 
tion loss” of the RF Switch 10 is determined from the 
difference between the maximum available power at the 
input node 1 and the power that is delivered to a load 11 at 
the output node 3. At low frequencies, any power lost is due 
to the finite on resistance “r” 13 of the Switching transistor 
M15 when the switch 10 is on (see FIG. 1b). The on 
resistance r 13 (FIG. 1b) typically is much less than the 
Source resistor R09. The insertion loss, “IL', can therefore 
be characterized in accordance with Equation 1 shown 
below: 

IL is approximately equal to: 10r/R0 ln(10)= 
0.087 r (in dB). Equation 1 

Thus, at low frequencies, a 3-2 value for r results in 
approximately 0.25 dB insertion loSS. Because insertion loSS 
depends greatly upon the on resistances of the RF Switch 
transmitters, lowering the transistor on resistances and 
reducing the parasitic Substrate resistances can achieve 
improvements in insertion loSS. 

In general, the input-to-output isolation (or more simply, 
the Switch isolation) of an RF switch is determined by 
measuring the amount of power that “bleeds” from the input 
port into the output port when the transistor connecting the 
two ports is off. The isolation characteristic measures how 
well the RF switch turns off (i.e., how well the Switch blocks 
the input signal from the output). More specifically, and 
referring now to the “off” state of the RF switch 10 of FIG. 
1c, the Switching transistor M15 off state acts to block the 
input 1 from the output 3. The shunting transistor M27 also 
Serves to increase the input-to-output isolation of the Switch 
10. 
When turned off (i.e., when the RF switch 10 and the 

switching transistor M15 are turned off), M15 is primarily 
capacitive with “feedthrough” (i.e., passing of the RF input 
signal from the input node 1 to the output node 3) of the 
input Signal determined by the Series/parallel values of the 
capacitors CGD off 15 (Gate-to-Drain Capacitance when the 
switching transistor M1 is turned off), CGS off 17 (Gate 
to-Source Capacitance when the Switching transistor M1 is 
turned off), and CDS1 19 (Drain-to-Source capacitance 
when the transistor M1 is turned off). Feedthrough of the 
input signal is undesirable and is directly related to the 
input-to-output isolation of the RF Switch 10. The shunting 
transistor M2 7 is used to reduce the magnitude of the 
feedthrough and thereby increase the isolation characteristic 
of the RF Switch. 
The shunting transistor M27 of FIG. 1c is turned on when 

the Switching transistor M15 is turned off. In this condition, 
the Shunting transistor M2 7 acts primarily as a resistor 
having a value of r. By design, the value of r is much less 
than the characteristic impedance of the RF Source. 
Consequently, r greatly reduces the Voltage at the input of 
the Switching transistor M15. When the value of r is much 
less than the source resistance R0 9 and the feedthrough 
capacitive resistance of the shunting transistor M27, isola 
tion is easily calculated. Switch isolation for the off state of 
the RF Switch 10 is determined as the difference between the 
maximum available power at the input to the power at the 
output. 

In addition to RF Switch insertion loss and isolation, 
another important RF Switch performance characteristic is 
the ability to handle large input power when the Switch is 
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turned on to ensure that insertion loSS is not a function of 
power at a fixed frequency. Many applications require that 
the Switch does not distort power transmitted through a 
“switched-on' Switch. For example, if two closely spaced 
tones are concurrently passed through an RF Switch, non 
linearities in the Switch can produce inter-modulation (IM) 
and can thereby create a false tone in adjacent channels. If 
these adjacent channels are reserved, for instance, for infor 
mation signals, power in these false tones must be main 
tained as Small as possible. The Switch compression, or "1 
dB compression point” (“P1 dB”), is indicative of the 
Switch's ability to handle power. The P1 dB is defined as the 
input power at which the insertion loSS has increased by 1 dB 
from its low-power value. Or stated in another way, the 1 dB 
compression point is a measure of the amount of power that 
can be input to the RF switch at the input port before the 
output power deviates from a linear relationship with the 
input power by 1 dB. 

Switch compression occurs in one of two ways. To 
understand how Switch compressing occurs, operation of the 
MOSFET transistors shown in the RF Switch 10 of FIGS. 
1a-1c are described. AS is well known in the transistor 
design arts, MOSFETs require a gate-to-Source bias that 
exceeds a threshold Voltage, V, to turn on. Similarly, the 
gate-to-Source bias must be less than V, for the Switch to be 
off. V, is positive for “type-N” MOSFETs and negative for 
“type-P” MOSFETs. Type-N MOSFETs were chosen for the 
RF switch 10 of FIGS. 1a–1c. The source of a type-N 
MOSFET is the node with the lowest potential. 

Referring again to FIG. 1c, if a transient Voltage on the 
shunting transistor M27 results in turning on the shunting 
transistor M27 during part of an input signal cycle, input 
power will be routed to ground and lost to the output. This 
loss of power increases for increased input power (i.e., input 
Signals of increased power), and thereby causes a first type 
of compression. The 1 dB compression point in the RF 
Switch 10 is determined by the Signal Swing on the input at 
which point the turned-offshunting transistor M27 is unable 
to remain off. Eventually, a negative Swing of the input falls 
below the potential of the M2 gate, as well as below ground 
(thus becoming the source). When this difference becomes 
equal to V, the transistor M2 7 begins to turn on and 
compression begins. This first type of compression is caused 
by the phenomenon of the turning on of a normally off gate 
in the shunt leg of the RF Switch. Once the shunting 
transistor M27 turns on, power at the output node 3 no 
longer follows power at the Switch input in a linear manner. 
A Second type of RF Switch compression occurs when the 
Source and drain of the shunting transistor M27 break down 
at excessive Voltages. For Submicron Silicon-on-insulator 
(SOI) devices, this voltage may be approximately only +1 
VDC above the Supply voltage. At breakdown, the shunt 
device begins to heavily conduct current thereby reducing 
the power available at the output. 

FIG. 2 shows a simplified Schematic of a prior art Single 
pole double throw (SPDT) RF switch 20. As shown in FIG. 
2, the prior art RF Switch 20 minimally includes four 
MOSFET transistors 23, 24, 27 and 28. The transistors 23 
and 24 act as “pass” or “switching” transistors (similar to the 
switching MOSFET transistor M15 of FIGS. 1a–1c), and 
are configured to alternatively couple their associated and 
respective RF input nodes to a common RF node 25. For 
example, when enabled (or Switched “on”), the Switching 
transistor 23 couples a first RF input signal “RF, input to 
a first RF input node 21, to the RF common node 25. 
Similarly, when enabled, the Switching transistor 24 couples 
a second RF input signal “RF, input to a second RF input 
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4 
node 22, to the RF common node 25. The shunting 
transistors, 27 and 28, when enabled, act to alternatively 
shunt their associated and respective RF input nodes to 
ground when their associated RF input nodes are uncoupled 
from the RF common node 25 (i.e., when the Switching 
transistor (23 or 24) connected to the associated input node 
is turned off). 
AS shown in FIG. 2, two control Voltages are used to 

control the operation of the prior art RF Switch. The control 
voltages, labeled “SW, and its inverse “SW ', control the 
operation of the transistors 23, 24, 27 and 28. The control 
voltages are arranged to alternatively enable (turn on) and 
disable (turn off) Selective transistor pairs. For example, as 
shown in FIG. 2, when SW is on (in some embodiments this 
is determined by the control voltage SW being set to a 
logical “high voltage level, e.g., "+Vdd”), the Switching 
transistor 23 is enabled, and its associated shunting transis 
tor 28 is also enabled. However, because the inverse of SW, 
SW , controls the operation of the Second Switching tran 
Sistor 24, and its associated shunting transistor 27, and the 
control signal SW is off during the time period that SW is 
on (in some embodiments this is determined by SW being 
Set to a -Vdd value), those two transistors are disabled, or 
turned off, during this same time period. In this state (SW 
“on” and SW “off”), the RF input signal is coupled to the 
RF common port 25 (through the enabled switching tran 
Sistor 23). Because the Second Switching transistor 24 is 
turned off, the RF input signal is blocked from the RF 
common port 25. Moreover, the RF input signal is further 
isolated from the RF common port because it is shunted to 
ground through the enabled shunting transistor 28. AS those 
skilled in the transistor designs arts shall easily recognize, 
the RF signal is coupled to the RF common port 25 (and the 
RF signal is blocked and shunted to ground) in a similar 
manner when the SW control signal is “off” (and SW is 
“On). 
With varying performance results, RF Switches, such as 

the SPDT RF switch 20 of FIG. 2, have heretofore been 
implemented in different component technologies, including 
bulk complementary-metal-oxide-semiconductor (CMOS) 
and gallium-arsenide (GaAS) technologies. In fact, most 
high performance high-frequency Switches use GaAS tech 
nology. The prior art RF Switch implementations attempt to 
improve the RF Switch performance characteristics 
described above, however, they do so with mixed results and 
with varying degrees of integrated circuit complexity and 
yields. For example, bulk CMOS RF Switches disadvanta 
geously exhibit high insertion loSS, low compression, and 
poor linearity performance characteristics. In contrast, due 
to the Semi-insulating nature of GaAS material, parasitic 
Substrate resistances can be greatly reduced thereby reduc 
ing RF Switch insertion loSS. Similarly, the Semi-insulating 
GaAS Substrate improves Switch isolation. 
Although GaAs RF switch implementations offer 

improved performance characteristics, the technology has 
Several disadvantages. For example, GaAS technology 
exhibits relatively low yields of properly functioning inte 
grated circuits. GaAs RF switches tend to be relatively 
expensive to design and manufacture. In addition, although 
GaAS Switches exhibit improved insertion loSS characteris 
tics as described above, they may have low frequency 
limitations due to slow States present in the GaAS Substrate. 
The technology also does not lend itself to high levels of 
integration, which requires that digital control circuitry 
associated with the RF switch be implemented “off chip” 
from the Switch. The low power control circuitry associated 
with the Switch has proven difficult to integrate. This is 
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disadvantageous as it both increases the overall System cost 
or manufacture, Size and complexity, as well as reducing 
System throughput Speeds. 

It is therefore desirable to provide an RF switch and 
method for Switching RF signals having improved perfor 
mance characteristics. Specifically, it is desirable to provide 
an RF Switch having improved insertion loSS, isolation, and 
compression. It is desirable that such an RF switch be easily 
designed and manufactured, relatively inexpensive to 
manufacture, lend itself to high levels of integration, with 
low-to-high frequency application. Power control circuitry 
should be easily integrated on-chip together with the Switch 
functions. Such integration has been heretofore difficult to 
achieve using Si and GaAS Substrates. The present invention 
provides such an RF switch and method for Switching RF 
Signals. 

SUMMARY OF THE INVENTION 

A novel RF Switch circuit and method for Switching RF 
signals is described. The RF switch circuit may be used in 
wireleSS applications, and may be fabricated in a Silicon 
on-insulator technology. In one embodiment the RF Switch 
is fabricated on an Ultra-Thin-Silicon (“UTSi”) substrate. In 
one embodiment the RF switch includes: an input for 
receiving an RF signal; a first Switching transistor grouping 
connected to the input to receive the RF signal and con 
nected to an RF common port, wherein the first Switching 
transistor is controlled by a Switching voltage (SW); a 
Second Switching transistor grouping connected to the first 
Switching transistor grouping and the RF common port, 
wherein the Second Switching transistor is controlled by a 
Switching voltage SW , and wherein SW is the inverse of 
SW So that when the first Switching transistor grouping is on, 
the Second Switching transistor grouping is off. The Switch 
ing transistor groupings, when enabled, alternatively con 
nect their respective RF input signals to the RF common 
port. In this embodiment the RF Switch also includes shunt 
ing transistor groupings coupled to the Switching transistor 
groupings and also controlled by the Switching Voltages SW 
and SW . The shunting transistor groupings, when enabled, 
act to alternatively shunt their associated RF input nodes to 
ground thereby improving RF Switch isolation. 

The Switching and shunting transistor groupings comprise 
one or more MOSFET transistors connected together in a 
“stacked” or serial configuration. Within each transistor 
grouping, the gates of the Stacked transistors are commonly 
controlled by a Switching voltage (SW or SW ) that is 
coupled to each transistor gate through respective gate 
resistors. The Stacking of transistor grouping devices and 
gate resistors increases the compression point of the Switch. 
The RC time constant formed by the gate resistors and the 
gate capacitance of the MOSFETs is designed to be much 
longer than the period of the RF signal, causing the RF 
Voltage to be shared equally across the Series connected 
devices. This configuration increases the 1 dB compression 
point of the RF switch. 
A fully integrated RF switch is described that includes 

digital Switch control logic and a negative power Supply 
Voltage generator circuit integrated together with the inven 
tive RF switch. In one embodiment, the fully integrated RF 
Switch provides Several functions not present in prior art RF 
Switches. For example, in one embodiment, the fully inte 
grated RF Switch includes a built-in oscillator that provides 
clocking input signals to a charge pump circuit, an integrated 
charge pump circuit that generates the negative power 
Supply Voltages required by the other RF Switch circuits, 
CMOS logic circuitry that generates control signals to 
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6 
control the RF switch transistors, level-shifting and low 
current Voltage divider circuits that provide increased reli 
ability of the Switch devices, and an RF buffer circuit that 
isolates RF signal energy from the charge pump and digital 
control logic circuits. Several embodiments of the charge 
pump, level shifting, Voltage divider, and RF buffer circuits 
are described. The inventive RF Switch provides improve 
ments in insertion loSS, Switch isolation, and Switch com 
pression. In addition, owing to the higher levels of integra 
tion made available by the present inventive RF Switch, RF 
System design and fabrication costs are reduced and reli 
ability is increased using the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1a is a simplified electrical Schematic of a prior art 
single pole, single throw (SPST) RF switch used to dem 
onstrate performance characteristics of the RF Switch. 

