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Abstract—Compact dc—60-GHz heterojunction field-effect tran- ploying shunt configuration need a chip size as large as
sistor (HJFET) monolithic-microwave integrated-circuit (MMIC) 0.8 x 2.45 mn? for V-band [2], 5.0x 2.0 mn? for Q-band
switches have been demonstrated for millimeter-wave commu- [5], and 1.27x1.27 mn? for K/Ka-band [1]. A series FET

nications and radar systems. To reduce the MMIC chip size, a . . . . .
novel ohmic electrode-sharing technology (OEST) has been de-configuration with a parallel combined inductor between the

veloped for MMIC switches with series—shunt FET configuration. source and drain is also available for the millimeter-wave
Four FET’s of the series—shunt single-pole double-throw (SPDT) switch circuit [6], [7]. In this configuration, the capacitance
MMIC Sthh were integrated into an area of approximately of the FET in the pinched-off state and the parallel in-
0.018 mn. The developed MMIC switches have a high power- ;1o provides high impedance at the resonant frequency.
handling capability with low insertion loss (IL) and high isolation hi fi . h h d f obtaini high

(Iso) at millimeter-wave frequencies. From dc to 60 GHz, the This con '9“fat_'°_” as the a vantage. of obtaining high Iso
single-pole single-throw (SPST) MMIC switch achieved the IL €ven at the millimeter-wave frequencies. However, because
and Iso of better than 1.64 and 20.6 dB, respectively. At 40 GHz, of its resonated circuit structure, the frequency range which
the IL increases by 1 dB at the input power of 21 dBm. A gyarantees high impedance is restricted to a narrow band-

novel large-signal FET model for the switch circuit is presented. width. Since this resonant frequency is sensitive to changes
The simulated power-transfer performance shows the excellent .

agreement with the measured one. The developed MMIC switches IN the capacitance and inductance, it has poor reproducibility.
will contribute to the low-cost and high-performance millimeter- ~ Furthermore, in the case of millimeter-wave MMIC switches,

wave communications and radar systems. the inductor externally connected to the FET is generally
Index Terms—FET's, MMIC switches, modeling, nonlinear formed by using a transmission line. The line needs a large
circuits. space at lower frequencies suchids- and V-bands. At the

higher frequencies such a%- and D-bands, the line length
may be too short to design a practical MMIC switch layout.
The series—shunt configuration is often used for millimeter-
HE development of the millimeter-wave communicationg/ave frequency switch circuits [1]. This configuration has the
and radar systems has increased the need for millimetgfature of the broad-band switching characteristics. It has the
wave switches. In these applications, high-performanegerit that low IL and high Iso may be achieved easily, even
and small-size switches suitable for low-cost monolithicat millimeter-wave frequencies. However, this configuration
microwave integrated-circuit (MMIC) production are stronglyends to increase the chip size (e.g., to 0:8%.27 mn¥)
required. because it includes two or more FET’s [1]. In this way, a large
Recently, several millimeter-wave MMIC switches havehip size more than 1 mifrhas been needed for a millimeter-
been reported [1]-[9]. The shunt FET configuration is ofteRave MMIC switch to achieve high switching performance.
used for millimeter-wave-frequency switch circuits [1]-[5]. In this paper (among these configurations), the series—shunt
This configuration is preferred for chip size reduction becaugenfiguration has been employed for the millimeter-wave
of the use of only one FET. However, the shunt FET iswitch circuit because it may achieve low IL and high Iso
the pinched-off state presents a low impedance becausedsily, even at millimeter-wave frequencies suchias and
acts as a shunt resistor. Therefore, in the design of thepands. To reduce the MMIC chip size, a novel ohmic
single-pole double-throw (SPDT) switch [in order to obtaiglectrode-sharing technology (OEST) has been developed
low insertion loss (IL) and high isolation (Iso)], a quarterf12]. The implemented millimeter-wave MMIC switches
wavelength transmission line is generally used to transfofiiding OEST with extremely reduced chip size and broad-
this low impedance into a high impedance. Due to the us@nd excellent switching performance will be reported. The
of the quarter-wavelength transformer, SPDT switches effesign consideration of a millimeter-wave single-pole single-
throw (SPST) MMIC switch with the series—shunt FET
Manuscript received March 7, 1997; revised August 5, 1998. configuration using the novel OEST will be described first.
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Corporation, Shiga 520, Japan. __third. Finally, the novel large-signal FET model for the switch
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Fig. 1. (a) Simple FET model for switch circuit. (b) Open-channel state. (c) on-state / off-state
Pinched-off state.
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Il. CIRCUIT DESIGN D.IJWVT_I.< >-r|
In this section, the circuit-design concept of the SPST c c c c c R
MMIC switch is described. In the small-signal design of the e w ” »
millimeter-wave MMIC switch, a choice of an active device,
layout technique, and optimal FET gatewidths are essential
for high performance. Moreover, in the large-signal operation, ®) ©

