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On-State Distortion in High Electron Mobility
Transistor Microwave and RF
Switch Control Circuits
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Abstract—The origin of the distortion generating mechanismin R¢ Drain—source series resistance (ohms).
microwave and RF control circuits using high electron-mobility 4 . Saturation velocity (meters/second).

transistors (HEMT’s) is presented in this paper. A model is .
presented for predicting the distortion in series-connected HEMT Vs, Vgs EEM$ gg ZE g;?:an—ssoouurgceev\g)l:;aggee (S/\é)oltltssi).

switches. The theoretical discussion shows that turn-off voltages in Vaso, Vgs

the range of 1.0-1.5 V provide the lowest distortion in series switch Vot HEMT turn-off voltage (volts).
configurations. A comparison of the HEMT switch with MESFET W HEMT gatewidth (meters).
switches shows that the HEMT switch generates more distortion 7, Characteristic impedance of system (ohms).

than its MESFET counterpart. In addition, the frequency response

of HEMT switches is the opposite of the MESFET switch, with

less distortion at low frequencies. The model is validated with

experimental data taken on a AlGaAs/GaAs HEMT in the series . INTRODUCTION

switch configuration. . . . .
HE use of high electron-mobility transistors (HEMT'Ss) is

Index Terms—Microwave devices, microwave switches, nonlin- increasing in many microwave circuits and systems be-

earities. cause of their high-frequency and high-speed response. These
applications span the range from photonic and satellite commu-
NOMENCLATURE nication systems to high-performance analog and digital inte-
a, Current—voltage expansion coefficients. grated circuits [1_]—[11]. In microwave applications su_ch as in-_
Ei/ Dielectric permittivity of AlGaX layer tegrated 'Franscel_versystems, HEMT'’s are_often used |ntr_ansm|t
(farad/meter). and receive sections where each subsection shares a smgle an-
HLF Low-field two-dimensional electron gas (2DEG)t(.enna [4]_.[6]’ [9]. In thesg syst.ems, HEMT'.S can be used in se-
mobility (meterg/volt second). ries or s_erles—shunt conflguratlons as the signal control element
o Mobility expansion coefficients (mete¥solt” connecting the tra_msmltter and receiver su_bsystems to the an-
’ _second). tenn_a. In these microwave cor_1tro| applications, a_dc _voltage_ is
- Ve — va relationship. applied to th_e gates of the devices to e_ffect the_ swnchmg action
Ad Z%EG layer thickness (meters). a}nd allow microwave energy to flow Wlth. relatively Iovy inser-
Cp, Co Drain, source capacitance (farad). tion loss through the 2DEG channel region. A complimentary

gate voltage switches the device in the off state, creating high

C C Drain—gate, gate—source capacitance (farad). : . :
‘DG’ s gate, 9 P ( ) isolation between the switch ports.

d; AlGaX layer thickness (meters). . e .

E 2DEG electric field (volts/meter). . The.re are many linear §peC|f|cat|ons that must be conadgred

Ips High electron-mobility transistor (HEMT) in d(_33|gn|ng an HE_MT microwave contro_l element, such as in-
drain—source current (amperes). sertion loss, |soIat|on, and powgr.handllng. A qumber of pa-

Insas HEMT Iy saturation current (amperes). pers have been published de_:scr_lblng the operation of HEMT’s

IP2, IP3  Second-and third-order distortion intercept poin'f1 these and other such applications [4]-{6], [9]' To date, how-
(dBm). ever, there has r_10t been a tr(_aatment_of the device parameters that

I HEMT gate length (meters). cpntr_ol the.nonlmt_aar dlstortlo_n in microwave HEMT’S cont_rol

I 2DEG electron carrier density (coulomkgyn grcuns. This nonllngar behavior pf the HEMT while operathg

7 Electronic charge (coulomb). in a control mode will cause the introduction of unwanted sig-

nals into the circuit, creating harmonic or intermodulation prod-
ucts that can adversely affect system performance. The under-
standing of the underlying physical mechanism in HEMT's is
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Reg, Rge  Gate, leakage resistance (ohms).

Office of Naval Research under Contact NO00149810895, and by the NatloFa . b dicted and lled
Science Foundation under Grant CCR-9805718. ortion may be predicted and controlled.

R. H. Caverly is with the Department of Electrical and Computer Engineering, This paper presents the theoretical background describing the
Villanova University, Villanova, PA 19085 USA (e-mail: r.caverly@ieee.org). mechanism governing the nonlinearity in HEMT's switches.