FIG. 1b is a simplified electrical schematic of the SPST 
RF switch of FIG. 1a showing the dominant characteristics 
of the Switch when the Switch is turned “on” allowing the RF 
Signal to pass from an input node to an output node. 

FIG. 1c shows the equivalent Small-signal electrical char 
acteristics of the RF Switch of FIGS. 1a and 1b when the RF 
Switch is turned “off thereby blocking the RF signal from 
the output node. 

FIG. 2 is a simplified electrical Schematic of a prior art 
single pole double throw (SPDT) RF switch. 

FIG. 3 is an electrical Schematic of an RF Switch accord 
ing to one embodiment of the present invention. 

FIG. 4 is a simplified block diagram of an exemplary fully 
integrated RF Switch made in accordance with the present 
invention. 

FIG. 5a is a simplified block diagram of one exemplary 
embodiment of the negative Voltage generator shown in the 
simplified block diagram of FIG. 4; FIG. 5b is an electrical 
Schematic of a first embodiment of a charge pump circuit 
that is used to generate a negative Supply Voltage to the RF 
Switch of FIG. 4. 

FIG.5c is a plot of voltage amplitude versus time showing 
the Voltage amplitude of two non-overlapping clock signals 
used to control the charge pump circuit of FIG. 5b varying 
over time. 

FIG. 6a is an electrical Schematic of a first embodiment of 
an inventive level shifting circuit; FIG. 6b is an electrical 
Schematic of one embodiment of the inverters used to 
implement the level shifter shown in FIG. 6a. 

FIG. 7a is a Voltage amplitude versus time plot of a digital 
input Signal and corresponding output Signal generated by 
the inventive level shifter of FIG. 6a; FIG.7b is a simplified 
logic symbol for the inventive level shifter of FIG. 6a. 

FIG. 8a is an electrical Schematic of one embodiment of 
a two-stage level shifter and RF buffer circuit including a 
first stage level shifter and a Second Stage RF buffer circuit; 
FIG. 8b is a simplified block diagram of the digital control 
input and interface to the RF buffer circuit of FIG. 8a. 

FIG. 9a is an electrical Schematic of one embodiment of 
a low current voltage divider (LCVD) circuit made in 
accordance with the present RF switch invention; FIG.9b is 
a simplified logic Symbol used to represent the Voltage 
divider of FIG. 9a. 

FIG. 10 is an electrical Schematic of a second embodiment 
of a level shifting circuit using the low current Voltage 
divider circuit of FIG. 9a in combination with the level 
shifting circuit of FIG. 6a. 

FIGS. 11a and 11b are electrical schematics showing an 
alternative embodiment of the two-stage level shifter and RF 
buffer circuit of FIG. 8a. 

Harbor Island Exhibit No. 2004, IPR2024-01402 
 Page 017



US 6,804,502 B2 
7 

FIG. 12 is an electrical Schematic of a modified charge 
pump using the level shifting circuit of FIG. 10. 

Like reference numbers and designations in the various 
drawings indicate like elements. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Throughout this description, the preferred embodiment 
and examples shown should be considered as exemplars, 
rather than as limitations on the present invention. 
The Inventive RF Switch 

The present invention is a novel RF switch design and 
method for Switching RF circuits. A first exemplary embodi 
ment of the present inventive RF Switch 30 is shown in FIG. 
3. As shown in FIG. 3, in one embodiment, the inventive RF 
Switch 30 includes four clusters or “groupings” of MOSFET 
transistors, identified in FIG. 3 as transistor groupings 33, 
34, 37 and 38. Two transistor groupings comprise “pass” or 
“Switching transistor groupings 33 and 34, and two tran 
Sistor groupings comprise shunting transistor groupings 37 
and 38. Each transistor grouping includes one or more 
MOSFET transistors arranged in a serial configuration. For 
example, in the embodiment shown in FIG. 3, the Switching 
grouping 33 includes three Switching transistors, MA, 
M, and Ms. Similarly, the Switching grouping 34 
includes three Switching transistors, MA, Ms, and Ms. 
The shunting grouping 37 includes three transistorS MA, 
M7, and M7. Similarly, the shunting grouping 38 
includes three transistors, Masa, Mass, and Mss. Although 
the transistor groupings 33, 34, 37 and 38 are shown in FIG. 
3 as comprising three MOSFET transistors, those skilled in 
the RF switch design arts shall recognize that alternative 
grouping configurations can be used without departing from 
the Scope or Spirit of the present invention. For example, as 
described below in more detail, any convenient number of 
transistors can be used to implement the groupings shown in 
FIG. 3 without departing from the scope of the present 
invention. 

In one embodiment of the present inventive RF switch, 
the MOSFET transistors (e.g., the transistors MA, M., 
and M-7) are implemented using a fully insulating Substrate 
Silicon-on-insulator (SOI) technology. More specifically, 
and as described in more detail hereinbelow, the MOSFET 
transistors of the inventive RF Switch are implemented using 
“Ultra-Thin-Silicon (UTSi)” (also referred to herein as 
“ultrathin Silicon-on-Sapphire') technology. In accordance 
with UTSi manufacturing methods, the transistors used to 
implement the inventive RF switch are formed in an 
extremely thin layer of Silicon in an insulating Sapphire 
wafer. The fully insulating Sapphire Substrate enhances the 
performance characteristics of the inventive RF switch by 
reducing the deleterious Substrate coupling effects associ 
ated with non-insulating and partially insulating Substrates. 
For example, improvements in insertion loSS are realized by 
lowering the transistor on resistances and by reducing para 
Sitic Substrate resistances. In addition, Switch isolation is 
improved using the fully insulating SubstrateS provided by 
UTSi technology. Owing to the fully insulating nature of 
Silicon-on-Sapphire technology, the parasitic capacitance 
between the nodes of the RF switch 30 are greatly reduced 
as compared with bulk CMOS and other traditional inte 
grated circuit manufacturing technologies. Consequently, 
the inventive RF Switch exhibits improved switch isolation 
as compared with the prior art RF Switch designs. 
As shown in FIG. 3, similar to the Switch described above 

with reference to FIG. 2, the transistor groupings are con 
trolled by two control signals, SW, and its inverse, SW . 
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The control Signals are coupled to the gates of their respec 
tive transistors through associated and respective gate resis 
tors. For example, the control Signal SW controls the opera 
tion of the three transistors in the Switching transistor 
grouping 33 (Masa, Mass, and Mas) through three associ 
ated and respective gate resistors (R3A, Rase, and Rasc, 
respectively). The control signal SW is input to an input 
node 33' to control the Switching transistor grouping 33. SW 
is also input to an input node 38' to control the shunting 
transistor grouping 38. Similarly, the inverse of SW, SW , 
controls the Switching transistor grouping 34 via an input 
node 34". SW is also input to an input node 37 to control 
the shunting transistor grouping 37. 

In one embodiment, the transistor grouping resistors 
comprise approximately 30 K ohm resistors, although alter 
native resistance values can be used without departing from 
the Spirit or Scope of the present invention. In addition, in 
Some embodiments of the present invention, the gate resis 
tors comprise any resistive element having a relatively high 
resistance value. For example, reversed-biased diodes may 
be used to implement the gate resistors in one embodiment. 
AS described in more detail below, the gate resistors help to 
increase the effective breakdown Voltage acroSS the Series 
connected transistors. 
The control Signals function to control the enabling and 

disabling of the transistor groupings 33, 34, 37 and 38, and 
the RF Switch 30 generally functions to pass and block RF 
Signals in a manner that is similar to the control of the 
analogous transistors of the Switch of FIG. 2. More 
Specifically, the Switching transistor groupings 33 and 34 act 
as pass or Switching transistors, and are configured to 
alternatively couple their associated and respective RF input 
nodes to a common RF node 35. For example, when 
enabled, the Switching transistor grouping 33 couples a first 
RF input signal "RF", input to a first RF input node 31, to 
the RF common node 35. Similarly, when enabled, the 
Switching transistor grouping 34 couples a Second RF input 
signal “RF, input to a second RE input node 32, to the RF 
common node 35. The shunting transistor groupings, 37 and 
38, when enabled, act to alternatively shunt their associated 
and respective RF input nodes to ground when their asso 
ciated RF input nodes are uncoupled from the RF common 
node (i.e., when the Switching transistor grouping (33 or 34) 
that is connected to the associated input node is turned off). 
The control Voltages are connected to alternatively enable 

and disable Selective pairs of transistor groupings. For 
example, as shown in FIG. 3, when SW is on (in some 
embodiments this is determined when the control Voltage 
SW is set to a logical “high” voltage level), the Switching 
transistor grouping 33 is enabled (i.e., all of the transistors 
in the grouping 33 are turned on), and its associated shunting 
transistor grouping 38 is also enabled (i.e., all of the tran 
Sistors in the grouping 38 are turned on). However, similar 
to the operation of the Switch of FIG. 2, because the inverse 
of SW, SW , controls the operation of the second Switching 
transistor grouping 34, and its associated shunting transistor 
grouping 37, these two transistors groupings are disabled 
(i.e., all of the transistors in the groupings 34, 37 are turned 
off) during this time period. Therefore, with SW on, the RF, 
input signal is coupled to the RF common port 35. The RF 
input signal is blocked from the RF common port 35 because 
the Switching transistor grouping 34 is off. The RF input 
signal is further isolated from the RF common port 35 
because it is shunted to ground through the enabled shunting 
transistor grouping 38. As those skilled in the RF switch 
design arts shall recognize, the RF signal is coupled to the 
RF common port 35 (and the RF signal is blocked and 
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shunted to ground) in a similar manner when the SW control 
Signal is off (and the SW control signal is on). 
One purpose of the stacking of MOSFET transistors and 

using gate resistors as shown in the inventive RF Switch 30 
of FIG. 3 is to increase the breakdown voltage across the 
Series connected transistors. The RC time constant formed 
by the gate resistor and the gate capacitance of the MOS 
FETs is designed to be much longer than the period of the 
RF signal. Thus, very little RF energy is dissipated through 
the gate resistor. This arrangement effectively causes the RF 
Voltage to be shared equally across the Series connected 
transistors. The net effect is that the breakdown voltage 
acroSS the Series connected devices is increased to n times 
the breakdown voltage of an individual FET, where n is the 
number of transistors connected in Series. This configuration 
increases the 1 dB compression point of the inventive RF 
Switch 30. 
To achieve improved switch performance, the RC time 

constant must be sized So that it is large with respect to the 
period of the RF signal. This largely places a constraint on 
the minimum value of R that can be used to implement the 
gate transistors. AS noted above, in one embodiment of the 
present invention, a typical value of R is 30 k-ohms, 
although other resistance values can be used without depart 
ing from the Scope of the present invention. Because a 
MOSFET gate input draws no DC current, there is no change 
in the biasing of the devices due to IR drops acroSS this 
resistance. 

Advantageously, the present inventive RF switch 30 can 
accommodate input signals of increased power levels. 
Owing to the serial arrangement of the MOSFET transistors 
that comprise the transistor groupings (33, 34, 37 and 38), 
increased power Signals can be presented at the RF input 
nodes (i.e., at the input nodes 31 and 32) without detrimen 
tally affecting Switch operation. Those skilled in the tran 
Sistor design arts art shall recognize that greater input power 
levels can be accommodated by increasing the number of 
transistors per transistor grouping, or by varying the physi 
cal configuration of the transistors. For example, in one 
embodiment, the transistors are approximately 0.5x2,100 
micro-meters in dimension. However, alternative configu 
rations can be used without departing from the Scope or 
Spirit of the present invention. 
Silicon-On-Insulator (SOI) Technologies 
As noted above in the description of the RF switch of FIG. 

3, SOI technology is attractive in implementing RF switches 
due to the fully insulating nature of the insulator Substrate. 
As is well known, SOI has been used in the implementation 
of high performance microelectronic devices, primarily in 
applications requiring radiation hardneSS and high Speed 
operation. SOI technologies include, for example, SIMOX, 
bonded waferS having a thin Silicon layer bonded to an 
insulating layer, and Silicon-on-Sapphire. In order to achieve 
the desired Switch performance characteristics described 
above, in one embodiment, the inventive RF Switch is 
fabricated on a Sapphire Substrate. 

Fabrication of devices on an insulating Substrate requires 
that an effective method for forming silicon CMOS devices 
on the insulating Substrate be used. The advantages of using 
a composite Substrate comprising a monocrystalline Semi 
conductor layer, Such as Silicon, epitaxially deposited on a 
Supporting insulating Substrate, Such as Sapphire, are well 
recognized, and can be realized by employing as the Sub 
Strate an insulating material, Such as Sapphire (Al2O), 
Spinel, or other known highly insulating materials, and 
providing that the conduction path of any inter-device leak 
age current must pass through the Substrate. 
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An “ideal” silicon-on-insulator wafer can be defined to 

include a completely monocrystalline, defect-free Silicon 
layer of Sufficient thickness to accommodate the fabrication 
of active devices therein. The silicon layer would be adja 
cent to an insulating Substrate and would have a minimum 
of crystal lattice discontinuities at the Silicon-insulator inter 
face. Early attempts to fabricate this “ideal” silicon-on 
insulator wafer were frustrated by a number of Significant 
problems, which can be Summarized as (1) Substantial 
incursion of contaminants into the epitaxially deposited 
Silicon layer, especially the p-dopant aluminum, as a con 
Sequence of the high temperatures used in the initial epi 
taxial Silicon deposition and the Subsequent annealing of the 
Silicon layer to reduce defects therein; and (2) poor crystal 
line quality of the epitaxial Silicon layers when the prob 
lematic high temperatures were avoided or worked around 
through various implanting, annealing, and/or re-growth 
Schemes. 