the source grounded drain current, drain breakdown voltage,

gate bias voltage and threshold voltage are also import#fﬁ’t 2. (a) Schematic diagram of SPST switch circuit. (b) Equivalent circuit
! . .. aking account of parasitic capacitance in on- and (c) off-states.

parameters for high power-handling capability of the MMIC

switch, as discussed in detail in Section VI. ) N )
electrodes induce the parasitic capacitancgs and Cpq

) ) between each electrode and the backside grounded metal.

A. Small-Signal Design These parasitic capacitances degrade the IL characteristics. In

1) Choice of Active Deviceln the switch circuit, an FET [12], the novel OEST has been developed and the feasibility
is almost equivalent to a two-port device when an Iso resistof the OEST has been demonstrated. In the OEST, two ohmic
Ry, with sufficiently large resistance is inserted into the gatlectrodes of two FET’'s with the same electric potential
bias circuit, as shown in Fig. 1(a). An equivalent circuit oin the design-circuit share of only one ohmic electrode.
the FET in the open-channel state is a simple resistor, Bg introducing the OEST, the impedance mismatch and
shown in Fig. 1(b). In the pinched-off state, the resistor sansmission loss between series- and shunt-FET’s will not
replaced by a simple capacitor, as shown in Fig. 1(c). Thus,docur. Moreover, the parasitic capacitances will be reduced
the series—shunt configuration, shown in Fig. 2(a), the swittt 3/4 of the conventional layout capacitances, so that high
circuit in the on-state is shown in Fig. 2(b) as a series resisfgerformance can be expected. Also, the small chip size will
R, in conjunction with a shunt capacitof, whereC,,, andC,q  realize low-cost MMIC'’s. Actually, by employing the OEST,
are the parasitic capacitances, which will be mentioned latéie switch component area not including interconnecting
The switch in the off-state is expressed as the combinationlisfes and bonding pads can be reduced to approximately
a series capacitor and a shunt resistor, as shown in Fig. 2B of the conventional switch component area [1].
It is important for achieving the lower IL and higher Iso that 3) Optimal Gatewidths:The small-signal design of the
the resistance and capacitance of the FET’s in the series—sH8IRST and the SPDT switch circuits with the series—shunt
configuration switch circuit are kept as small as possible. configuration has been executed based on the above-mentioned

The heterojunction field-effect transistor (HJFET) witlstudy. The series FET's are controlled with gate bigs,
0.15um gate length for the millimeter-wave applicationsind the shunt FET’s witi/,. In the on-state, the control
provides as small resistance and capacitancefasid 20 fF gate-voltages/,; and Vy, are 0 and-5 V, respectively. In
for the gatewidths of 10@m, respectively [11]. This HIFET the off-state, the above bias condition is exchanged. In this
technology was used for the millimeter-wave MMIC switchegircuit, the Iso resistors of some kilo ohms were inserted into

2) Effect of OEST:The connection line between serieseach gate bias line. Then, by taking account of the parasitic
and shunt-FET's arranged apart from each other woutdpacitances, the equivalent SPST switch circuits in the on-
result in the impedance mismatch and transmission lossaaid off-states are shown in Fig. 2(b) and (c). Thus, the IL
higher frequencies such as millimeter waves. Two-soure@d Iso are expressed as (1) and (2), shown at the bottom of
and two-drain ohmic electrodes separately formed need the following page, wher&k and C' are the resistance in the
excessive large area more than the net area of four electrodpsn-channel state FET and the capacitance in the pinched-off
for forming the switch component. Furthermore, these ohmstate FET, respectively is the angular frequency and, is
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Fig. 3. Contour maps for (a) IL and (b) Iso, with respect to series- and shunt-gatewidths.

