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ABSTRACT

This paper presents a comparison of the distortion

properties of microwave switches that emplc)y either PIN

diodes or GaAs MESFET semiconductor devices. It

analyzes the distortion properties of both devices in a typicrd

switch application. This information will enable design

engineers to predict distortion performance and. will facilitate

the choice of either element in a distortion sensitive

application. The results of the analysis indicate that either

device is capable of performing with third order intercept

point at approximately 40 dBm or better at frequencies from

10 MHz through beyond X-Band. This level of distortion is

generally satisfactory for many small signal applications. If

better distortion performance is required, the PIN diode is

superior.

INTRODUCTIOFJ

A solid-state microwave switch will probably employ

either a gallium arsenide (GaAs) MESFET or a silicon (Si)

PIN diode as the semiconductor element. Each offers

specific performance features that allow the circuit designer

to seleet the appropriate device to fit a particular application.

The PIN diode based switch is capable of operating at lower

loss at high microwave frequencies and can handle much

higher power levels in comparison to the MESFET.

However, the MESFET switch requires virtually zero driver

energy through an isolated bias port and can switch faster

than a PIN diode.

The distortion generated by the switch is an

additional performance characteristic thatmustbe addressed

in many switchapplications.This paperpresentsa

comparisonof the distortionpropertiesc)fmicrowave

switchesthatemployeitherPIN diodesorGaAs MESFET
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semiconductor devices. It analyzes the distortion properties

of both devices in a typical switch application. This

information will enable design engineers to predict distortion

performance and will facilitate the choice of either element

in a distortion sensitive application. The results of the

analysis indicate that either device is capable of performing

with third order intercept point at approximately 40 dBm or

better at frequencies from 10 MHz through beyond X-Band.

This level of distortion is generally satisfactory for many

smallsignalapplications.Ifbetterdistortionperformancek

required,thePIN diodek superior.

ANALYSIS

MESFET DistortionProperties

Distortion in GaAs MESFET switches is governed in

the on-state by the nonlinear channel resistance [1]. Here,

the RF signal varies the drain-source channel cross section,

causing the channel resistance to vary with the signal. ‘rhe

frequency dependence of the MESFET distortion is governed

by not only its electronic and geometric design parameters

such as pinch off voltage, gate length and perimeter and

channel doping, but also by the built-in gate bias circuit cut-

off frequency. This cut-off frequency is approximately

l/2rRg(Cgs + Cgd) where Rg is the gate bias resistance.

The distortion intercept point has been shown to improve

in the vicinity of the gate bias circuit cutoff frequency [1]

and reaches a maximum at some higher frequency (see

Figure 1). For a typical 1 micron device used in a SF)DT

switch, such as indicated in Figure 1, the maximum tlhird

order intercept point is approximately 50 tIBm at 1 (;hz.

The levels of distortion are relatively constant with

frequency below this cut-off frequency. The absolute levels

of distortion increase with the open channel current capacity

for a given pinch-off voltage. In order to externally control
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on-state FET switch distortion it is possible to adjust Rg to

shift the cut-off frequency to one more acceptable for the

application [2].

In the off-state, the distortion introduced by FET

switches is governed by the signal controlled time varying

nonlinearities in Cgs and Cgd [3]. The relationship for the

post-pinch-off values of Cgs and Cgd are [4]

Ci(t) =sW tan-’[Vp / Vbi - Vp - ~]”2 F (1)

where Vbi k thebuilt-involtage,Vp k thepinch-off

voltage,Vi = Vi. + Vi(t),Vi.k thedcbiasterm,and“i”

k “gs”or “gal”.The distortiongeneratedintheoff-state

MESFET k a functionofthederivativesofCi wherethe

(n+1)orderdistortionk derivedusingthenthderivative.

The firstandsecondderivativesofCi (usedinderivingthe

secondandthirdorderdistortioncomponents)canbewritten

as:

q &w 1

i

Vp F

dV, =
(2)

2 Vbi – ~o Vbi–vp–yo V

(3)

[

1 VP 1 I-F.. _ +
2VP Vbi – VP – Vi. Vbi - ~o V2

The variation of Cgs with Vgs may be reduced by higher

levels of reverse bias. The appropriate bias point for both

distortion and power handling lies midway between the gate

breakdown voltage and the pinch off voltage [3,5].