It has been found that the high quality silicon films 
Suitable for demanding device applications can be fabricated 
on Sapphire Substrates by a method that involves epitaxial 
deposition of a Silicon layer on a Sapphire Substrate, low 
temperature ion implant to form a buried amorphous region 
in the Silicon layer, and annealing the composite attempera 
tures below about 950 C. 

Examples of and methods for making Such Silicon-on 
Sapphire devices are described in U.S. Pat. No. 5,416,043 
(“Minimum charge FET fabricated on an ultrathin silicon on 
sapphire wafer'); U.S. Pat. No. 5,492.857 (“High-frequency 
wireleSS communication System on a Single ultrathin Silicon 
on sapphire chip”); U.S. Pat. No. 5,572,040 (“High 
frequency wireless communication System on a single 
ultrathin silicon on sapphire chip”); U.S. Pat. No. 5,596.205 
(“High-frequency wireless communication System on a 
single ultrathin silicon on Sapphire chip”); U.S. Pat. No. 
5,600,169 (“Minimum charge FET fabricated on an ultrathin 
silicon on sapphire wafer'); U.S. Pat. No. 5,663,570 (“High 
frequency wireleSS communication System on a single 
ultrathin silicon on sapphire chip”); U.S. Pat. No. 5,861,336 
(“High-frequency wireless communication System on a 
single ultrathin silicon on Sapphire chip”); U.S. Pat. No. 
5,863,823 (“Self-aligned edge control in silicon on 
insulator”); U.S. Pat. No. 5,883,396 (“High-frequency wire 
leSS communication System on a Single ultrathin Silicon on 
sapphire chip”); U.S. Pat. No. 5,895,957 (“Minimum charge 
FET fabricated on an ultrathin silicon on sapphire wafer'); 
U.S. Pat. No. 5,920,233 (“Phase locked loop including a 
Sampling circuit for reducing spurious Side bands”); 5,930, 
638 (“Method of making a low parasitic resistor on ultrathin 
silicon on insulator”); U.S. Pat. No. 5,973,363 (“CMOS 
circuitry with shortened P-channel length on ultrathin silicon 
on insulator”); U.S. Pat. No. 5,973,382 (“Capacitor on 
ultrathin semiconductor on insulator”); and U.S. Pat. No. 
6,057,555 (“High-frequency wireless communication sys 
tem on a single ultrathin Silicon on Sapphire chip'). All of 
these referenced patents are incorporated herein in their 
entirety for their teachings on ultrathin Silicon-on-Sapphire 
integrated circuit design and fabrication. 

Using the methods described in the patents referenced 
above, electronic devices can be formed in an extremely thin 
layer of Silicon on an insulating Synthetic Sapphire wafer. 
The thickness of the silicon layer is typically less than 150 
nm. Such an “ultrathin' Silicon layer maximizes the advan 
tages of the insulating Sapphire Substrate and allows the 
integration of multiple functions on a single integrated 
circuit. Traditional transistor isolation wells required for 
thick Silicon are unnecessary, Simplifying transistor proceSS 
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ing and increasing circuit density. To distinguish these 
above-referenced methods and devices from earlier thick 
Silicon embodiments, they are herein referred to collectively 
as “ultrathin Silicon-on-Sapphire.” 

In some preferred embodiments of the invention, the 
MOS transistors are formed in ultrathin silicon-on-Sapphire 
wafers by the methods disclosed in U.S. Pat. Nos. 5,416, 
043; 5.492.857: 5,572,040, 5,596.205; 5,600,169; 5,663, 
570; 5,861,336; 5,863.823; 5,883,396; 5,895,957; 5,920, 
233; 5,930,638; 5,973,363; 5,973,382; and 6,057,555. 
However, other known methods of fabricating ultrathin 
Silicon-on-Sapphire integrated circuits can be used without 
departing from the Spirit or Scope of the present invention. 
AS described and claimed in these patents, high quality 

Silicon films Suitable for demanding device applications can 
be fabricated on insulating Substrates by a method that 
involves epitaxial deposition of a Silicon layer on an insu 
lating Substrate, low temperature ion implantation to form a 
buried amorphous region in the Silicon layer, and annealing 
the composite at temperatures below about 950 C. Any 
processing of the Silicon layer which Subjects it to tempera 
tures in excess of approximately 950 C. is performed in an 
oxidizing ambient environment. The thin Silicon films in 
which the transistors are formed typically have an areal 
density of electrically active States in regions not intention 
ally doped which is less than approximately 5x10" cm°. 
As noted above, UTSi Substrates are especially desirable 

for RF applications because the fully insulating Substrate 
reduces the detrimental effects of Substrate coupling asso 
ciated with traditional Substrates (i.e., Substrates that are not 
fully insulating). Consequently, in one embodiment, the RF 
Switch 30 of FIG. 3 is fabricated on an UTSi Substrate. 
RF Switch Design Tradeoffs 

Several design parameters and tradeoffs should be con 
sidered in designing and implementing the inventive RF 
Switch 30 described above with reference to FIG. 3. The 
inventive RF Switch can be tailored to meet or exceed 
desired System design requirements and RF Switch perfor 
mance objectives. The design tradeoffs and considerations 
that impact the inventive RF switch design are now 
described. 
AS described above with reference to FIG. 3, the RF 

Switch 30 is implemented using MOSFET transistors, which 
may be “N-type' or “P-type'. However, N channel transis 
tors are preferred for RF switches implemented in CMOS 
technology. N channel transistors are preferred because, for 
a given transistor size, the “on” resistance of an N channel 
transistor is much lower than for a P channel transistor due 
to the higher mobility in Silicon of electrons verSuS holes. 
The control voltages are Selected to insure that the on 
resistance of the “on” transistor is reduced. The control 
Voltages are also Selected to insure that the “off transistor 
remains off when disabled. 
AS is well known in the transistor design arts, in an N 

channel MOS transistor, the “on” resistance is inversely 
proportional to the difference between the Voltage applied at 
the transistor gate and the Voltage applied at the transistor 
Source. This voltage is commonly referred to as the “Vgs” 
(gate-to-Source Voltage). It is readily observed that as the 
magnitude of the RF signal (VS) increases at the input port 
(e.g., at the first RF input node 31 of FIG. 3), and hence at 
the RF common port 35, the Vgs of the on transistors 
decrease (e.g., the Vgs of the transistor M33 in the Switch 
ing transistor grouping 33 decreases as the magnitude of the 
RF 1 signal increases). This argues for making the gate 
control voltage (e.g., SW at the input node 33") as positive 
as possible. Unfortunately, reliability concerns limit the 
extent to which the gate control Voltage can be made 
positive. 
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A similar concern exists for the “off” transistors. It is 

important to note that for typical RF Switch applications, the 
RF input signals (e.g., the RF1 input signal) generally Swing 
about a Zero reference voltage. The off transistors (e.g., the 
transistors in the shunting transistor grouping 37) must 
remain disabled or turned off during both the positive and 
negative Voltage excursions of the RF input signal. This 
argues for making the gate control Voltage of the off tran 
Sistors (e.g., the SW control voltage signal) as negative as 
possible. Again, reliability concerns limit the extent to which 
this gate control Voltage can be made negative. 

For a CMOS switch, the design of the off transistor also 
limits the 1 dB compression point of the Switch. As is well 
known in the transistor design arts, MOS transistors have a 
fundamental breakdown voltage between their Source and 
drain. When the potential across the device exceeds this 
breakdown voltage, a high current flows between Source and 
drain even when a gate potential exists that is attempting to 
keep the transistor in an off State. Improvements in Switch 
compression can be achieved by increasing the breakdown 
voltage of the transistors. One method of fabricating a MOS 
transistor with a high breakdown Voltage is to increase the 
length of the gate. Unfortunately, an increase in gate length 
also disadvantageously increases the channel resistance of 
the device thereby increasing the insertion loSS of the device. 
The channel resistance can be decreased by making the 
device wider, however this also decreases the Switch isola 
tion. Hence, tradeoffs exist in MOS switch designs. 
AS described above with reference to the inventive RF 

Switch 30 of FIG. 3, the transistors are stacked in a series 
configuration to improve the Switch 1 dB compression point. 
The relatively high value gate resistors, in combination with 
the Stacking configuration of the transistors in the transistor 
groupings, increase the effective breakdown Voltage acroSS 
the Series connected transistors. The Switch elements are 
designed and fabricated Such that the RC time constant 
(determined by the resistance values of the gate resistors and 
the gate capacitance of the MOSFETs) is much longer than 
the period of the RF signal processed by the RF switch 30. 
AS noted above, the net effect of the Stacking configuration 
and the relatively high resistance gate resistorS is to increase 
the breakdown Voltage acroSS the Series connected transis 
tors by a factor of n times the breakdown Voltage of an 
individual transistor (where n equals the number of transis 
tors connected in Series in a transistor grouping). 
An additional design consideration concerns the “body 

tie' used in traditional bulk CMOS transistors. AS is well 
known in the transistor design arts, the body tie electrically 
couples the device either to the well or to the substrate. The 
well-Substrate junction must remain reversed biased at all 
times. The Source-to-body and drain-to-body junctions must 
remain reversed biased at all times. In general, for bulk 
CMOS designs, the well (for N-well technology) is tied to 
the most positive potential that will be applied to the circuit. 
The substrate (for P-well technology) is tied to the most 
negative potential that will be applied to the circuit. Because 
the RF input signal Swings Symmetrically above and below 
ground, bulk CMOS switch designs exhibit poor insertion 
loSS, isolation, and 1 dB compression point performance. 
For these reasons, and those described above, the present RF 
Switch 30 is preferably implemented on an insulating Sub 
Strate. 

Implementing the inventive RF Switch on an insulating 
Substrate provides Several advantages Such as improved 
Switch isolation and reduced insertion loSS. Further advan 
tages are achieved by implementing the inventive RF Switch 
using UTSi technology. For example, as compared with the 
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prior art RF Switch implementations in GaAS, improvements 
in integrated circuit yields, reduced fabrication costs, and 
increased levels of integration are achieved using UTSi. AS 
is well known in the integrated circuit design arts, GaAS 
does not lend itself to high levels of integration. Thus, the 
digital control circuitry and other circuitry associated with 
the operation and function of the RF switch (such as a 
negative Voltage power Supply generator, level Shifting, low 
current voltage divider and RF buffer circuits) must often be 
implemented off-chip (i.e., these functions are not easily 
integrated with the RF switch). This leads to increased costs 
and reduced performance of the prior art RF switch imple 
mentations. 

In contrast, in accordance with the present RF Switch 
invention, using UTSi technology, the circuitry necessary 
for the proper operation and functioning of the RF Switch 
can be integrated together on the same integrated circuit as 
the Switch itself. For example, and as described below in 
more detail, by implementing the RF switch in UTSi 
technology, the RF Switch can be integrated in the same 
integrated circuit with a negative Voltage generator and the 
CMOS control logic circuitry required to control the opera 
tion of the RF Switch. The complexity of the RF Switch is 
also reduced owing to the reduction in control lines required 
to control the operation of the Switch. Advantageously, the 
RF Switch control logic can be implemented using low 
voltage CMOS transistors. In addition, even for high power 
RF Switch implementations, a single, relatively low power 
external power Supply can be used to power the present 
inventive RF Switch. This feature is advantageous as com 
pared to the prior art GaAS implementations that require use 
of a relatively high power external power supply and power 
generation circuitry necessary to generate both positive and 
negative power Supplies. For example, in the exemplary 
embodiments described below with reference to FIGS. 4-12, 
the present inventive RF Switch requires only a single 3 V 
external power Supply. The prior art Switch designs typically 
require at least a 6 volt external power Supply, and external 
Voltage generation circuitry to generate both positive and 
negative power Supplies. 
Fully Integrated RF Switch 

FIG. 4 shows a simplified block diagram of an exemplary 
fully integrated RF switch 100 made in accordance with the 
present invention. As shown in FIG. 4, the fully integrated 
RF switch 100 includes the inventive RF Switch 30 
described above in FIG. 3 (shown in a simplified schematic 
representation in FIG. 4), CMOS control logic 110, and a 
negative voltage generator circuit 120 (implemented in one 
embodiment using a “charge pump' circuit). A control signal 
130 is input to the CMOS logic block 110. In one 
embodiment, the control signal 130 ranges from 0 volts to 
+Vdd, however those skilled in the digital logic design arts 
shall recognize that other logic levels can be used without 
departing from the Scope or Spirit of the present invention. 
For the reasons provided above, in one exemplary 
embodiment, the fully integrated RF Switch 100 is fabricated 
on UTSi Substrates, although other insulating Substrate 
technologies can be used. 
As described in more detail below, the fully integrated RF 

Switch 100 includes several functions and features not 
present in the prior art RF switch of FIG. 2. For example, in 
addition to the inventive RF switch 30 (which makes use of 
the novel transistor Stacking and gate transistor configura 
tion described above with reference to FIG. 3), the fully 
integrated RF switch 100 integrates the negative voltage 
generator and RF Switch control functions together on the 
Same integrated circuit as the inventive RF Switch. AS 
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described below in more detail, the fully integrated RF 
Switch 100 includes a built-in oscillator that provides clock 
ing input signals to a charge pump circuit, an integrated 
charge pump circuit that generates the negative power 
Supply Voltages required by the other RF Switch circuits, 
CMOS logic circuitry that generates the control Signals that 
control the RF switch transistors, a level-shifting circuit that 
provides increased reliability by reducing the gate-to-drain, 
gate-to-Source, and drain-to-Source Voltages of the Switch 
transistors, and an RF buffer circuit that isolates RF signal 
energy from the charge pump and digital control logic 
circuits. Each of these circuits is described below in more 
detail with reference to their associated figures. 
Negative Voltage Generator-Charge Pump-A First 
Embodiment 
As shown in FIG. 4, one embodiment of the fully inte 

grated RF Switch 100 includes a negative voltage generator 
or charge pump 120. The negative Voltage generator 120 
generates the negative power Supply voltage (specified here 
after as “-Vdd”) required by other circuits of the fully 
integrated RF Switch 100. Two sets of inputs are provided to 
the negative Voltage generator 120: a positive DC power 
Supply Voltage Signal (Vdd) 122; and a clocking input 
(shown in the figure as a single input signal, “Clk) 124. 
Although the clocking input 124 is shown as a Single input 
signal in FIG. 4, as described below with reference to FIG. 
5b, in some embodiments of the present inventive RF 
Switch, the clocking input 124 may comprise two or more 
clock input Signals. 