the characteristic impedance of the connected ports. Alsp, Port1

andCy,q are the source and drain parasitic capacitances in the Vel ve2

pinched-off state, respectively. For 1081 gatewidth, R is

7 Q andC is 20 fF. Cys andChq are both 10 fF. These design

parameters were determined by extraction from our standard

HJFET for millimeter-wave applications [12]. Forz {>
The gatewidths of the HIFET's used for the series—shunt,,

configuration switch are determined so as to provide the

optimal performance of low IL and high Iso at millimeter-

wave frquencies such ?S_GO GHz by usirlg @) and (2). Fllfg 4. Schematic diagram of SPDT switch circuit.

the gatewidths are multiplied by, the resistance id/k

times of the unit resistanc&, for the unit gatewidth and

the capacitance i& times of the unit capacitanc€,. The f:alcula_ted frequenc;y responses of the IL and Iso are described

optimal gatewidths are determined for providing acceptadfg Section V. They indicate good agreement with the measured

IL and Iso. The contour maps of the IL and Iso with resped@t@ @s explained later.

to gatewidths, calculated from (1) and (2) at 60 GHz, are

shown in Fig. 3(a) and (b), respectively. The specification &. Large-Signal Consideration

the MMIC switch has been set as the IL of less than 1.5 dBAtwateret al.[13] have suggested that the maximum power

and the Iso of more than 20 dB at 60 GHz. In the figure, eagly e switching operation would be expressed by the FET
axis represents normalized gatewidtlof the shunt FET and parameters, such as the saturation drain currehfat 0 V

the series FET, respectively, and the unit gatewidth is/#@0 5,4 the drain breakdown voltage in the pinched-off state.
From Fig. 3(a) and (b), the optimal normalized gatewidths fQiowever, in the large-signal operation, the drain voltage
both series- and shunt-FET's satisfying the above specificatigfings to the negative region. Therefore, it is also important to
are aroundt = 1.0, which are marked by circles. Thus, theake the negative drain voltage region into account. As shown
optimal gatewidths are determined as 108 for both series- |ater, higher saturation drain current Bt, = 0 V, higher
and shunt-FET's. drain breakdown voltage, higher threshold voltage, and lower
The SPDT switch circuit is shown in Fig. 4. This SPDTgate bias voltage are required to realize high power-handling
switch has the previous SPST switches for each branch. Bypability of the MMIC switch. These parameters can be
applying V1 andV,, biases (mentioned above or vice versa)mproved by modifying the FET structure such as the epitaxial
a input signal to Port 1 may be switched to Ports 2 or 3 THayer structure and the gate recess structure. Therefore, in the

4

2 2
{2 + £ — W2 ZyRCps(Cpa + C)} + {w(R + Z0)(Cps + Cpa + C)}
4

2 2
{24+t 1 2 (14 G )} + {wo(Cpo + Cpa+ E500) - L (5 + 4 ) )

IL = 10log (1)

Iso = 10log

(2)
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Fig. 6. Top view of SPDT MMIC switch.
Fig. 5. Top view of SPST MMIC switch. I I
design of the HIFET structure, the epitaxial layer structure -
and the gate recess structure were designed so that the MMIC Gahs |3E18 cm
switch can exhibit high current-handling capability as well as AlGaAs undoped
high breakdown voltages. FerT FETT e
lIl. MMIC L AYOUT DESIGN LoC2As undoped
In the conventional layout design, the FET's of the se- AlGahs 4.0E18 cm
ries—shunt configuration are interconnected by transmission AlGaAs undoped
lines [1]. Consequently, the large switch component area is
needed. In this paper, by employing the OEST, no inter- GaAs undoped
connecting lines are inserted between the series- and the
shunt-FET's because an ohmic electrode is shared by the S.I1.GaAs

source of one FET and drain of the other FET. The top view
of the SPST MMIC switch using the OEST is shown in Fig. Bzig. 7. Cross-sectional view of an HIFET used for MMIC switches.
In Fig. 2(a), the OEST is applied to the part marked by the .
dotted rectangle. The OEST area in Fig. 5 is labeleavhich could successfully reduce the switch component area and the
corresponds to the same label in Fig. 2(a). The ohmic electro'%/”c chip size.

