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DC-40 GHz and 20-40 GHz MMIC
SPDT Switches

MANFRED J. SCHINDLER, MEMBER, IEEE, AND ANNAMARIE MORRIS

.h?rucf — DC to 40 GHz and 20 to 40 GHz monolithic GaAs SPDT

switches have been demonstrated. Both the measured and the modeled

small-signal performance are presented. Measured power handling

performance and switching speed data are also presented. The 20-40 GHz

switch uses a combination of shunt FET’s and quarter-wave transformers.

Better than 2 dB insertion loss and 25 dB isolation have been achieved.

The dc-40 GHZ switch uses a combination of series and shunt FET’s.

Better than 3 dB insertion loss and 23 dB isolation have been achieved. A

simplified switchhg FET model is used to adequately model switch

performance. It is demonstrated that parasitic “off” state resistance is an

important FET characteristic for broad-band switch design. The switches

use MESFET’S with the same characteristics as an existing millimeter-wave

amplifier to allow for ease of futnre integration.

I. INTRODUCTION

T

HIS PAPER discusses A 20–40 GHz SPDT switch

composed of shunt FET switching elements and

quarter-wave transformers, and a dc-40 GHz SPDT switch

composed of series and shunt FET switching elements.

These switches are similar in topology to MMIC switches

previously demonstrated at lower frequencies.

A bandwidth greater than one octave (6-19 GHz) has

been demonstrated using shunt FE~s as switching elements

in conjunction with quarter-wave transformers [1]. The

present work includes a similar design to cover the 20-40

GHz band.

Various configurations have been described using

combinations of series and shunt switching elements for

broad-band applications [2]-[4]. The dc-40 GHz MMIC

SPDT switch described in this paper incorporates series

and shunt FET switching elements. The topology of this

switch allows operation over extremely large bandwidths.

The series FET allows the switch to operate down to dc,

Switching quality factor is used as a figure of merit for

switching devices. Two switching quality factors are com-

monly used— the simple switching quality fac~or (Q,) and

the Kurokawa and Schlosser quality factor (Q) [5]. Q, is

the ratio of the magnitude of the device impedance in the

“off” state to the magnitude of the device impedance in
the “on” state. Q is given by

~= /( R1-RJ’+(xl-xJ2

m
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where RI + jX1 and R ~+ jX2 are the device impedances

in the two states.

Standard millimeter-wave MMIC amplifier FET’s have

been used in the dc-40 GHz and 20–40 GHz switches to

allow the switches to be integrated with other millimeter-

wave circuitry in the future. These FET’s have a low

switching quality factor. Q, is less than 5 at 40 GHz, and

Q is less than 10 at 40 GHz. Although low switching Q‘s

do indicate general limits in switch performance, they do

not accurately predict switch performance for the circuit

configurations described in this paper. The parasitic resis-

tance in the “off” state is an important switch FET

characteristic, but its effect is not accounted for in Q,. The

switch designs in this paper incorporate “off” state capaci-

tance in a~ artificial transmission line. Neither Q. nor O

accurately predicts switch performance for a device in such

a configuration.

II. SWITCH FET MODEL

The use of FET’s as switching elements is well docu-

mented [6], [7]. In switching operation, a drain bias is not

applied. The bidirectional RF signal path is between the

source and the drain. The configuration of a switching

FET is indicated in Fig. l(a). ln the “on” state the gate is

biased at O V. The “on” state can be adequately modeled

by the dc “on” resistance between the source and the drain

(Ron), as is shown in Fig. l(b). Additional parasitic ele-

ments are present, but have no significant RF effect,

particularly if the gate bias circuitry is isolated with a large

value resistor, as is indicated in Fig. l(a). In the “off” state

the gate is biased beyond pinch-off. A complete equivalent

circuit in the “off” state is shown in Fig. l(b). This

equivalent circuit is based on device geometry and has

been described previously [6], [7]. The “off” state source-

to-drain leakage resistance (R ~,) is generally large enough

to be neglected in circuit modeling. The source and the
drain are capacitively coupled directly (C,d) and also

through the gate ( Cg, and Cgd). All of these capacitances

have series parasitic resistive elements (Rg, and R ~d for

Cg, and Cgd; R, and R ~ for C,~). Although the elements

of the FET equivalent circuit model in Fig. l(b) are

relatively straightforward to calculate [6], [7], measurement

of the individual elements is impractical. Not only is it

difficult to confirm the details of this equivalent circuit by

measurement, such a detailed equivalent circuit is unneces-

sary for accurate circuit modeling. A simplified FET model
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Fig. 1. (a) FET m switching configuration. (b) Complete equivalent
circuit. (c) Simplified equivalent circuit.

can be used without sacrificing accuracy, and its values are

readily measured.