The results of modeling FET distortion in both switch

states may be seen in Figure 1, which shows that the on-state

nonlinearity is the dominant distortion mechanism. The off-

state distortion shown in Figure 1 is derived using Equations

2 and 3 for the same SPDT switch. The distortion generated

by the MESFET in the on-state is more significant than in

the off-state, and therefore predominates the net distortion

generated.

PIN Diode DistortionProperties

In the forward biased PIN diode, distortion is

generated because of the time varying forward resistance.

The resistance varies because of the modulation of the PIN

diode stored charge by the microwave signal. The forward

bias distortion levels may be predicted using Equations 4 and

5 [6]:

IP2 = 34 + 20 log (Qnc fMHz/R) dBm (4)

IP3= 24 + 15log(QncfMHz/R)dBm . (5)

whereQnck thestoredchargeinnanocoulombsandfMH~k

theoperatingfrequencyinmegahertz.

Distortionin a forwardbiasedPIN diodemay be

reducedby selectingPIN diodeswitha highratioofstored

chargeto dioderesistance(Q/R),and may be further

minimizedby increasingtheforwardbiascurrentwhich

furtherincreasestheQ/R ratio.The stepstakentoreduce

forwardbiasPIN diodedistortiontendto increasethe

switchingspeedof thedevicebecauseof theincreasein

storedcharge.

In the off-state, the distortion in PIN diodes is

governed by RF voltage controlled non-lineaities on the

instantaneous reverse bias capacitance that occur even

beyond the dielectric relaxation frequency [7]. These

capacitance variations with voltage are caused primarily by

the so-called end region diffusion tail. Thicker PIN diodes

usually show smaller capacitance variations than do thinner

diodes and therefore perform with lower distortion.

However, thicker PIN diodes have an adverse influence on

forward bias distortion due to higher forward resistance.

These capacitance variations may also be reduced by using

processing techniques that provide more abrupt doping

transitions (for example, MBE or MOCVD grown material).

F@re 2 Showscalculationsofthirdorderintercept

pointfora seriesconnectedPIN diodeswitchinboththeon

andoff-statesfora typicalPIN diodeusedina microwave

switch.The diodemodeledisdc biasedintheforward

directionat10mA andinthereversedirectionat-10volts.

The diodehasan I-regionthicknessof 10 micronsandits

carrierlifetimek 100ns.Notethatatlowfrequencies,the
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on-state is the primary contributor to distortion while at high

frequencies, the off-state diode predominates the distortion.

COMPARATIVE ANALYSIS

Models were developed for bo{h the on and off-state

MESFET and PIN diode which were used in simulating the

third order intermodtdation distortion produced in a SPDT

switch. The switches under consideration contain both on

and off-state devices. The models used in the comparison

have rdl been experimentally verified [1,2,6,7]. A

composite result is shown in Figure 3 which compares a

MESFET SPDT switch distortion with a PIN diode SPDT

switch under typical bias conditions fclr typical devices used

in microwave switches. Note that the PIN diode switch

shows better distortion performance at frequencies above

about 5 MHz. The off-state distorticm begins to dominate

above the VHF range; however, even here the PIN diode

switch has better distortion performance. For both PIN

diodes and MESFETS at frequencies above approximately

100 MHz, the third order intercept point is always greater

than approximately 40 dBm, a level satisfactory for most

applications.

Some significant distinctions between the distortion

properties of PIN diodes and GaAs MESFETS should be

noted. In a PIN diode switch, virtually unlimited minimal

distortion may be achieved primarily by varying the biasing

conditions. The consequences of improving the distortion

properties are continually slower :switching speed and

increasingly more bias power. The forward biased PIN

diode is the primary contributor to distortion at frequencies

below approximately 1 GHz whereas at higher frequencies

the reversed biased diode predominates. In a GaAs

MESFET switch, the distortion generated in the on-state

predominates at all frequencies. This distortion mechanism

is the time varying channel resistance which is influenced by

the design of the device and the gate bias circuit cut-off

frequency. In addition, the distorticm generation and the

switching speed mechanisms are not strongly related.
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FIGURE 1. Thir~ order on and off- FIGURE 3. Comparison of third order
state intermodulation distortion in intermodulation distortion in a GSAS
a GSAS MESFET SPDT switch. MESFET and PIN diode SPDT switch.
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FIGURE 2. Third order on and off-
state intermodulation distortion in
a PIN diode reflective switch.
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