labeled A is shared by the source of the series FET and drain IV. MMIC F ABRICATION

of the shunt FET. The source of the shunt FET is grounded
" . " 'S grou The MMIC's were fabricated using a 0.}6n T-shaped

through the via holes. Two FET’s and via holes for the te HIFET MMIC f limet licati
SPST switch component of the series—shunt configuration & er VIS process for miimeter-wave applications
integrated into a very small area of 0.£00.11 mn?. Total with high reliability [10], [11]. Fig. 7 shows a cross-sectional
chip size including bonding pad areas is 0:62.63 mn? view of the HIFET. A double heterojunction structure was
Using the OEST, the more effective size reduction gmployed to achieve high d_rain current and high breakdown
expected for the application to the SPDT MMIC switch. Fid. goltage.N-type AlGaAs carrier supply layers are placed both
XP pRlical w 9 .labove and below the undoped InGaAs channel layer. The typ-

shows the top view of the SPDT MMIC switch. The OES . . .
arez\al\é are |ab2|l\3”3 WC andD. which corresp\)lgnd to the same'cal FET has the maximum drain current of 600 mA/mm with

labels in Fig. 4. The ohmic electrode label&dis the drain a threshold voltage o2 V, and a reverse gate breakdown
ohmic electrode shared by two series FET'’s attached to e tage of more than 10 Vir and fimax are more than 50 and

branch. The ohmic electrodes labeledand D are shared by _GHZ’ res_pectively. The Isq re_sistors were monolithically
p??gncated using the same epitaxial layers used for FET's,

the source or the drain of the series FET and the drain of tife, ) . .
shunt FET in each branch. The sources of the shunt FET’s if ich were implemented by partially removing the top layer

grounded through the via holes. The four FET's with two vi or the ohmic contacts by a selective wet-etching technique.
holes, which compose the SPDT switch with the series—shunt
configuration, are integrated into a very small lumped area of
0.1 x 0.18 mnf?. Total chip size including bonding pad areas The small-signal scattering characteristics of the developed
is 0.86 x 0.64 mn?. This is about 1/2 of the MMIC chip switches were measured from dc to 62.5 GHz. The frequency
area which has been reported in [1]. In this way, the OES&sponses of the IL, Iso and return loss of the SPST switch are

V. MMIC PERFORMANCE
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Fig. 8. IL, Iso, and return loss of SPST MMIC switch. The control_.

gate—voltage are 0 and5 V for the open-channel and pinched-off statest19- 9- IL, Iso, and return loss of SPDT MMIC switch. The control
respectively. gate-voltage are 0 and5 V for the open-channel and pinched-off states,

respectively.

shown in Fig. 8, together with modeled performance described

in Section Il. These IL and Iso curves show an excellent ol - M'easure:i 40 G'HZ ' )
ON/OFF ratio from dc to 62.5 GHz due to employing the — — - Simulated | CW
series—shunt configuration. ThoV/OFF ratio is more than 20

dB up to 55 GHz. From dc to 60 GHz, the IL is better than 1.64
dB and the Iso is better than 20.6 dB. The return loss is better
than 10 dB through the measured frequencies. The measured
results show an excellent agreement with the calculated results.

The measured and calculated small-signal scattering char- i
acteristics of the SPDT MMIC switch are shown in Fig. 9.
Terminating one output port (Port 3 in Fig. 4) to 8 the IL
and Iso were measured between the remaining ports (Ports 1
and 2 in Fig. 4). At 40 GHz, the measured IL and Iso are 3.5
and 25.5 dB, respectively. The measured curves shows a good
agreement with the calculated curves. Pin (dBm)

The measured power_—handllng . capablllty of the _SP%Q. 10. Power-handling capability of SPST switch at 40 GHz. The control
MMIC switch at 40 GHz is shown in Fig. 10 by solid lines.gate-voltage are 0 and5 V for the open-channel and pinched-off states,
The IL remains almost constant up to 20-dBm input powelespectively.

The ON/OFF ratio is better than 20 dB up to 18-dBm input

power. The IL increases by 1 dB at 21-dBm input power. Tha canacitor and current source, as shown in Fig. 11. The
Input power capability is abogt tW'C,e as large as that of thﬁodel is based on the symbolical defined model in the HP
conventional SPDT MMIC switch using almost the same-siz§ic;owave Design SystemTo study the feasibility of this

Pout (dBm)
=
)

GaAs MESFET's in the series—shunt configuration [1]. o nort model easily, a simple hyperbolic tangent current
model is newly employed. That is, in the open-channel state,
V1. DISCUSSION OFLARGE-SIGNAL MODELING the drain current is described as (3)—(7), shown at the bottom

In this section, the large-signal operation of the switcbf this page. In the pinched-off state, the drain current is
circuit is discussed. A novel large-signal FET model foas shown in (8)—(13), at the bottom of the following page,
the switch circuit is also presented. In the model, the FET
can be equivalently expressed as the parallel combination ofsee HP Microwave Design System, Component Catalog, vol. 4, p. 5-5.