A simplified FET model is indicatedin Fig. l(c). The

“on” state equivalent circuit is unchanged. The’’off” state

equivalent circuit has been reduced to a simple series

resistor and capacitor. Since Rd. is typically very large, it

has been neglected, Itisstraightforward toinclude Rd~ if

needed. R ~~~and COff can be calculated from the resistive

and capacitive elements in Fig. ~b). The calculation is

simplified if it is assumed that the magnitudes of the

various capacitive reactance are much larger than the

various parasitic resistances. This is true up to 40 GHz for

the devices used in the dc-40 GHz and 20–40 GHz

switches reported in this paper. This assumption yields the

following relationships:

Rg~+Rgd AR~+Rd

‘Off” ~+(cg;cgd)~+pcgs::)T

l/(cgs+C,d) l/c,d
l/coff =

[

~+—

1[ 1(Cgd+Q2“1+(Cg,:>gd)l+-
Csd

Note that these relationships for Raf~ and CO~{are frequency

independent. The additional terms that have been ignored
are frequency dependent.

The value of COff can readily be determined by RF

measurements. The value of R .ff is more difficult to

measure. The insertion losses of the dc–41D GHz and 20–40

GHz switches presented in this paper are sensitive to Rof~

FET 3 0 VC, FET4

)./4
OUT 2

(a)

-4,0p~””T1

L [4

IN OUT 1

(c)

Fig. 2. (a) Topology of the 20-40 GHz SPDT switch. (b) Equivalent
circuit when switched to OUT1. (c) Artificial transmission line ap-
proximation.

at frecpencies approaching 40 GHz. Thus the dc–40 GHz

and 20-40 GHz switches are suitable vehicles for

determining the value of Ro~f.

111. CIRCUIT DESIGN AND MODELING

The topology of the 20-40 GHz SPDT switch is indi-

cated in Fig. 2(a). For clarity, the schematic is labeled with

an input (IN) and two outputs (OUT1 and OUT2). Since the

switch is bidirectional, the input and outputs can be re-

versed. In this circuit the switching FET’s are used in a

shunt configuration in conjunction with quarter-wave-

length transformers. The circuit is composed of two equal

and independently biased arms. Fig. 2(b) shows normal

operation with the switch biased to pass signals between IN

and OUT1. The FET’s are represented as their simplified

equivalent circuits. The FET’s in the OUT1 arm (FET1 and

FET2) are pinched off, and act primarily as shunt capaci-

tances. The FET’s in the 0UT2 arm (FET3 and FET4) are

biased in the “on” state and act as shunt resistances. FET3

and FET4 present a low impedance to the quarter-wave-

length transformer. The quarter-wavelength transformer is

used to transform the low impedance into a high imped-

ance. Such transformers can be effective over bandwidths

of an octave or more.
Fig. 2(c) indicates a further simplification, in which only

the effects of the OUT1 arm are included. In circuit model-

ing, the, effect of the OUT2 arm is not neglected since it is a

significant contributor to insertion loss. By looking at the
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OUT1 arm alone (as in Fig. 2(c)), other loss mechanisms

can be more clearly illustrated. All the transmission lines

are inductive (characteristic impedance is greater than 50

0), thus Fig. 2(c) shows that this arm of the switch can be

approximated as an artificial transmission line. The major

cause of loss in such an artificial transmission line is the

parasitic resistance for each shunt capacitor (R Off). This is

analogous to the gate line in a distributed amplifier where

an artificial transmission line is realized by the gate capaci-

tance and series inductors [8]. The parasitic gate resistance

in such a gate line is the primary cause of gate line

attenuation. Thus it can be seen that R ~~~is an important

contributor to the insertion loss of this switch and should

not be neglected.