In addition, in the embodiment shown in FIG. 4, the 
positive Supply Voltage that is input to the negative Voltage 
generator circuit 120 comprises a 3 VDC power supply. 
However, other power supply levels may be used without 
departing from the Scope or Spirit of the present invention. 
For example, if desired, a 3.5 VDC, 5 VDC or any other 
convenient positive DC power Supply can be input to the 
negative voltage generator circuit 120 of FIG. 4. The posi 
tive power Supply signal is typically generated by an exter 
nal low Voltage power Supply. 

In one embodiment of the present invention, the negative 
Voltage generator 120 of FIG. 4 is implemented using a 
charge pump circuit. FIG. 5a shows a simplified block 
diagram of one exemplary embodiment 200 of the negative 
voltage generator 120 of FIG. 4. As shown in the simplified 
block diagram of FIG. 5a, the negative Voltage generator 
includes an oscillator 202, a clock generator circuit 204, and 
an inventive charge pump circuit 206. The oscillator 202 
output is input to the clock generator circuit 204. The output 
of the clock generator circuit 204 is input to the charge pump 
circuit 206. The negative Voltage generator provides the 
negative power Supply Voltage used by the other circuits of 
the fully integrated RF switch 100. 
Many prior art RF Switches disadvantageously require 

that the negative power Supply Voltages be generated by 
circuitry that is external to the RF Switch circuitry. Other RF 
Switch implementations use a coupling approach necessary 
to shift the DC value of the RF input signal to the midpoint 
of the applied bias Voltage. This approach generally requires 
that relatively high bias Voltages be applied because of the 
effective halving of the FET gate drive due to this level 
shifting. If the bias Voltages are not increased, this produces 
a negative effect on the Switch insertion loSS because the gate 
drive is thereby reduced and the FET channel resistances are 
increased. 
To address these problems, one embodiment of the fully 

integrated RF switch 100 uses the inventive charge pump 
circuit 206 shown in detail in FIG.5b. As shown in FIG.5b, 
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a first embodiment of the charge pump circuit 206 includes 
two P-channel MOSFET transistors, 208 and 210, connected 
in series with two N-channel MOSFET transistors 212 and 
214. The left leg of the charge pump circuit 206 (comprising 
the first P-channel transistor 208 connected in series with the 
first N-channel transistor 212) is coupled to the right leg of 
the charge pump circuit (comprising the Second P-channel 
transistor 210 connected in series with the second N-channel 
transistor 214) using a first capacitor Cp 216. The Source of 
the Second P-channel transistor 214 is coupled to a Second 
capacitor, an output capacitor, C 218, as shown. Two non 
overlapping clock control signals, “Clk1” and “Clk2”, are 
used to control the operation of the transistors 208,210, 212 
and 214. For example, as shown in FIG. 5b, the inverse of 
“Clk1”, “Clk1 '', control the gates of the P-channel tran 
sistors 208, 210. The other non-overlapping clock control 
Signal, “Clk2', controls the gate of the N-channel transistors 
212, 214, as shown. 

The charge pump 206 generates a negative power Supply 
voltage (-Vdd) by alternately charging and discharging the 
two capacitors (Cp 216 and the output capacitor C 218) 
using the non-overlapping clock input Signals Clk1 and Clk2 
to drive the transistor gates. The negative power Supply 
Voltage, -Vdd, is generated from the charge that is Stored on 
the capacitor C218. In one embodiment, a pulse shift circuit 
(not shown) is used to generate a pulse train that drives the 
charge pump (i.e., the pulse train is input as the clock input 
Signals Clk1 and Clk2). As the pulse train is applied to the 
charge pump 206, the capacitor Cp 216 is applied the 
positive power Supply Vdd and then discharged acroSS the 
output capacitor C 218 in an opposite direction to produce 
the negative power supply voltage -Vdd. No transistor in the 
charge pump must Standoff more than Vdd acroSS any 
Source/drain nodes, hence greatly increasing the reliability 
of the charge pump 206. 

In one embodiment of the inventive charge pump circuit 
206, the output C 218 has a capacitance of approximately 
200 pF, and Cp 216 has a capacitance of approximately 50 
pF. Those skilled in the charge pump design arts shall 
recognize that other capacitance values can be used without 
departing from the Scope or Spirit of the present invention. 

In one embodiment, as shown in the simplified block 
diagram of FIG. 5a, the two non-overlapping clock signals 
are derived from an oscillator Signal generated by an internal 
oscillator 202. As shown in FIG. 5a, the oscillator 202 inputs 
an oscillation Signal to a clock generator circuit 204, which 
in turn, generates the two non-overlapping clock signals (in 
any convenient well known manner) that control the charge 
pump transistor gates. In one embodiment of the present 
inventive fully integrated RF Switch 100, the oscillator 202 
comprises a relatively low frequency (on the order of a few 
MHz) oscillator. In this embodiment, the oscillator com 
prises a simple relaxation oscillator. However, as those 
skilled in the integrated circuit arts shall recognize, other 
types of Oscillators can be used to practice the present 
invention without departing from its Spirit or Scope. 

FIG. 5c shows the voltage amplitude of the two non 
overlapping clock signals, Clk1 and Clk2, varying over 
time. AS shown in FIG. 5c, the two non-overlapping clock 
signals vary in voltage amplitude from -Vdd to +Vdd. In 
one embodiment, the clock signals vary from -3 VDC to +3 
VDC. This arrangement improves the efficiency of the 
charge pump 206. 

The charge pump transistors, 208, 210, 212 and 214 
advantageously comprise Single-threshold N-channel (212, 
214) and P-channel (208, 210) devices. Previous charge 
pump circuits require use of multi-threshold level devices. 
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These previous implementations are therefore more com 
pleX in design and cost than the inventive charge pump 
circuit 206 of FIG. 5b. In one embodiment of the present 
charge pump 206, the P-channel transistors 208, 210 have 
widths of approximately 20 micro-meters, and lengths of 
approximately 0.8 micro-meters. The N-channel transistors 
212, 214 have widths of approximately 8 micro-meters, and 
lengths of approximately 0.8 micro-meters. Those skilled in 
the integrated circuit design arts Shall recognize that other 
transistor dimensions can be used without departing from 
the Scope or Spirit of the present invention. The inventive 
charge pump circuit 206 is very efficient and performs well 
despite temperature and process variations. 
Level Shifting Circuitry 

Because the charge pump circuitry effectively doubles the 
power Supply Voltages that are applied to the circuit, careful 
attention must be paid to any potential reliability issues 
asSociated with these higher Voltages. In order to implement 
the charge pump in a manner that increases the reliability of 
the transistors, level shifting circuitry is used to limit the 
gate-to-Source, gate-to-drain, and drain-to-Source Voltages 
on the transistors to acceptable levels. 
An inventive level shifting circuit 300 made in accor 

dance with the present invention is shown in FIG. 6a. The 
level shifting circuit 300 is used to convert or shift typical or 
“normal’ digital input signals (digital signals typically range 
from ground (GND) to +Vdd) such that they range from 
-Vdd to +Vdd. The reliability of the fully integrated RF 
Switch transistorS is thereby increased. In one embodiment 
of the present invention, the control Signals are shifted to -3 
VDC to +3 VDC, although those skilled in the RF switch 
control arts shall recognize that other level shifting voltage 
ranges can be used without departing from the Spirit or Scope 
of the present invention. 
As shown in FIG. 6a, the inventive level shifting circuit 

300, hereinafter referred to as the level shifter 300, com 
prises a plurality of inverters coupled in a feedback con 
figuration. More Specifically, in the embodiment shown in 
FIG. 6a, the level shifter 300 includes two groups of 
inverters used to generate first and Second shifted output 
Signals, “out' on a first output node 314, and its inverse 
“out on a second output node 316. The first group of 
inverters comprises inverters 302, 304 and 306. A second 
group of inverters comprises inverters 308, 310 and 312. A 
typical or “normal’ digital input signal (i.e., a digital input 
signal that ranges from GND to +Vdd) is input to the level 
shifter 300 at an input node 318 of a first inverter 320. The 
first inverter 320 generates a first input signal “in” (on an 
output node 324) which is input to a second inverter 322. 
The Second inverter 322 generates a Second input Signal 
"in '', the inverse of the first input Signal “in”, on an output 
node 326. Therefore, the first and second inverters, 320,322, 
generate the Signals that are input to the two groups of 
inverters described above. For example, the first input Signal 
“in” is coupled to the input 328 of the inverter 302. 
Similarly, the Second input Signal “in is coupled to the 
input 330 of the inverter 308. 
The output of the first group of inverters, “out', is 

generated by a first output inverter 306, and is provided on 
a first output node 314. The output of the second group of 
inverters, “out , is generated by a Second output inverter 
312, and is provided on a second output node 316. The two 
level shifter outputs, “out' and “out , are input to other 
circuits of the fully integrated RF switch 100 of FIG. 4. For 
example, in one embodiment, the first output, "out', is 
coupled to the gates of the devices of the Switching transistor 
grouping 33 and the shunting transistor grouping 38 (i.e., the 
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“out” signal on the first output node 314 of FIG. 6a is 
coupled to the "SW" control input signal of FIG. 3, at the 
input nodes 33' and 38', and thereby controls the operation 
of the Switching transistor grouping 33 and the shunting 
transistor grouping 38 as described above with reference to 
FIG. 3). Similarly, in this embodiment, the second level 
shifter output, “out , is coupled to the “SW control 
input signal of FIG. 3 (at the input nodes 34 and 37) and 
thereby controls the Switching transistor grouping 34 and the 
shunting transistor grouping 37 as described above. 

The level shifter 300 of FIG. 6a shifts the DC level of an 
input signal (i.e., the input signal provided on the input node 
318) while leaving the frequency response of the input 
signal unchanged. The level shifter 300 takes full advantage 
of the floating technology offered by the Silicon-on-insulator 
substrate implementation of the fully integrated RF Switch 
100. The inverters of the level shifter 300 operate on a 
differential basis, i.e., the level shifter shifts the digital input 
Signals based upon the difference between two Voltage 
Signals. More specifically, as long as the difference between 
the power Supply signals provided to the inverters (Such as, 
for example, the output inverters 306 and 312) is on the 
order of Vdd, the level shifter 300 reliably functions to shift 
the input signals to a range between -Vdd to +Vdd. In one 
embodiment, Vdd is equal to 3 VDC. In this embodiment, 
the transistors comprising the inverters of the level shifter 
300 (e.g., the output inverters 306 and 312) never have 
greater than 3 VDC applied acroSS their Source/drain nodes. 
This increases the reliability of the transistor devices. 

Referring again to FIG. 6a, the level shifter uses a 
feedback approach to shift the digital input Signals to Voltage 
levels ranging from -Vdd to +Vdd. Specifically, the output 
of the second group of inverters (308, 310, 312) on the 
Second output node 316 (i.e., the “out signal) is provided 
as feedback to an input of the first group of inverters at the 
input of the inverter 304. Similarly, the output of the first 
group of inverters (302,304,306) on the first output node 
314 (i.e., the “out output signal) is provided as input to the 
Second group of inverters, Specifically, is provided as input 
to the inverter 310. 
When the digital input signal on the input node 318 

reaches a logical “high State (i.e., in Some embodiments, 
when the input signal transitions from GND to +Vdd), the 
“in” signal (at the node 324) and the “in signal (at the 
node 326) go to ground (e.g., 0 VDC) and Vdd (e.g., 3 
VDC), respectively. The “out” signal at the first output node 
314 is driven to +Vdd. At the same time, the “out signal 
at the second output node 316 is driven towards -Vdd. The 
feedback (of “out fed back to the input of the inverter 304 
and “out” fed forward to the input of the inverter 310) 
configuration ensures the rapid change in State of the level 
shifter 300. The level shifter 300 works similarly when the 
input Signal transitions from a logic high to a logic low State 
(i.e., transitions from +Vdd to GND). When the digital input 
Signal on the input node 318 reaches a logic “low” State, the 
“in” signal (at the node 324) and the “in signal (at the 
node 326) go to Vdd (e.g., 3 VDC), and ground, respectively. 
The “out” signal at the first output node 314 is driven to 
-Vdd. At the same time, the “out Signal at the Second 
output node 316 is driven towards +Vdd. The feedback 
again ensures the rapid change in State of the level shifter 
300. The grounding contribution ensures that the level 
shifter inverters never see more than a full Vdd voltage drop 
across the Source/drain nodes of the MOSFET transistors of 
the inverters. 