K. J. Heissler is with Lockheed Martin Government Electronics Syste .
Moorestown. NJ 08057 USA. Y m?’he general theoretical treatment allows the results to be used
Publisher Item Identifier S 0018-9480(00)00221-0. with a variety of HEMT technologies such as AlIGaAs/GaAs and

0018-9480/00$10.00 © 2000 IEEE



CAVERLY AND HEISSLER: ON-STATE DISTORTION IN HEMT MICROWAVE AND RF SWITCH CONTROL CIRCUITS 99

AlGaN/GaN. From the theoretical discussion, a method to pre

dict the distortion products as a function of HEMT electrical Rs e

parameters are presented. The current—voltage characteristi v W J_

of the HEMT operating in the linear region are derived using Cag Rgy ~|—ng

a simple charge density and field-dependent mobility model Vs@ Cd - ] s RI

From these characteristics, load referenced distortion intercey
points are computed for both AlGaAs/GaAs and AlGaN/GaN
HEMT control devices. The model is then verified against ex-
perimental data from a HEMT-based series switch.

&
T
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Fig. 1. AC equivalent-circuit representation for the HEMT-based microwave

Il. THEORETICAL DISCUSSION and RF switch, showing the gate leakage and gate bias equivalent impedances.

A. Background

S G D
The nonlinear drain—source current—voltage characteristic of = il =
the HEMT will govern its production of unwanted distortion AGaX los
products. A generalps—Vps relationship for the HEMT that 5
includes its nonlinear characteristics can be written as - -
GaX \m
o>
Ins = Vs 1)
=t Subetrate

where theq,, contain terms dependent on the HEMT's elec-

tronic and microwave circuit parameters such as the gate bfégs 2. Idealized structure of the a HEMT based on an AlGax/Gax
circ_uitry, gate—dra_lin, and gate—source leakage, and the de\{rh?rt rgiﬂﬂﬁffggg?gﬁﬁﬂé arsenic or nitrogen). The AlGaX layet.is
drain—source resistancB-. A frequently used measure of

distortion, the distortion intercept pomt, is derived for t_hg Miz  HEMT I_V Characteristics
crowave control element based on thig;—Vhs characteristic.

In general applications, the second- and third-order distortionThe fabrication of these high-frequency and high-speed
intercept points [P2 and IP3, respectively) are of most Systems is achieved by creating a heterostructure between
interest to microwave design engineers and will be discuss@@terials with different energy bandgaps, typically the Al-
here, although higher levels of intercept point may be readifgaAs/GaAs system or, more recently, the AIGaN/GaN system,
computed. General expressions for load-referented and Which creates an interface 2DEG at the metallurgical junction
IP3 can be written for the series reflective HEMT-based switcffrig. 2). The electrons in this 2DEG are of very high mobility,

in terms of the expansion parameters in (1) [12]. The seri@gd when coupled with the high 2DEG carrier density, a very
reflective switch has been chosen for this discussion sinédn, but highly conductive, layer is created. The carrier density
previous studies have shown that in single-pole double-thrdthis layer can be modulated by the application of a control
(SPDT) switch topologies, the series on-state element is t¥ftage on the device gate.

primary distortion generating mechanism [12], [13]. With this The I-V" characteristics of the HEMT are strongly influ-

in mind, the intercept points for a series-connected configur@aced by the field-dependent mobility in the 2DEG. High
tion can be written using théps—Vpg expansion parameters@'GCtl’iC fields will occur in the Conducting channel Iayer during

oy, as [12] control of high-power signals because of narrow gate lengths,
. with a corresponding reduction in the channel mobility with
Z . - . . .
IP2 — 00;1 (1+ 201 Z0)? increasing voltage (_:irop across the dre_un -source. A simple
2055 model for the velocity—electric-field profile is assumed, and
Zoad the expression for the mobility is derived from the derivative of
1P3 = 203 (1 + 201 Zp). @) this profile [14]. Fig. 3 shows the model velocity—electric-field

_ _ _ _ profile for the AlGaAs/GaAs heterostructure system. Typical
The first-order expansion parametef is the inverse of the yajues for the low field mobility and velocity saturation value
channel series resistané&-. Similar intercept point relation- i, AlGaAs/GaAs and AlGaN/GaN systems are presented in
ships can be derived for more complex switch circuit topoloraple |I. In the 2DEG, a simple approximation for the electric

gies. The equivalent circuit for the HEMT operating in a corfield is V//L [10]; this approximation yields a mobility versus
trol mode is shown in Fig. 1. The gate bias resigteris usedto channel voltage relation of the form

ensure that the gate is ac isolated from ground and the RF path

at all frequencies because of the capacitive coupling between _du(E) WLF B S v 3
the gate—drain and gate—source. The resistakge represents wV) = dE wrrV 2 z_: pV"(3)
the gate leakage component. This leakage path is modeled in {1 7. - } =0

SPICE as a capacitor-diode parallel circuit; a leakage resistance
replaces the reverse bias diode in this representation to simplifyThe -V characteristic for the HEMT is derived in a similar
the analysis. fashion as the MOSFET [16]; however, the carrier density in the
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Fig. 3. Plot of the velocity—electric-field model (3) for the AlGaAsFig. 4. Second-order distortion intercept point for the series-connected
heterostructure. Values of mobility and., are taken from Table | for this AlGaAs/GaAs HEMT microwave switch plotted versus HEMT turn-off voltage
illustration. Vorr with the saturated drain currefits.; as a parameter.