The artificial transmission line representation not only

reveals the losses due to R off, it also gives insight into how

satisfactory switch performance can be achieved with de-

vices having a low switching quality factor. In the switch in

Fig. 2, the “off” state capacitance ( COff) is incorporated

into the artificial transmission line and does not directly

contribute to insertion loss. COff couples power into R ~ff,
and thus affects the attenuation due to R .ff. When biased

in the opposite state, Ron attenuates the signal, and pro-

vides isolation. Because COff is incorporated into an artifi-

cial transmission line, very low values of Q. or ~ can be

tolerated. It is possible to co~struct a useful switch using

FET’s with a very low Q, or Q.
The dc–40 GHz SPDT switch has the topology shown in

Fig. 3. Series FET’s (FET1 and FET4) are used in place of

the quarter-wavelength transformers from Fig. 2. The series

FET in the OUT1 arm (FET1) is biased together with the

shunt FET’s in the 0UT2 arm (FET5 and FET6). Fig. 3(b)

shows the switch when biased to pass signals between lN

and OUT1 with the FET’s represented by equivalent circuits.

In this state the 0UT2 arm consists of COffAand Roff4 from

FET4 followed by shunt resistances R .n5, Ron6, and the

50-!J termination. The circuit model may be simplified to

Fig. 3(c) if the resistive elements in the OUT2 arm are

lumped together as R ~, where R ~ at dc is

R2 = Roff4 + %n511%n61150Q.

This relationship is only true at dc, but is approximately

correct up to 40 GHz for the switch presented in this

paper. Note that the major component of R ~ is Roff4. The

simplified circuit model in Fig. 3(c) is essentially an arti-

ficial transmission line, with an additional series resistance

(R O.l). R ~nl causes a loss which is essentially constant
over frequency. It is the dominant component of dc

insertion loss. The artificial transmission line approxima-

tion illustrates how the shunt parasitic resistances (R ~,
R .ff2, and Roff3) cause the insertion loss to increase with
frequency. This confirms the importance of ROff in broad-

band switch performance.

IV. MMIC FABRICATION

The dc–40 GHz and 20–40 GHz switch circuits have

been fabricated as GaAs MMIC7S. An active layer doping

of 3 X 1017 cm – 3 and a contact layer doping of 1 X 1018
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Fig. 3. (a) Topology of the dc–40 GHz SPDT switch (b) Equivalent
circuit when switched to OUT1. (c) Artificial transmission line ap-
proximation.

cm–3 were realized with two Si implants: 2.0x 1013 cm – 2

at 60 keV and 9.1x 1012 cm-2 at 400 keV (assuming 100

percent activation). The FET channels were etched for an

Id,, of 170 mA/mm, yielding a pinch-off voltage of – 1.4

V. The 0.35-pm gates were E-beam defined. Polyimide

passivation was used over active FET regions and under

air bridges. The gates are biased through 1.5 kfl open gate

FET resistors. No other resistor types and no capacitors

were used. Transmission lines are realized with 3-pm-thick

plated gold with a minimum line width of 10 pm. The

substrate was thinned to 100 pm, 50-pm square via holes

were dry etched, and the backside was plated with gold.

The completed dc-40 GHz switch is shown in Fig. 4. It

has a total gate periphery of 430 pm (not including bias

resistors). The series FET’s have two gate fingers and an

air-bridged source. The shunt FET’s each have a single

gate finger. This allows the shunt FET’s to be made

without air bridges and reduces inductance to ground. The

completed 20–40 GHz switch is shown in Fig. 5. It has a

total gate periphery of 560 pm (not including bias resis-

tors). Two of the shunt FET’s have two gate fingers and an

air-bridged source; the other two have a single gate finger.

Both switches are fully self-contained MMIC’S, with no

external bias circuitry required. The dc–40 GHz switch is

33X 50 roils (0.84X 1.27 mm). The 20–40 GHz switch is

50X 50 roils (1.27X 1.27 mm).
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Fig. 4. Photograph of the dc–40 GHz SPDT switch.

Fig. 5. Photograph of.the 20–40 GHz SPDT switch.

V. MEASURED AND MODELED PERFORMANCE

The measured and modeled small-signal performance of

the dc–40 GHz switch is shown in Fig. (5. The measured

insertion loss is between 2 dB and 3 dB from dc to 40
GHz. Isolation is in excess of 25 dB fromm dc to 20 GHz,

and gradually degrades to 23 dB at 40 GrHz. Test fixture

loss was removed from the insertion loss and isolation

measurements, but the effect of the test fixture has not

been removed from the return loss measurements. The test
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Fig. 6. Measured and modeled performance of the dc-40 GHz SPDT
switch. (a) Insertion loss and isolation. (b) Return loss.