FIG. 6b shows one embodiment of the inverters (e.g., the 
inverters 302,304, and 306) used to implement the level 
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shifter 300 of FIG. 6a. As shown in FIG. 6b, the inverter 340 
includes two MOSFET devices, a P-channel transistor 342 
and an N-channel transistor 344. The devices are connected 
in Series as shown, having their gates coupled together and 
controlled by an input signal provided at an input node 346. 
The source of the P-channel transistor 342 is coupled to a 
first power Supply voltage signal at node 350, while the 
Source of the N-channel transistor 344 is coupled to a second 
power Supply Voltage Signal at a node 352. The device drains 
are coupled together as shown to produce an output of the 
inverter at an output node 348. In one embodiment of the 
present inventive inverter 340, the P-channel transistor 342 
has a width of 5 micro-meters and a length of 0.8 micro 
meters. In this embodiment, the N-channel transistor has a 
width of 2 micro-meters and a length of 0.8 micro-meters. 
Those skilled in the transistor design arts shall recognize that 
other physical dimensions can be used for the transistors of 
the inverter 340 without departing from the scope or spirit of 
the present invention. A logical representation of the inverter 
340 is also shown as symbol 360 in FIG. 6b. 

Thus, using the present inventive level shifter 300, digital 
input signals that initially range from GND to +Vdd are 
shifted to range from -Vdd to +Vdd. FIG. 7a shows a 
Voltage amplitude versus time plot of the digital input signal 
and the corresponding output signal that is generated by the 
inventive level shifter 300 of FIG. 6a. As shown in FIG. 7a, 
the digital input Signal ranges from ground, or 0 VDC to 
Vdd. The output of the inventive level shifter 300 ranges 
from -Vdd to +Vdd. In one embodiment of the present 
inventive RF switch, the input signal ranges from 0 VDC to 
+3 VDC, and the output of the level shifter 300 ranges from 
–3 VDC to +3 VDC. Other values of power supply voltages 
can be used without departing from the Scope or Spirit of the 
present invention. For example, in one embodiment, the 
input signal can range from 0 to +3.5 VDC, or from 0 to 4 
VDC. In this embodiment, the level shifter shifts the signal 
to range from -3.5 (or -4) VDC, to +3.5 (or +4) VDC. 
FIG.7b shows a simplified logic symbol for the inventive 

level shifter 300 of FIG. 6a. This logic symbol is used in 
Subsequent figures. AS shown in FIG. 7b, the digital input 
Signal is provided on the input node 318 (the same input 
node 318 described above with reference to FIG. 6a). The 
level shifter 300 provides two shifted outputs, “out” and its 
inverse “out , and these are provided on output nodes 314 
and 316, respectively (the same output nodes 314, 316 
described above with reference to FIG. 6a). 
RF Buffer Circuit 

FIG. 8a is an electrical schematic of a two-stage level 
shifter and RF buffer circuit 400. 

FIG. 8b is a simplified block diagram of the digital control 
input and interface to the RF buffer circuit 400. The two 
stage level shifter and RF buffer circuit 400 of FIG. 8a 
comprises a first Stage level shifter 300 and a Second Stage 
RF buffer circuit 402. The first stage level shifter 300 is 
identical to that described above with reference to FIGS. 6a, 
6b. 7a and 7b, and is therefore not described in more detail 
here. As described above, the level shifter stage 300 shifts 
the logic levels of the digital control Signals to range from 
-Vdd and +Vdd. The second stage of the circuit 400 
comprises the RF buffer circuit 402. The RF buffer circuit 
402 acts as a driver stage only (i.e., no level shifting is 
performed by the RF buffer circuit). 
The RF buffer electrically isolates the digital control 

signals (such as those generated by the CMOS logic block 
110 of FIG. 4) from the RF switch 30 described above with 
reference to FIG. 3. The RF buffer 402 functions to inhibit 
drooping of the control voltages (SW, SW , which are also 
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referred to herein and shown in FIG. 8a as the control signals 
“out” and “out , respectively) that control the enabling and 
disabling of the transistors in the RF switch 30. As described 
below in more detail, the RF buffer 402 also functions to 
prevent coupling of large power RF signals to the negative 
power Supply (i.e., -Vdd) that is generated by the charge 
pump circuit 206 described above with reference to FIGS. 
5a-5c. More specifically, the RF buffer 402 prevents large 
power RF signals extent in the RF switch 30 from 
RF-coupling to, and thereby draining current from, the 
negative power Supply generated by the charge pump 206 
(FIG. 5b). 
When very large power RF input Signals are input to the 

inventive RF switch 30, coupling of the RF signals to the 
digital logic Signals can occur unless an RF buffer circuit is 
used to isolate the digital logic Signals from the RF Switch. 
The RF coupling can and usually will detrimentally affect 
the RF transistor control signals (SW and SW ). For 
example, when RF input Signals on the order of approxi 
mately 30 dBm are input to a 1 watt RF switch 30, RF 
coupling can cause Voltage Swings of Several tenths of a volt 
on the digital control lines. This is due to the feedback of RF 
signals from the RF switch through to the digital control 
circuitry. This RF coupling effect can adversely affect the 
enabling and disabling of the RF transistor groupings and 
hence the proper operation of the RF Switch 30. The buffer 
circuit 402 of FIG. 8a prevents the undesirable RF coupling 
effect. 
As shown in FIG. 8a, the inventive buffer circuit 402 is 

very similar in configuration to the level shifter 300 
described above and shown as the first Stage of the two-stage 
circuit 400. Similar to the level shifter 300, the RF buffer 
402 comprises two groups of inverters, a first group of 
inverters (404, 406 and 408) and a second group of inverters 
(410,412, and 414). The output of the first group of inverters 
(404, 406, and 408), generated by the first output inverter 
408, is labeled “out” in the figure and is provided at a first 
output node 416. The output of the second group of inverters 
(410, 412, and 414), generated by the second output inverter 
414, is labeled “out , and is provided at a second output 
node 418. The output signal “out is the inverse of the 
output signal “out'. 

Importantly, although the first stage level shifter 300 uses 
feedback to perform the level shifting function (as described 
above with reference to FIG. 6a), the RF buffer circuit 402 
does not feedback its output Signals to the input. 
Consequently, the digital input Signals input to the first Stage 
(i.e., the control input signals that are input to the level 
shifter 300 at the nodes 328 and 330) are isolated from the 
output signals that are used to control the RF Switch tran 
Sistors (i.e., the control output signals “out' and its inverse 
signal “out at the output nodes 416 and 418, respectively, 
and coupled to the SW and SW control signal lines, 
respectively). 
More specifically, and referring again to FIG. 8a, the level 

shifter 300 inputs the digital control signals “in” and its 
inverse signal “in at the nodes 328,330 respectively (as 
described in more detail above with reference to FIG. 6a). 
The first output of the level shifter 300, “out1', at the output 
node 314, is fed back to the input of the inverter 310 as 
shown. Similarly, the second output of the level shifter 300, 
“out1 ., at the output node 316, is fed back to the input of 
the inverter 304. As described above, because of this feed 
back topology, RF coupling occurs (i.e., the level shifter 
output signals have RF signals Superimposed thereon) if the 
output Signals of the level shifter are used to directly control 
the RF switch transistors (i.e., in the absence of the buffer 
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circuit 402). Therefore the inventive RF buffer circuit 402 is 
used without feedback of the output Signals to isolate the 
input signals (i.e., the digital input signals “in” and “in ) 
from the RF signals present in the RF Switch. As shown in 
FIG. 8a, the first output signal “out 1” of the level shifter 300 
is input to the inverters 404, 406 of the RF buffer circuit. 
Similarly, the second output signal “out1 of the level 
shifter 300 is input to the inverters 410, 412 of the buffer 
circuit. The two control outputs of the RF buffer circuit 402 
(“out” and “out ) control the enabling and disabling of the 
transistors of the RF switch and are not provided as feedback 
to the level shifter. Hence, improved isolation between the 
RF Switch and the digital logic circuitry is achieved. 

In one embodiment, the inverters used to implement the 
two-stage level shifter and RF buffer circuit 400 comprise 
the inverter 340 described above with reference to FIG. 6b. 
However, those skilled in the inverter design arts shall 
recognize that alternative inverter designs can be used in 
implementing the two-stage circuit 400 without departing 
from the Scope or Spirit of the present invention. In one 
embodiment, the transistors used to implement the first stage 
level shifter 300 are physically smaller than those used to 
implement the second stage RF buffer circuit 402. Larger 
dimension transistors are used in the RF buffer circuit 402 to 
achieve an efficient amplification of the control Signals. For 
example, in one embodiment, the transistors used to imple 
ment the RF buffer are three times wider than those used to 
implement the level shifter 300, resulting in an amplification 
of approximately three times the current. Those skilled in the 
transistor design arts Shall recognize that other convenient 
transistor dimensions can be used to achieve any desired 
amplification of the digital control signals. 
Voltage Divider for Use in an Alternative Level Shifting 
Circuit of the Present Invention 

FIG. 9a is an electrical Schematic of one embodiment of 
a low current voltage divider (“LCVD) circuit 500 that is 
used in the feedback path of one embodiment of the level 
shifter 300 described above with reference to FIG. 6a. FIG. 
9b shows a simplified logic symbol that is used to represent 
the voltage divider 500 of FIG. 9a. The voltage divider 500 
is used in one embodiment to address potential gate oxide 
reliability issues related to excessive Voltage Swings acroSS 
the gate oxides of the feedback inverter transistors. AS 
described above with reference to the level shifter 300, 
although the source-to-drain voltages of the various MOS 
FETs used to implement the level shifter are never applied 
Voltages greater than Vdd, because the outputs of the level 
shifter (i.e., the output signals “out' and “out ) can Swing 
as much as 2*Vdd (i.e., from-Vdd to +Vdd), the gate oxides 
of the feedback inverters 304 and 310 can have applied 
voltages of 2*Vdd. These feedback voltage levels can be 
applied across the gate oxides of the feedback inverters 304, 
310, and can result in gate oxide reliability problems. 
The gate oxide reliability issues can be adverted by 

ensuring that the maximum Voltage applied acroSS the gate 
oxide of the feedback inverters 304, 310 is lowered to 
approximately Vdd (as contrasted with gate oxide voltages 
of 2*Vdd). Therefore, in one embodiment of the present 
inventive fully integrated RF Switch, the voltage divider of 
FIG. 9a limits the voltages applied to the gates of the level 
shifter feedback inverters 304, 310. In this embodiment, 
instead of directly feeding back the level shifter outputs to 
their respective feedback inverters as shown in the level 
shifter of FIG. 6a (i.e., the outputs “out” and “out , at the 
output nodes 314,316, respectively), the level shifter output 
signals are first conditioned by the voltage divider 500 of 
FIG. 9a before being fed back to the feedback inverters. As 
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described below in more detail, the voltage divider 500 
ensures that the Voltages applied to the gate oxides of the 
feedback inverters 304, 310 do not exceed more than 
approximately Vdd plus a Small Voltage drop (the Voltage 
drop being a function of the number of transistors used to 
implement the voltage divider 500 and a transistor threshold 
voltage). In one embodiment Vdd is 3 VDC, and the voltage 
drop is 0.9 VDC. In this embodiment, the voltage divider 
500 ensures that the gate oxides are never applied voltages 
exceeding approximately 3.9 VDC (i.e., the feedback invert 
ers are applied voltages that range from -3 VDC to 0.9 
VDC). 

Referring now to FIG. 9a, the voltage divider 500 
includes a plurality of MOSFET devices (502,504,506 and 
508) coupled together in a serial configuration (i.e., Stacked 
on top of each other in a Source to drain arrangement as 
shown). In one embodiment, the gate and drain of the 
MOSFETs 502,504, 506 and 508 are coupled together to 
implement Stacked diodes. The diode-implementing 
MOSFETs, hereafter referred to as “diode devices', are 
stacked in series as shown. The voltage divider 500 also 
includes a MOSFET M3 510 and an output MOSFET M2 
512. The function of these two transistors is described in 
more detail below. 
The diode devices are used to divide the voltage of an 

input signal provided to the voltage divider 500 at an input 
node 514. As shown in FIG. 9a, the signal that is divided by 
the voltage divider 500 is provided as input to the drain (and 
connected gate) of the first device 502. Once the input signal 
exceeds a positive voltage level of (n-Vthn), where “n” is 
the number of diode devices used to implement the Voltage 
divider 500, and Vthn is the threshold voltage of the device 
(i.e., the “diode-drop” from the drain to the source of the 
device), the diode devices (502,504,506, and 508) begin to 
conduct current heavily. In the embodiment shown in FIG. 
9a, n=4, and Vthn=0.7 volts, although alternative values for 
“n” and Vthin can be used without departing from the scope 
or Spirit of the present invention. For example, in other 
embodiments, the input Signal provided to the divider can be 
limited to any desired Voltage level by varying the number 
of diode devices used to implement the voltage divider 500 
(i.e., by varying the value of “n”). In the embodiment shown 
in FIG. 9a, once the input Voltage exceeds a Voltage level of 
(40.7), or 2.8 volts, the stacked diode devices begin con 
ducting heavily. 