TABLE | relationship betweengs andvps can be written from the ac

TABLE OF Low FIELD MOBILITY AND ; FAp— ; ;
SATURATION VELOCITY FOR THE2DEG IN GaAs [15]AND GaN [11] equivalent-circuit representation of Fig. 1 as

HETEROSTRUCTURESYSTEMS

ZsZy
_ ZG
System AlGaAs/GaAs [15] AlGaN/GaN [11] _ vGs _ Rc 6
K _UDS_Z1+Z5+2ZG ©6)
e (m*/V-sec) 0.68 0.06
Vear (m/sec) 2x10° ‘ 25x10° whereZs = 1/jwCs, and Z; is the parallel combination of

Rge andCgs or Cap. The capacitance€’s andCp are as-
sumed equal in this result.

From (5) and (6), the ac component of the drain—source cur-
2DEG above threshold is a function of the capacitance per Updht relationship can be written strictly as a function of the ac

area of the gate—2DEG structure and the gate—source voltgggin—source voltage and the devices operating characteristics
[16]

_ € Voo _ 10 @ ing = 2.[])2$at oo .
napEG = T Rgy (Ves — Vo). Voa = mor
By assuming a linear variation of voltage in the channel (similar wptt [VGSO Yon = 7wps _ vps (7)
to MOS square law theory [16]) and the mobility relation in (3), n+l nt2
the nonlinear drain—source current can be written as where Ips,; is the drain—source currenbs at saturation for
W e <, Vaso equals zero. quation (7)_ pr(_)vides thg means for deriving
Ips = — —— jurp Z L the expansion coefficients,,, yielding the distortion parame-
L di+Ad neo M ters of the HEMT. Of interest to microwave and RF design en-
yot Vas — Vog  Vbs gineers are the second- and third-order distortion components,
"'Ds { n+1  n+2 (3)  which can be found for the HEMT from the first three expansion

coefficients of (7). Expanding (7) in powers®fs and grouping
whereprr = po. Assuming low field conditionsi®{ = 0 terms, the first three expansion coefficients may be written as
term only), the drain current can be shown to saturate at cur-

rent Ins.:, Which occurs at an approximate value Gfs of a = 2Ipsat
(Vaso — Vog). The gate—source voltage in (4) and (5) is com- Vour
posed of two terms: a dc control componéhtsg) and an ac _ 1
componenfug,) caused by gate leakage, as seen in the ac equiv- R
alent circuit (Fig. 1). o — 2IDsat <0 s 05 +’Y>
The gate bias and leakage circuits cause the gate vdkage T Vor CpLE Vonr
to be frequency deperjdent and, hence, the ac operating point ~ 2Ipsa; <1 Lo pr 0.5y + (1/3)> ®
of the HEMT to vary with frequency as well. The effects of the B VA N Vor

gate bias circuitry manifest themselves through the B&teme

constant, which is composed of a gate bias resBtgrthe gate wherep,,(n = 1, 2) is the mobility expansion coefficient from
leakage resistancBqq, and the two gate capacito€szs or  (3).

Cap. At low frequencies, the gate impedances are very high, The combination of (2) and (8) provides a means to compute
causing the gate to effectively float. At high frequencies, howthe second- and third-order distortion intercept points for the
ever, the gate—source voltage follows the drain—source voltddEMT switch. Using these equations, Figs. 4 and 5 were pro-
due to coupling througl@cs or Cap, with the gate being ref- duced, showind P2 andi P3 for an AlGaAs/GaAs HEMT se-
erenced above ground through the gate bias resistancé&he ries-connected switch as a function of the turn-off volt&geg
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Fig. 5. Third-order distortion intercept point for the series-connectefig. 7. Second- and third-order distortion intercept point for HEMT as a
AlGaAs/GaAs HEMT microwave switch plotted versus HEMT turn-off voltagdunction of frequency. The devices parameters for this simulation are given in
Vorr with the saturated drain currefit,; as a parameter. the text.
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Fig. 6. Second-order distortion intercept point for the series-connectEi. 8. Comparison of the second-order distortion intercept pdit for the
AlGaN/GaN HEMT microwave switch plotted versus turn-off voltatg, ~HEMT and GaAs MESFET series-connected switch in the on state.
with the saturated drain currefits.; as a parameter.
of 5 K. The results indicate that the distortion intercept point