fixture itself has a maximum insertion loss of 1 dB (at 32

GHz) i~nd return loss peaks of up to 13 dB (above 25

GHz). .Return loss is 10 dB or better over the dc-40 GHz

band with the exception of a single peak of 9 dB at 35

GHz. The modeled performance of the switch is included

in Fig. 6. The model uses the dc measured values of R .n
(Ron varies between 2.7 !2 cmm and 3 Q. mm). COff was

measured to be 0.3 pf/mm on test devices, and this value

is used in the models. A value of 0.70. mm was used for

R ~~~. ?vficrostrip discontinuities and transitions were

modeled [9], [10]. Via hole inductance (25 pH) was also

include{d. This relatively simple circuit model provides very

good agreement with measured results. The poorest

agreement is in the return losses (Fig. 6(b)), but the

measurement includes considerable test fixture effect which

is not included in the model.
The measured and the modeled performance of the

20–40 GHz SPDT switch are shown in Fig. 7. From 18 to

40 GHz the insertion loss is less than 2 dB. The isolation is

25 dB over most of-the band, degrading to 23 dB at the

low band edge. Test fixture loss was removed from the
/
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Fig. 7, Measured and modeled performance of the 20-40 GHz SPDT

switch. (a) Insertion loss. (b) Return loss,

insertion loss and isolation measurements, but no attempt

was made to remove the effects of the test fixture from the

return loss measurements. The characteristics of the test

fixture are the same as for the dc-40 GHz switch. The

return loss at the input is better than 10 dB over the band.

The output return loss averages 10 dB over the band, but

has occasional peaks up to 7 dB. The modeled perfor-

mance for the switch is included in Fig. 7. This switch was

modeled using the same models and parameters as the
dc–40 GHz switch. For this switch the measured value of

Ron was 3 G!-mm for all the FET’s. The agreement between

the measured and the modeled performance is very good.

The poorest agreement is for the return loss measurements,

which include considerable test fixture contributions.

The switch models can be used to determine the contri-

bution Ro~~ makes to insertion loss. The dc-40 GHz

switch has a maximum insertion loss of 3 dB. Of this loss,

1 dB is due to Ro~~(the remainder of the loss is primarily

due to the series FET’s). The 20–40 GHz switch has an

insertion loss of 2 dB at 40 GHz. Of this loss, 1 dB is due

to Ro~~ (the remainder is due to the other switch arm not
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Fig. 8, Insertion loss and isolation for the dc–40 GHz SPDT switch
over power.

providing an ideal open circuit through the quarter-wave

transformer). Clearly the effect of Roff is significant and

should not be neglected.

Insertion loss and isolation have also been measured at

power levels up to 25 dBm (300 mW). Fig. 8 shows

insertion loss and isolation transfer curves for the dc–40

GHz switch at various frequencies across the band.

Insertion loss increases by 1 dB at 18 dBm (60 mW). This

effect is caused by current limiting in the series FET’s. The

isolation degrades more gradually. Isolation is still better

than 20 dB at 20 dBm (100 mW) at all frequencies. Note

the isolation is not shown at 3 GHz. At low frequencies,

the isolation was too high to measure accurately. At 3 GHz

the isolation was much better than 20 dB at 20 dBm. The

degradation in isolation is caused by current limiting in the

shunt FET’s.

Fig. 9 shows the power transfer curves for insertion loss

and isolation for the 20–40 GHz switch. Insertion loss is
not significantly degraded until 23 dBm (200 mW). Since

there are no series FET’s, insertion loss degradation is due

to voltage swing across the shunt FET’s. Isolation degrades

significantly for power levels about 15 to 20 dBm (30 to

100 mW) depending on frequency. Isolation degrades

because of current limiting in the shunt FET’s. Current

limiting degrades isolation well before voltage limiting

degrades insertion loss.

For both of these switches the dominant cause of power

limiting is current limiting through the FET’s. The Id,, for

the FET’s in these switches averages 170 mA/mm. It

would be possible to double the current of the FET’s by
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Fig. 9. Insertion loss and isolation for the 20–40 GHz SPDT switch

10 GHz RF

Fig. 10. Switching ~peedfor thedc-40GHz !$PDT switch.

increasing the channel thickness. Thepinc.h-off voltage of

the resulting devices would beapproxirnately –3 V. This

would not have a Iarge effect on small-signal performgmce.
Ron and COff have been shown to decrease [11], and llOff’ is

also expected to decrease with such a change in pinch-off

voltage, providing a small improvement in small-signal

performance. Power handling would increase by as much

as 6 dB, or until the voltage limit was reached. These
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Fig. 11. Switching speed for the 20–40 GHz SPPT switch.