Aballast resistor, R516, is connected to the Source of the 
output diode device 508 as shown. Once the diode devices 
turn on fully, the ballast resistor R 516 drops any additional 
input voltage that exceeds the value of n*Vthn. In the 
embodiment shown in FIG. 9a, the ballast resistor R516 
drops any additional input voltage exceeding the value of 
(input voltage-(4*Vthn)). The output of the voltage divider 
500 is tapped from the connected gate-drain of the output 
diode device 508. The voltage-divided output signal is 
provided on an output node 520. Due to the diode voltage 
drops of the diode devices 502,504,506, (i.e., 3*Vthn), and 
the voltage dropped across the ballast resistor R 516, the 
output at the output node 520 is guaranteed to never exceed 
approximately (input voltage-(3*Vthn)). For Vithn approxi 
mately 0.7 volts, and a maximum input voltage of approxi 
mately 3 volts, the output node 520 will never exceed (3 
VDC-(3*0.7 VDC)), or 0.9 VDC. Thus, in the embodiment 
shown in FIG. 9a, for an input Voltage ranging between -3 
VDC to +3 VDC, the voltage divider 500 limits the output 
of the output node 520 to a range of -3 VDC to 0.9 VDC. 

The output MOSFET M2512 is configured as a capacitor 
and is used to assist in accelerating the Switching time of the 
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voltage divider 500. The MOSFET M3 510 assures that the 
output node 520 Swings to the potential of the input Signal 
at the input node 514 when the input goes to a negative 
potential. This is accomplished by the device M3 510 
turning on when the input signal goes to a negative potential. 
Thus, when the input signal goes to a -Vdd potential (e.g., 
-3 VDC), the output signal at the output node 520 also goes 
to -Vdd. The output device 508 is reversed biased during 
negative Voltage Swings of the input Signal assuring that no 
DC current is drained from the negative power Supply 
during the negative Voltage Swings of the input signal. When 
the voltage divider output is approximately -3 VDC, the 
voltage divider 500 draws no current. This is important 
because a current at -3 VDC discharges the charge pump 
circuit described above with reference to FIG.5b. When the 
Voltage divider output is approximately 0.9 volts, the current 
that is drawn is very small if the ballast resistor R 516 is 
Selected to be relatively large. However, because the current 
in this case occurs between a positive voltage (0.9 volts) and 
ground, no additional charge pump current is delivered due 
to the operation of the voltage divider 500 of FIG. 9a. 

In one embodiment, the ballast resistor R516 has a value 
of 100 k-ohms. In one embodiment all of the devices of the 
voltage divider 500 have the same length. For example, in 
one embodiment, all of the devices have a length of 0.8 
micro-meters. In one embodiment, all of the diode devices 
(502,504,506, and 508) have identical physical dimensions. 
In one embodiment, the diode devices each have a width of 
2 micro-meters, the device M3 510 has the same width of 2 
micro-meters, and the output MOSFET M2512 has a width 
of 14 micrometers. Those skilled in the integrated circuit 
design arts shall recognize that other values and alternative 
configurations for the devices shown in FIG. 9a can be used 
without departing from the Scope or Spirit of the present 
invention. For example, those skilled in the electrical circuit 
design arts shall recognize that other Voltage divider output 
levels can easily be accommodated by varying the number 
“n” of diode elements, varying the values of Vthn, or by 
tapping the output node 520 at a different point in the Stack 
of diode devices (e.g., by tapping the output from the drain 
of diode device 506, or 504, instead of from the drain of 
device 508 as shown). 
Modified Level Shifter using the Voltage Divider 
By reducing the Voltages that are applied to the gate 

oxides of the RF switch transistors, the voltage divider 500 
of FIGS. 9a and 9b advantageously can be used to increase 
the reliability of the transistors in both the level shifter 300 
and the charge pump circuit described above. For example, 
FIG. 10 shows a modified level shifter 600 using the voltage 
divider 500 of FIG. 9a in combination with the level shifter 
300 of FIG. 6a. As shown in FIG. 10, the output (at output 
node 314) of the inverter 306 of the level shifter 300 is 
applied to an input of a first voltage divider 500'. Similarly, 
the output (at the output node 316) of the inverter 312 of the 
level shifter 300 is applied to an input of a second voltage 
divider 500". The outputs of the voltage dividers are fed 
back to the input of the feedback inverters 304,310 as shown 
in FIG. 10. Specifically, and referring to FIG. 10, the output 
of the first voltage divider, “out', on the output node 520' is 
fed back to the input of the feedback inverter 310. Similarly, 
the output of the Second Voltage divider, “out , on the 
output node 520" is fed back to the input of the feedback 
inverter 304. As described above with reference to FIG. 9a, 
the level shifters 500' and 500" reduce the feedback voltages 
to ranges of -Vdd to approximately +0.9 VDC. This reduced 
Voltage Swing on the feedback paths does not alter the 
function of the level shifter 600. 
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Note that the RF switch control signals, "SW" and “SW 
”, can be tapped from the level shifter outputs prior to their 
input to the voltage dividers 500' and 500', and provided as 
input to the inventive RF Switch 30 of FIG. 3. For example, 
as shown in FIG. 10, the output of inverter 306 at the output 
node 314 can be tapped and used to generate the Switch 
control signal “SW'. Similarly, the output of the inverter 312 
at the output node 316 can be tapped and used to generate 
the Switch control signal “SW '. In one embodiment, as 
described above with reference to the two-stage level shifter 
and RF buffer circuit 400 of FIG. 8a, the control signals 
tapped from the nodes 314, 316 are first buffered before 
being coupled to the RF switch transistors. The Switch 
control signals, SW and SW , are allowed to have a full-rail 
Voltage Swing which does not create gate oxide reliability 
problems in the RF switch. More specifically, the Switch 
control signals range from -Vdd to +Vdd (i.e., the Voltage 
levels of the Switch control signals are not limited by the 
voltage dividers). The full voltage swings of the Switch 
control Signals do not raise gate oxide reliability issues with 
respect to the RF switch MOSFETs because the sources of 
the RF switch MOSFETs are grounded. The Switch input 
Signals are therefore relative to ground in the RF Switch 
MOSFETs. Consequently, the MOSFETs are applied either 
a positive Vdd Voltage relative to ground across the gate 
oxides, or a negative Vdd Voltage relative to ground acroSS 
the gate oxides. 

FIG. 10 also shows a simplified symbolic representation 
601 of a section of the modified level shifter 600. The 
symbol 601 represents the portion indicated by the dashed 
region 601' of FIG. 10. As shown in FIG. 10, the symbolic 
modified level shifter 601 includes a first input “in 630 
corresponding to the input node 326 (“in ). The symbolic 
level shifter 601 also includes a second input “out 632 
corresponding to the input to the feedback inverter 310. Note 
that this signal is also derived from the output 520' of the 
first voltage divider 500'. A positive power supply voltage is 
input at a +Vdd input 634. A negative power Supply Voltage 
is input at a -Vdd input 636. The modified level shifter 601 
has three output signals, "out pos” (at output 638), "out 
neg” (at output 640), and “out " (at output 642). These 
outputs correspond to the output nodes 606, 608, and 520" 
described above. For ease of understanding, the Symbolic 
representation of the level shifter 601 is used in the figures 
described below. 

The potential gate oxide reliability problems associated 
with the level shifter 300 described above with reference to 
FIG. 6a are adverted using the voltage dividers 500' and 
500" in the feedback paths of the modified level shifter 600. 
In addition, the voltage dividers 500' and 500" can also 
function to reduce potential gate oxide reliability problems 
asSociated with the charge pump circuit. AS shown in FIG. 
10, the outputs of the inverters 308 and 310 are tapped from 
the level shifter 300 and provided as input to two output 
inverters to produce two output Signals, “out pos” and 
“out neg.” More specifically, the output of the inverter 308 
is provided as input to a first output inverter 602. Similarly, 
the output of the feedback inverter 310 is provided as input 
to a second output inverter 604. 
By coupling the output inverters 602, 604 in this manner, 

the modified level shifter 600 output signals never exceed 
Vdd (or -Vdd). More specifically, the first output inverter 
602 generates an output Signal, “out pos”, at a first output 
node 606, that ranges from GND (i.e., 0 VDC) to +Vdd. The 
Second output inverter 604 generates a Second output Signal, 
“out neg', at a Second output node 608, that ranges from 
-Vdd to GND. When the input signal “in goes to GND, 
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the output signal “out pos” also goes to GND. The output 
signal “out neg” transfers from GND to -Vdd. When the 
input signal “in goes positive to +Vdd, “out pos” also 
goes to Vdd, and “out neg” transfers from -Vdd to GND. 
Thus, using the present modified level shifter 600, the 
“out pos” output signal ranges from GND to +Vdd, while 
the “out neg” output signal ranges from -Vdd to GND. As 
described below in more detail, the two output Signals, 
“out pos” and “out neg', are used to address potential 
gate oxide reliability problems in a modified charge pump 
circuit. As described now with reference to FIGS. 11a and 
11b, these output Signals can also be used to address 
potential gate oxide reliability problems in the RF buffer 
circuit. 
Modified Level Shifter and RF Buffer Circuit 
The two-stage level shifter and RF buffer 400 described 

above with reference to FIG. 8a can experience voltage 
Swings at the RF buffer inverter inputs of approximately 
2*Vdd. As already described, this level of voltage Swing 
may present gate oxide reliability problems and detrimen 
tally affect the function of the RF buffer transistors. 

FIGS. 11a and 11b show an alternative embodiment 400' 
of the two-stage level shifter and RF buffer circuit 400 
described above with reference to FIG. 8a. The alternative 
embodiment of the RF buffer shown in FIG. 11b uses the 
voltage divider circuit described above to assure that volt 
ages on the gate oxides of the RF buffer never exceed greater 
than 0.9 volts above Vdd. As shown in FIG. 11b, the 
alternative two-stage level shifter and RF buffer circuit 400' 
includes a first stage level shifter circuit 600 coupled to a 
second stage RF buffer circuit 402'. In this embodiment of 
the level shifter and RF buffer circuit 400', the modified level 
shifter outputs, “out pos” and “out neg', described above 
with reference to FIG. 10, are used as input to the RF buffer 
inverters to generate the RF buffer output signals “out” and 
“out . For example, as shown in FIG.11b, the “out pos” 
and “out neg” output Signals generated by a first modified 
level shifter 700 are input to two RF buffer inverters, 702, 
704, respectively. Similarly, the “out pos” and “out neg” 
output signals generated by a Second modified level shifter 
706 are input to two RF buffer inverters, 708, 710, respec 
tively. In accordance with the alternative embodiment 400 
shown in FIGS. 11a and 11b, when an input signal “in” is a 
logical high Signal, the “out pos' output goes to Vdd while 
the “out neg” goes to GND. Thus, when the input signal 
“in” is a logical high value, the output of the inverter 702 
goes to GND, and the output of the inverter 704 goes to 
-Vdd. Therefore, when the input signal “in” is high, the 
output of the inverter 712 (“out”) goes to -Vdd. When the 
input Signal “in” is low, the opposite outputs are produced. 
The RF buffer inverters 702, 704 are used to control the 

power supply voltages of a first RF output inverter 712. 
Similarly, the RF buffer inverters 708, 710 are used to 
control the power Supply Voltages of a Second RF output 
inverter 714. In this embodiment, the RF buffer output 
signals, “out' and “out , are used to control the RF switch 
(i.e., output signal “out” acts as control voltage "SW", while 
“out ' acts as control voltage “SW ). 
Modified Charge Pump-An Alternative Embodiment 
AS noted above, the two output signals “out pos” and 

“out neg generated by the modified level shifter 600 of 
FIG. 10 can be used in an alternative embodiment of the 
charge pump circuit to reduce or eliminate potential gate 
oxide reliability problems associated with excessive volt 
ages applied to the charge pump. AS described above with 
reference to FIGS. 5b and 5c, the clock signals used to 
control the gates of the charge pump transistors (i.e., the 
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P-channel transistors 208,210, and the N-channel transistors 
212, 214) have voltage swings of 2*Vdd. For example, as 
shown in FIG. 5c, the charge pump clock signals, “Clk1” 
and “Clk2', range from the negative power Supply Voltage 
Vdd to the positive power supply voltage +Vdd. Similar to 
the gate oxide reliability issues described above with refer 
ence to the RF buffer and level shifter circuits, this full-rail 
Voltage Swing may present oxide reliability problems in the 
charge pump circuit. Therefore, a modified charge pump 
circuit is shown in FIG. 12 which reduces or eliminates 
potential gate oxide reliability problems by limiting the 
Voltages applied to gate oxides to range from -Vdd to 0.9 
volts. 