B(=Ruolyo + ¢5 — Vi)  tanh(aVi,),  Vao < —¢p (3)
Inco =S B(Visy — Vao — Vi) tanh(aVa,),  —¢p < Vi <0 (4)
B(Vis,, — V)  tanh(vVy,),  0< Vi (5)
I, = {07 —¢p < Vys (6)
L {exp[rif(Ves, — Vas — ¢8)] — 1}, Vas £ —¢B (7)
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Fig. 11. Two-port large-signal FET model for switch circuit. g 1 B
. Measured
TABLE | ~ .
PARAMETER VALUES FOR LARGE-SIGNAL SIMULATION 1 ~500 F Calculated
- i
s 031V N
20V -
p 002 A/Y2 Fig. 12. Current-voltage characteristics of FET switch.
y 15V
x 001V
K, 10V! pinched-off state, the voltage will be limited at the drain
Ve -15V voltage corresponding to the threshold voltage of the negative
_% biased drairV,,,, — Vi or the drain breakdown voltagés. In
IZZ—O—TA— Fhe case oVys, = =5V, Vg, — Vr limits the voltage swing
V. 713V in the pinched-off state. For the open-channel state, the current
Veso 0V will be limited at the knee voltag®,.. = 1/ corresponding
Vese S0V to the saturation drain current &, =0V, Iy, = SVE.

On the other hand, the capacitance parallel combined to

the current sourc€’ consists of the series combination of the
where 3 is the transconductance parameigs, is the build- gate—source capacitancg, and the gate—drain capacitance
in potential, Vy is the threshold voltage/;. is the gate Cgq. Cy and Cyq change with both the gate-source and the
forward current parameter anfi,, is the drain breakdown drain—source voltagelg,, andVy,. For both open-channel and
current parametet], is the forward-biased gate current anginched-off states, the electrical cross-sectional configuration
I,, is the reverse-gate breakdown currért, , andVy, , are of the cold FET with zero drain bias is symmetrical with
the gate—source voltages for the open-channel and pinchedreffpect to the gate electrode. Besides, when the drain voltage
states, respectively, arids is the drain breakdown voltage inincreases under some constant gate voltage, the electrical
the pinched-off statex, v, v, andx,. are the voltage scaling cross-sectional configuration is asymmetrical with respect to
factors. In the practical operation of the series FET in Fig. 2(dhe gate electrode. That i€,q decreases with &, increase.
the gate—source voltage varies with respect to the time. In tfiserefore C decreases monotonically with respecti{a. As
model, for simple analysisV,, and Vg, are assumed to a result, the source—drain capacitance of the FET indicates
be equal to the control gate—voltages for the open-channel dhd maximum value when the FET is cold for both the
pinched-off states, respectively. The parameter values useddpen-channel and pinched-off states. The variation of the
simulation are given in Table I. In Fig. 10, the broken lines aapacitance with respect to the input voltage swing do not
harmonic-balance simulation results using the novel two-paause the degradation of both the IL and Iso of the FET switch.
current—voltage model represented by (3)—(13). The measuhedther words, the large-signal operation of the FET switch
and simulated curves are in good agreement for both tban be evaluated with only the previous current model. In the
on- and off-states. On this current model, the current—voltageported switch [1], the degradation of the IL and Iso were
characteristics for both the open-channel and pinched-off statasised by current limiting in the series FET and shunt FET,
are shown in Fig. 12. The input voltage/current swing willespectively. From the presented model, it is found that the
be limited at the points marked by circles. That is, for theoltage swing is clipped at the series FET for both on- and

B(_RISOIQP + ¢B —QVT)Qtanh(OéVds), Vis < VgSP — ¢n ()
Lis, = § PVesp = Vas = Vi) tanh(aVa), Ve, = ¢ < Vi S Vi = Vi ©)
0, Ve, - Vo <Va.<Vp o
ISD{eXp[’ir(Vds — VB)] — ]_\‘L7 VB < Vds (11)

I _ 07 ‘/gsp - d)B S Vds (12)
7 Lea{ewlrs Ve, —Vas—¢n)] =1}, Vas S Vi, — ¢ (13)
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