FET’s would no longer be similar to the existing millime-

ter-wave amplifier FET’s, and commonality would be

sacrificed.

Switching speed has been measured for both switches.

Fig. 10 shows the detected 1O-GHZ RF output from the

dc–40 (3Hz switch in the top trace and the complementary

bias inputs in the bottom trace. The turn-on time is less

than 400 ps; the turn-off time is less than 300 ps. Fig. 11

shows the switching speed for the 20–40 GHz switch with

an 18-CrHz RF. The turn-on time is less than 300 ps ~d

the turmoff time is also less than 300 ps. The 20–40 GHz

switch has lower resistance in the bias network than ‘the

dc–40 GHz switch, and thus switches somewhat faster.

VI. SWITCH DEVICE FIGURE OF MERIT

Switch device figure of merit (quality factor) may be

expressed in terms of the switch FET equivalent circuit in,

Fig. l(c~). Cut-off frequency figures of merit are also used,

and may be derived from quality factors. The simple

switching quality factor (Q, ) is defined as the ratio of the

“off” state device impedance to the “on” state device

impedance. For the equivalent circuit in Fig. l(c) this

yields thle following relationship:

Q = [(~off)2+(l/@coff)’1/2
s R on

but since (l/@COff ) >> Ro~~,the relationship can be simpli-

fied to

This relationship does not include Ro~~, and thus is an

inaccurate figure of merit for broad-band switching. A

simple empirical modification can be made to include the
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effect of R off:

Q. and Q; maybe calculated for the devices used in the

dc-40 GHz and 20-40 GHz switches from the equivalent

circuit values that have been determined. Q, for these

devices ranges from 4.4 to 4.9 at 40 GHz, while Q; is 6.3

to 7.0 at 40 GHz.

The other figure of merit commonly used for switchi~g

devices is the Kurokawa and Schlosser quality factor (Q).

For the FET model in Fig. l(c), @ is expressed as follows:

[ 1~=(:on - Roff)’+(1/6rcoff)2 1“2

ROnROff

With this relationship Q is calcidated to be from 9.3 to

9.75 for the devices in the dc–40 GHz and 20–40 GHz

switches. The relationship above can be further simplified

if it is assumed that (l/@Off ) 2>> (R .n – ROff ) 2, yielding

Note that this is similar to the relationship for Q;, but has

a weaker dependence on R .n and R .~~ (and thus is more

dependent on COff). Since the switches presented in this

paper incorporate COff into ~n artificial transmission line,

the strong dependence of Q on COff is excessive. Of the

three figures of merit, Q; most closely predicts the relative

performance of devices in the broad-band switches

described in this paper. However, Q is the better general-

purpose quality factor. None of these figures of merit is

completely accurate in predicting relative switch perfor-

mance for different devices. With any of these figures of

merit, very different performance can be achieved from

two devices having the same value of Q. Only a model for

actual switch perform?rtce can completely predict the per-

formance of a switch circuit with any given switch device.

VII. SUMMARY

Two millimeter-wave switches have been demonstrated:

one covering 20 to 40 GHz, the other dc to 40 GHz.

Conventional millimeter-wave FET’s were used to allow

the switches to be easily integrated with existing millime-
ter-wave amplifiers. Although these are not extraordinary

switch devices, adequate switch performance has been

achieved. Performance can be adequately modeled with the

simple switch FET model in Fig. l(c). The equivalent

circuit element values have been determined. Ron is 2.7 to

3.0 G?.mm, COff’ is 0.3 pf/mm, and R off is 0.7 Cl-mm. It

has been shown that all of these elements are important to

the performance of broad-band switches. In particular,

R off is a significant contributor to insertion loss, as the

switches reported in this paper demonstrate.

Expressions for switching quality factor (Q) for the

switch FET equivalent circuit in Fig. l(c) have been de-

rived. Neither of the commonly used switch figures of

merit adequately predicts the performance of devices in

the circuits presented in this paper. A variation on simple

switch quality factor (Q; ) more accurately predicts switch

device performance for these circuits. However, the use of

any switch device figure of merit can be misleading. Only

modeled circuit performance can accurately predict the

performance of a switch with a given device. It has been

shown that a relatively simple model can have adequate

accuracy to 40 GHz.
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