FIG. 12 shows a modified charge pump 800 that uses the 
modified level shifter 600 described above with reference to 
FIG. 10. As shown in FIG. 12, the modified charge pump 
800 comprises a charge pump circuit 206' and an inventive 
charge pump clock generation circuit 802. The charge pump 
clock generation circuit 802 generates the clock control 
Signals used by the charge pump circuit 206". The charge 
pump circuit 206" is very similar in design to the charge 
pump 206 described above with reference to FIG. 5b. For 
example, the charge pump 206" includes a pair of P-channel 
transistors 208,210, and a pair of N-channel transistors 212, 
214, in addition to a pass capacitor Cp 216 and an output 
capacitor C 218. In one embodiment of the charge pump 
circuit 206", the output capacitor C218 has a capacitance on 
the order of a few hundred pf, and the capacitor Cp 216 has 
a capacitance of approximately 50 pF. Those skilled in the 
charge pump design arts shall recognize that other capaci 
tance values can be used without departing from the Scope 
or spirit of the present invention. 

The charge pump 206" functions very similarly to the 
charge pump 206 described above with reference to FIG.5a, 
and therefore its operation is not described in detail again 
here. The charge pump 206" shown in FIG. 12 differs from 
the charge pump 206 in that the control Signals used to 
control the charge pump 206' transistor gates (i.e., the gates 
of the transistors 208, 210, 212, and 214) are limited to 
half-rail voltage Swings (i.e., they are limited to range from 
-Vdd to ground, or from ground to Vdd). Potential gate 
oxide reliability problems invoked when the gate control 
voltages are allowed to Swing a full rail (i.e., from -Vdd to 
Vdd) are thereby reduced or eliminated. 
AS shown in FIG. 12, the charge pump clock generation 

circuit 802 includes four modified level shifters 804, 806, 
808 and 810, coupled together in a feedback configuration. 
In one embodiment of the modified charge pump, the four 
modified level shifters are implemented by the modified 
level shifter 600 described above with reference to FIG. 10. 
FIG. 12 shows the level shifters using the symbolic repre 
Sentation 601 of the level shifter 600 of FIG. 10. In this 
embodiment, the level shifters 804, 806, 808, and 810 
perform identically to the level shifter 600 of FIG. 10. The 
two non-overlapping clock signals, “Clk1”, and “Clk2” (and 
their inverse signals, “Clk1 and “Clk2 ”, respectively) 
are input to the “in inputs of the level shifters as shown 
in FIG. 12. The two input clock signals, “Clk1” and “Clk2”, 
are identical to the non-overlapping clock Signals described 
above with reference to FIGS. 5a-5c. As shown above with 
reference to FIG. 5c, the two non-overlapping clock signals 
vary in voltage amplitude from -Vdd to +Vdd. In one 
embodiment, the clock signals vary from -3 VDC to +3 
VDC. 

The four modified level shifters generate the half-rail 
clock control Signals that are used to control the charge 
pump 206". Specifically, as shown in FIG. 12, the four level 

15 

25 

35 

40 

45 

50 

55 

60 

65 

26 
shifters generate the “CLK1POS ", “CLK1NEG ', 
“CLK2POS', and “CLK2NEG” control signals that are 
input to the charge pump transistor gate control nodes 250, 
252,254 and 256, respectively. In the embodiment shown in 
FIG. 12, the level shifters 806 and 808 generate the four 
transistor gate control signals “CLK1 POS ’’, 
“CLK1 NEG , “CLK2POS', and “CLK2NEG". The level 
shifter 806 generates the “CLK1POS and “CLK1NEG " 
gate control signals, while the level shifter 808 generates the 
“CLK2POS', and “CLK2NEG” gate control signals. More 
specifically, as shown in FIG. 12, the “out pos” output of 
the level shifter 806 (“CLK1POS ) is coupled to control 
the transistor gate input 250 of the transistor 208. The 
“out neg” output of the level shifter 806 (“CLK1NEG ') 
is coupled to control the transistor gate input 252 of the 
transistor 210. Similarly, the “out pos” output of the level 
shifter 808 (“CLK2POS”) is coupled to control the transistor 
gate input 254 of the transistor 214. Finally, the “out neg” 
output of the level shifter 808 (“CLK2NEG”) is coupled to 
control the transistor gate input 256 of the transistor 214. 
The clock generation circuit 802 functions to prevent exces 
Sive Voltages acroSS the gate oxides of the charge pump 
transistors. 

Those skilled in the transistor design arts shall recognize 
that other control configurations can be used without depart 
ing from the Spirit or Scope of the present invention. For 
example, the other two level shifters (804, 810) can be used 
to generate the control Signals in an alternative embodiment 
of the modified charge pump. Also, as described above with 
reference to the charge pump circuit 206, alternative tran 
Sistor configurations (N-channel and P-channel) can be used 
to implement the modified charge pump 206" of the present 
invention. 
As shown in FIG. 12, the four level shifters 804, 806, 808 

and 810 are coupled together in level shifter pairs (804 with 
806, and 808 with 810) in a feedback configuration that is 
very similar to the feedback topology of the level shifter 
described above with reference to FIG. 6a. For example, the 
“out output node of the level shifter 804 is provided as 
feedback to the “out node of its associated pair level shifter 
806. Similarly, the “out output node of the level shifter 
806 is provided as feedback to the “out node of its 
associated pair level shifter 804. Similarly, the “out 
output node of the level shifter 808 is provided as feedback 
to the “out node of its associated pair level shifter 810. The 
“out output node of the level shifter 810 is provided as 
feedback to the “out node of its associated pair level shifter 
808. The feedback configuration is used by the clock gen 
eration circuit 802 in the generation of the four transistor 
gate control signals “CLK1POS ", “CLK1NEG ', 
“CLK2POS", and “CLK2NEG". 

SUMMARY 

A novel RF switch is provided wherein the Switch is 
fabricated using an SOI CMOS process. Fabricating the 
Switch on an SOI substrate results in lack of Substrate bias 
and allows the integration of key CMOS circuit building 
blocks with the RF switch elements. Integration of the 
CMOS building blocks with RF switch elements provides a 
fully integrated RF Switch solution that requires use of only 
a single external power Supply (i.e., the negative power 
Supply Voltage is generated internally by a charge pump 
circuit integrated with the RF switch). This results in 
improvements in RF Switch isolation, insertion loSS and 
compression. In one embodiment, the RF Switch has a 1 dB 
compression point exceeding approximately 1 Watt, an 
insertion loss of less than approximately 0.5 dB, and Switch 
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isolation as high as approximately 40 dB. The inventive 
Switch also provides improvements in Switching times. 
A number of embodiments of the present invention have 

been described. Nevertheless, it will be understood that 
various modifications may be made without departing from 
the Spirit and Scope of the invention. 

Accordingly, it is to be understood that the invention is 
not to be limited by the specific illustrated embodiments, but 
only by the Scope of the appended claims. 
What is claimed is: 
1. An RF Switch circuit for Switching RF signals, com 

prising: 
(a) a first input port receiving a first RF input signal; 
(b) a second input port receiving a Second RF input signal; 
(c) an RF common port; 
(d) a first Switch transistor grouping having a first node 

coupled to the first input port and a Second node 
coupled to the RF common port, wherein the first 
Switch transistor grouping is controlled by a Switch 
control signal (SW); 

(e) a second Switch transistor grouping having a first node 
coupled to the Second input port and a Second node 
coupled to the RF common port, wherein the Second 
Switch transistor grouping is controlled by an inverse 
(SW ) of the Switch control signal (SW); 

(f) a first shunt transistor grouping having a first node 
coupled to the Second input port and a Second node 
coupled to ground, wherein the first shunt transistor 
grouping is controlled by the Switch control Signal 
(SW); and 

(g) a Second shunt transistor grouping having a first node 
coupled to the first input port and a second node 
coupled to ground, wherein the Second shunt transistor 
grouping is controlled by the inverse (SW ) of the 
Switch control signal (SW); 

wherein, when SW is enabled, the first Switch and shunt 
transistor groupings are enabled while the Second Switch and 
shunt transistor groupings are disabled, thereby passing the 
first RF input signal through to the RF common port and 
shunting the Second RF input Signal to ground; and wherein 
when SW is disabled, the second Switch and shunt transistor 
groupings are enabled while the first Switch and Shunt 
transistor groupings are disabled, thereby passing the Second 
RF input signal through to the RF common port and shunting 
the first RF input Signal to ground. 

2. The RF Switch circuit of claim 1, wherein the Switch 
circuit is fabricated in a silicon-on-insulator (SOI) technol 
Ogy. 

3. The RF Switch circuit of claim 1, wherein the Switch 
circuit is fabricated on an Ultra-Thin-Silicon (“UTSi”) sub 
Strate. 

4. The RF Switch circuit of claim 3, wherein the transistor 
groupings comprise MOSFET transistors formed in a thin 
Silicon layer on a fully insulating Sapphire wafer, and 
wherein the fully insulating Sapphire wafer enhances per 
formance characteristics of the RF switch by reducing 
Substrate coupling effects. 

5. The RF Switch circuit of claim 4, wherein Switch 
insertion loSS is reduced by reducing on-resistances of the 
MOSFET transistors. 

6. The RF Switch circuit of claim 4, wherein Switch 
isolation characteristics of the RF switch is improved by 
reducing parasitic capacitance between nodes of the MOS 
FET transistors. 

7. The RF Switch circuit of claim 3, wherein the transistor 
groupings comprise a plurality of MOSFET transistors 
arranged in a Stacked configuration. 
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8. The RF Switch circuit of claim 7, wherein the stacked 

MOSFET transistors include gate nodes coupled to respec 
tive and associated gate resistors, and wherein the gate 
resistors are commonly controlled by a Switching Voltage. 

9. The RF switch circuit of claim 8, wherein the gate 
resistors coupled to the transistor gate nodes of the first 
Switch and shunt transistor groupings are commonly con 
trolled by the Switch control signal SW. 

10. The RF switch circuit of claim 8, wherein the gate 
resistors coupled to the transistor gate nodes of the Second 
Switch and shunt transistor groupings are commonly con 
trolled by the inverse Switch control signal SW . 

11. The RF switch circuit of claim 8, wherein the MOS 
FET transistors have associated gate capacitance, wherein 
RC time constants associated with each MOSFET transistor 
within the transistor groupings are functions of the gate 
resistors and the associated gate capacitance, and wherein 
the RC time constant of each transistor far exceeds a period 
of the RF input signals thereby causing RF voltages to be 
shared equally across the MOSFET transistors. 

12. The RF Switch circuit of claim 8, wherein a break 
down voltage across the plurality of stacked MOSFET 
transistors of a Selected transistor grouping is effectively 
increased to n times a breakdown Voltage of an individual 
MOSFET transistor in the selected transistor grouping, 
wherein in comprises the total number of MOSFET transis 
tors in the Selected transistor grouping. 

13. The RF Switch circuit of claim 12, wherein the Switch 
circuit has an associated 1 dB compression point, and 
wherein the 1 dB compression point is increased using the 
stacked MOSFET transistor configuration. 

14. The RF Switch circuit of claim 7, wherein the first and 
Second RF input signals have associated input power levels, 
and wherein increased input power levels can be accommo 
dated by the RF Switch circuit by increasing the number of 
MOSFET transistors per transistor grouping. 

15. The RF Switch circuit of claim 7, wherein the first and 
Second RF input signals have associated input power levels, 
and wherein increased input power levels can be accommo 
dated by the RF Switch circuit by varying the physical size 
of the transistors used in implementing the transistor group 
IngS. 

16. A fully integrated RF Switch circuit, comprising: 
(a) the RF switch circuit as set forth in claim 3; 
(b) a control logic block, coupled to the RF switch circuit, 

wherein the control logic block outputs the Switch 
control signal (SW) and the inverse switch control 
signal (SW ); and 

(c) a negative voltage generator, coupled to the control 
logic block, wherein the negative Voltage generator 
receives a clocking input Signal and a positive power 
Supply Voltage from an external power Supply, and 
wherein the negative Voltage generator outputs a nega 
tive power Supply Voltage. 

17. The fully integrated RF switch circuit of claim 16, 
wherein the RF Switch circuit is integrated in an integrated 
circuit (IC) with a plurality of digital and analog circuits. 

18. The fully integrated RF switch circuit of claim 16, 
further including: 

(a) an oscillator, wherein the oscillator outputs clocking 
input Signals; 

(b) a charge pump, coupled to the oscillator, wherein the 
Oscillator inputs the clocking input Signals, and wherein 
the charge pump outputs a negative power Supply 
Voltage; 

(c) a logic circuit block, coupled to the charge pump, 
wherein the logic circuit block outputs control Signals 
for use in controlling the Switch and shunt transistor 
groupings, 

Harbor Island Exhibit No. 2004, IPR2024-01402 
 Page 028



US 6,804,502 B2 
29 

(d) a level-shifting circuit, coupled to the logic circuit 
block and the RF Switch circuit, wherein the level 
shifting circuit reduces gate-to-drain, gate-to-Source, 
and drain-to-source voltages of MOSFET transistors 
used to implement the transistor groupings, and 

(e) an RF buffer circuit, coupled to the RF switch circuit, 
wherein the RF buffer circuit isolates RF signal energy 
from the charge pump and the logic circuit blockS. 

19. The fully integrated RF switch circuit of claim 18, 
wherein the charge pump comprises: 

(a) at least two P-channel MOSFET transistors; 
(b) at least two N-channel MOSFET transistors, wherein 

each N-channel MOSFET transistor is coupled in series 
with a respective and associated P-channel MOSFET 
transistor thereby forming a respective leg of the charge 
pump, 

(c) at least one coupling capacitor coupling each leg of the 
charge pump coupled to a Successive leg; and 

(d) an output capacitor, coupled to an output leg of the 
charge pump; 

wherein the negative power Supply Voltage is generated by 
the charge pump by alternately charging and discharging the 
coupling and output capacitors using non-Overlapping input 
clocking Signals to drive the P-channel and N-channel 
MOSFET transistors. 