at 1000 MHz and a zero gate voltage. The drain saturation cig-higher at low frequencies (less distortion) and changes to
rentlps,: is used as a parameter for this illustration. The resulsssomewhat lower value near the gate bias circuit cutoff fre-
indicate that HEMT turn-off voltages in the range of 1.0-1.5 \duency, approximately/2r R (Cpg + Cas). This frequency
provide the highest levels of the distortion intercept point (independence is opposite to that of GaAs MESFET switch dis-
plying the lowest distortion) for a given drain current saturatiotortion, where lower intercept points occur at low frequencies
parameter. The peak in the intercept point is caused by ph§Ek2], [13]. This phenomenon can be explained in the following
cancellation between the nonlinearity in the 2DEG mobility angay. In the HEMT, the gate—drain and gate—source circuit cou-
the gate bias circuitry’s dependence Wpgz. The figures also ples ac voltage to the gate, causing the 2DEG sheet density (4)
show improvements in distortion intercept point at any turn-ofb vary with the applied ac signal. This effect is in contrast to
voltage with increasindps,., which is due to the improved in- bulk channel switches, such as GaAs, where the Schottky de-
sertion loss (lower channel resistance) in these devices. Frplation layer varies with the ac signal and the channel carrier
(2) and (8), the level of distortion in HEMT switches can béensity remains constant. At low frequencies, the 2DEG sheet
reduced by decreasing the serigg [increasinga;; see (2)] carrier density is somewhat higher than at high frequencies with
of the HEMT. Ips,; and R may be improved by increasinga corresponding slight decrease in nonlinearity, giving rise to the
the gatewidthi?” or decreasing the gate length Smaller gate decrease in intercept point with increasing frequency.
lengths improve the frequency response, but increadingill Fig. 8 illustrates a comparison of a second-order distortion
increase device capacitance and, hence, degrade the frequérteycept point for both an AlGaAs HEMT and GaAs MESFET
response. A small positive gate voltag€;so) may also be series reflective switch showing the difference in frequency
used to improveRR- or Iy.,.. AS a comparison/ P2 for the response between the two switch types. The parameters for
AlGaN/GaN HEMT switch is shown in Fig. 6. Note this sim-each device were selected to provide identical insertion loss
ilar peak in intercept point in the 1.0-1.5-V range. The overaihd with Vg identical to the channel pinchoff voltage for
intercept point in the AlIGaN/GaN technology is higher than ithe MESFET. Also note that the distortion intercept point
AlGaAs/GaAs counterpart due to the higher saturation velocitgr the GaAs MESFET switch is somewhat higher than its
in this device. AlGaAs counterpart, with the difference becoming substantial

The HEMT exhibits a slight frequency dependence in its diggreater than 10 dB) at frequencies above their respective gate
tortion intercept point. Fig. 7 shows the resultd#f2 and/P3  bias circuit cutoff frequencies. The third-order intercept point
simulations for an 0.2%m gate AlGaAs HEMT with a satu- comparison shows similar characteristics.
rated drain current of 250 mA, a turn-off voltage 2.0 V, The preceding discussion has focused on use of the HEMT
values ofCgs and Cgp of 0.5 pF, and a gate bias resistancan a series reflective switch configuration. In multithrow



102 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 1, JANUARY 2000

4 \ntercept Point (dBm) and turn-off voltage for this prediction. The model indicates

I that turn-off voltages in the range of 1.0-1.5 V provide the
s T+ P2 lowest distortion in series switch configurations using HEMT
20 b ! ‘ devices. The intercept point can be increased by decreasing the
18 b channel resistance of the HEMT. This may be accomplished
S S S 2 IP3 by designing HEMT switch devices with smaller resistances
(which will also yield lower switch insertion loss) or by
applying a positive gate bias voltage in as-fabricated devices.
- oo A comparison of the HEMT switch with MESFET switches
Frequency (MHz) shows that the HEMT switch generates more distortion than its
MESFET counterpart. In addition, the frequency response of
Fig.9. Comparison of second- and third-order distortion intercept point modg§lIEMT switches is the opposite of the MESFET switch, with
and measurement. The model data is denoted by a solid line and the data p?ints di - | f - Th del i lid ,d ith
are denoted by plus (+) signs. ess distortion at low frequencies. The model is validated wit
experimental data taken on a GaAs HEMT in the series switch

. ) configuration
microwave switches (such as the common four-element SPDT

switch), an on-state shunt HEMT is often employed for addi-
tional protection across the receiver terminals. In these cases, ACKNOWLEDGMENT
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