20. The fully integrated RF switch circuit of claim 19, 
wherein the non-overlapping input clocking Signals com 
prise two non-overlapping clock control Signals, and 
wherein a first non-overlapping clock control Signal controls 
the P-channel transistors, and wherein a Second non 
overlapping clock control signal controls the N-channel 
transistors. 

21. The fully integrated RF switch circuit of claim 19, 
wherein the P-channel and N-channel transistors are Single 
threshold transistors. 

22. The fully integrated RF switch circuit of claim 19, 
wherein the non-overlapping input clocking Signals are 
generated by a pulse shift circuit. 

23. The fully integrated RF switch circuit of claim 19, 
wherein the non-overlapping input clocking Signals are 
derived from the oscillator clocking input signals. 

24. The fully integrated RF switch circuit of claim 19, 
wherein the oscillator comprises a relaxation oscillator. 

25. The fully integrated RF switch circuit of claim 19, 
wherein the non-overlapping input clocking Signals vary in 
voltage amplitude from -Vdd to +Vdd. 

26. The fully integrated RF switch circuit of claim 18, 
wherein the level-shifting circuit comprises a plurality of 
inverters coupled together in a feedback configuration. 

27. The fully integrated RF switch circuit of claim 26, 
wherein the inverters comprise differential inverters having 
a first differential input, a Second differential input, a logic 
input and a logic output, and wherein the level-shifting 
circuit comprises: 

(a) an input inverter group comprising two input differ 
ential inverters, wherein a first input differential 
inverter receives a logic input signal (input) and outputs 
a first logic input signal (in), and wherein a second 
input differential inverter receives the first logic input 
Signal (in) and outputs an inverse (in ) of the first logic 
input Signal; 

(b) a first inverter group comprising three differential 
inverters, wherein the logic output of a first inverter of 
the first inverter group is coupled to the first logic input 
Signal (in), the logic output of the first inverter is 
coupled to a first differential input of an output inverter 
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of the first inverter group, the logic output of a Second 
inverter of the first inverter group is coupled to a Second 
differential input of the output inverter of the first 
inverter group, and wherein the output inverter of the 
first inverter group outputs a first output signal (out); 
and 

(c) a second inverter group comprising three differential 
inverters, wherein the logic output of a first inverter of 
the Second inverter group is coupled to the inverse 
(in ) of the first logic input signal, the logic output of 
the first inverter of the Second inverter group is coupled 
to a first differential input of an output inverter of the 
Second inverter group, the logic output of a Second 
inverter of the Second inverter group is coupled to a 
second differential input of the output inverter of the 
Second inverter group, and wherein the output inverter 
of the Second inverter group outputs a Second output 
signal (out ); 

wherein the first output signal (out) is provided as feedback 
and input to the logic input of the Second inverter of the 
Second inverter group, and wherein the Second output Signal 
(out ) is provided as feedback and input to the logic input 
of the Second inverter of the first inverter group. 

28. The fully integrated RF switch circuit of claim 27, 
wherein the first and Second output Signals control the 
Switch and shunt transistor groupings of the RF Switch. 

29. The fully integrated RF switch circuit of claim 26, 
wherein the level-shifting circuit shifts the DC level of the 
logic input signal (input) without affecting the frequency 
response of the input signal. 

30. The fully integrated RF switch circuit of claim 18, 
wherein the RF buffer circuit comprises a two-stage circuit 
comprising a first-stage level-shifting circuit and a Second 
stage RF buffer circuit, and wherein the first stage level 
shifting circuit comprises the level-shifting circuit defined 
by claim 27, and wherein the second stage RF buffer circuit 
comprises a Second plurality of differential inverters, 
wherein the second plurality of differential inverters each 
have a first differential input, a Second differential input, a 
logic input and a logic output, wherein the Second Stage RF 
buffer circuit further comprises: 

(a) a first RF buffer inverter group comprising three 
differential inverters, wherein the logic inputs of a first 
and second inverters of the first RF buffer inverter 
group are coupled to the first output signal (out) output 
by the level-shifting circuit, the logic output of the first 
inverter of the first RF buffer inverter group is coupled 
to a first differential input of an output inverter of the 
first RF buffer inverter group, the logic output of the 
second inverter of the first RF buffer inverter group is 
coupled to a Second differential input of the output 
inverter of the first RF buffer inverter group, and 
wherein the output inverter of the first RF buffer 
inverter group outputs a first output signal (OUT), and 

(b) a Second RF buffer inverter group comprising three 
differential inverters, wherein the logic inputs of a first 
and second inverters of the second RF buffer inverter 
group are coupled to the Second output signal (out . ) 
output by the level-shifting circuit, the logic output of 
the first inverter of the second RF buffer inverter group 
is coupled to a first differential input of an output 
inverter of the second RF buffer inverter group, the 
logic output of the second inverter of the second RF 
buffer inverter group is coupled to a Second differential 
input of the output inverter of the second RF buffer 
inverter group, and wherein the output inverter of the 
Second RF buffer inverter group outputs a Second 
output signal (OUT ). 
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31. The fully integrated RF switch circuit of claim 30, 
wherein the RF buffer circuit isolates digital logic Signals 
from the RF Switch circuit. 

32. The fully integrated RF switch circuit of claim 31, 
wherein the second stage RF buffer circuit provides no 
feedback of the output signals OUT and OUT to the first 
Stage level-shifting circuit thereby providing improved iso 
lation of the RF Switch from the digital logic Signals. 

33. The fully integrated RF switch circuit of claim 30, 
wherein transistors used to implement the first Stage level 
shifting circuit are Smaller than transistors used to imple 
ment the second stage RF buffer circuit. 

34. The fully integrated RF switch circuit of claim 27, 
further including a Voltage divider circuit coupled to the 
output signals (out) and (out ), wherein the Voltage divider 
circuit limits the Voltage levels of the output signals before 
they are provided as feedback to the second inverters of the 
first and Second inverter groups. 

35. The fully integrated RF switch circuit of claim 34, 
wherein the voltage divider limits the voltage levels to 
approximately Vdd. 

36. The fully integrated RF switch circuit of claim 34, 
wherein the voltage divider comprises a plurality of MOS 
FET devices coupled together in a Serial configuration, 
wherein an output MOSFET device is coupled to a ground 
node through a ballast resistor, and wherein the MOSFET 
devices implement a diode function. 

37. The fully integrated RF switch circuit of claim 18, 
wherein the RF buffer circuit comprises a two-stage circuit 
comprising a first-stage level-shifting circuit and a Second 
stage RF buffer circuit, and wherein the first stage level 
shifting circuit comprises the level-shifting circuit defined 
by claim 34, and wherein the second stage RF buffer circuit 
comprises a Second plurality of differential inverters, 
wherein the second plurality of differential inverters each 
have a first differential input, a Second differential input, a 
logic input and a logic output, wherein the Second Stage RF 
buffer circuit further comprises: 

(a) a first RF buffer inverter group comprising three 
differential inverters, wherein the logic input of a first 
inverter of the first RF buffer inverter group is coupled 
to a first output signal (out pos1) output by the level 
shifting circuit, the logic input of a Second inverter of 
the first RF buffer inverter group is coupled to a second 
output signal (out neg1) output by the level-shifting 
circuit, the output of the first inverter of the first RF 
buffer inverter group is coupled to a first differential 
input of an output inverter of the first RF buffer inverter 
group, the logic output of the Second inverter of the first 
RF buffer inverter group is coupled to a second differ 
ential input of the output inverter of the first RF buffer 
inverter group, and wherein the output inverter of the 
first RF buffer inverter group outputs a first output 
signal (OUT); and 

(b) a Second RF buffer inverter group comprising three 
differential inverters, wherein the logic input of a first 
inverter of the second RF buffer inverter group is 
coupled to a third output signal (out pos2) output by 
the level-shifting circuit, the logic input of a Second 
inverter of the second RF buffer inverter group is 
coupled to a fourth output signal (out neg2) output by 
the level-shifting circuit, the output of the first inverter 
of the second RF buffer inverter group is coupled to a 
first differential input of an output inverter of the 
Second RF buffer inverter group, the logic output of the 
second inverter of the second RF buffer inverter group 
is coupled to a Second differential input of the output 
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32 
inverter of the second RF buffer inverter group, and 
wherein the output inverter of the second RF buffer 
inverter group outputs a Second output signal (OUT ); 

and wherein the first output signal (out pos1) comprises a 
buffered output of the first inverter of the first inverter group 
of the level-shifting circuit, the Second output signal (out 
neg1) comprises a buffered output of the Second inverter of 
the first inverter group of the level-shifting circuit, the third 
output signal (out pos2) comprises a buffered output of the 
first inverter of the second inverter group of the level 
shifting circuit, and the fourth output signal (out neg2) 
comprises a buffered output of the second inverter of the 
Second inverter group of the level-shifting circuit. 

38. The fully integrated RF switch circuit of claim 20, 
wherein the non-overlapping input clocking Signals are input 
to level-shifting circuits defined by claim 34 before being 
input to the charge pump. 

39. The fully integrated RF switch circuit of claim 38, 
wherein the level-shifting circuits comprise a first and a 
Second level-shifting circuit, wherein the first and Second 
level-shifting circuits are defined by claim 34, and wherein 
the first level-shifting circuit outputs a first output Signal 
(clk1 pos) from the logic output of the first inverter in its first 
inverter group, a second output signal (clklneg) from the 
logic output of the Second inverter in its first inverter group, 
a third output signal (clklpos ) from the logic output of the 
first inverter in its Second inverter group, and a fourth output 
Signal (clklneg ) from the logic output of the Second 
inverter in its Second inverter group, and wherein the Second 
level-shifting circuit outputs a fifth output signal (clk2pos) 
from the logic output of the first inverter in its first inverter 
group, a sixth output signal (clk2neg) from the logic output 
of the Second inverter in its first inverter group, a Seventh 
output signal (clk2pos ) from the logic output of the first 
inverter in its Second inverter group, and an eighth output 
Signal (clk2neg ) from the logic output of the Second 
inverter in its Second inverter group. 

40. The fully integrated RF switch circuit of claim 39, 
wherein the third output signal (clklpos ) controls a first 
P-channel MOSFET transistor of the charge pump, the 
fourth output signal (clklneg ) controls a second P-channel 
MOSFET transistor of the charge pump, the fifth output 
signal (clk2pos) controls a first N-channel MOSFET tran 
sistor associated with the first P-channel MOSFET 
transistor, and the Sixth output signal (clk2neg) controls a 
Second N-channel MOSFET transistor associated with the 
Second P-channel MOSFET transistor. 

41. An RF Switch circuit switching RF signals, compris 
ing: 

(a) a first input means for receiving a first RF input signal; 
(b) a Second input means for receiving a second RF input 

Signal; 
(c) an RF common port means; 
(d) a first Stacked transistor Switching means having a first 

node coupled to the first input means and a Second node 
coupled to the RF common port means, wherein the 
first Stacked transistor Switching means is controlled by 
a Switch control signal (SW); 

(e) a Second Stacked transistor Switching means having a 
first node coupled to the Second input means and a 
Second node coupled to the RF common port means, 
wherein the Second Stacked transistor Switching means 
is controlled by an inverse (SW ) of the Switch control 
signal (SW); 
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(f) a first stacked transistor shunting means having a first 
node coupled to the Second input means and a Second 
node coupled to ground, wherein the first Stacked 
transistor shunting means is controlled by the Switch 
control signal (SW); and 

(g) a second Stacked transistor shunting means having a 
first node coupled to the first input means and a Second 
node coupled to ground, wherein the Second Stacked 
transistor shunting means is controlled by the inverse 
(SW ) of the Switch control signal (SW); 

wherein, when SW is enabled, the first stacked transistor 
Switching means and first Stacked transistor shunting means 
are enabled while the Second Stacked transistor Switching 
and the Second Stacked transistor shunting means are 
disabled, thereby passing the first RF input signal through to 
the RF common port means and shunting the second RF 
input signal to ground; and wherein when SW is disabled, 
the Second Stacked transistor Switching means and the 
Second Stacked transistor shunting means are enabled while 
the first Stacked transistor Switching and first Stacked tran 
Sistor Shunting means are disabled, thereby passing the 
Second RF input Signal through to the RF common port 
means and shunting the first RF input signal to ground. 

1O 

15 

34 
42. A method of Switching RF signals, comprising: 
(a) inputting a first RF input signal to a first Switch 

transistor grouping and a first shunt transistor grouping, 
wherein the transistor groupings comprise a plurality of 
Stacked transistors, 

(b) inputting a Second RF input signal to a second Switch 
transistor grouping and a Second shunt transistor 
grouping, wherein the transistor groupings comprise a 
plurality of Stacked transistors, 

(c) enabling the first Switch transistor grouping while 
disabling the first shunt transistor grouping, and Simul 
taneously disabling the Second Switch transistor group 
ing while enabling the Second shunt transistor 
grouping, thereby passing the first RF input Signal and 
shunting the Second RF input signal; and 

(d) enabling the Second Switch transistor grouping while 
disabling the Second shunt transistor grouping, and 
Simultaneously disabling the first Switch transistor 
grouping while enabling the first shunt transistor 
grouping, thereby passing the Second RF input Signal 
and shunting the first RF input signal. 

k k k k k 
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