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ABSTRACT

The temperature of microwave FETS is found to vary signitiyaat extremely high frequencies even though the fun-
damental thermal time constant is only a few kHz. This aff¢kird-order intermodulation through a process involving
temperature rise due to power dissipation at the fundarhentbsecond harmonic frequencies of signal, which is mixed
with the fundamental and second-order products of the d®vigherent nonlinearity. The process is strongly infleshc
by the spacing between the frequencies of signal companehtsh is exploited in a proposed method for characteriz-
ing the frequency dependence of self-heating. The impacironit performance is that distortion and intermodulafio
which vary with bias and load conditions, additionally varith self-heating. This additional dependence is overémbk
in present circuit models and analysis techniques.

INTRODUCTION

The variation of microwave FET characteristics with opiagtondition (bias, temperature and frequency) is sigaific
because it is invoked by the complex signals used in commatioit systems. Self-heating [1] and charge-trapping
related to impact ionization and leakage currents are krtoweontribute to the variation of FET characteristics [24cB
contribution has an effect that varies with operating ctods and frequency.

The consideration of heating and trapping is usually in teainthe so-called dispersion of device characteristicds Th
recognizes a difference between dc characteristics, osgetérmine bias, and the high frequency characteristies] to
simulate circuit operation. Device models usually switcnf dc to high frequency over a single time-constant [3].sThi
is accepted on the assumption that low frequency dispeedfents are insignificant at operating frequencies.

The effect of processes having frequencies far below theatipg frequencies, such as baseband impedances, are begin
ning to be recognized [4], [5]. These processes affect liraad and multi-tone systems because they are stimulated by
the relatively slow-changing envelope of the signals. Aamagle is the affect on intermodulation of the impedance ef th
bias network at the frequency equal to the tone spacing. afffeésts the level and symmetry of intermodulation products
of a two-tone signal [5].

It has been suggested that thermal transient behaviourtigé atevices is also a low-frequency process that influences
high-frequency intermodulation [6]. This paper builds npbis suggestion to characterize the self-heating within a
transistor and demonstrate its impact on intermodulatibine heating process in a transistor is examined in terms of
the frequency response of temperature rise to power digsipand the mechanism through which it interacts with the
inherent nonlinearity of the transistor. A technique foadctterizing the heating process is proposed and the iciuzm
intermodulation versus tone spacing and bias is invesgtibat

SELF-HEATING PROCESS

Self heating in transistors is caused by the power dissigatthem. In many microwave FET models, this is accounted
for by a reduction in current that is proportional to powessilbation [3]. Model implementation is in various forms in
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Fig. 1. Schematic block diagram of the self heating process.

various models but all essentially describe drain currgntyy:
Ig = Iz, x (1 — AAT) (1)

wherely, is the isothermal current (A)\ is the thermal coefficient (1/K), anfAT" is the temperature rise of the device
(K) [1]. This model is reasonable for a device operating withocity saturated drain current, which is the common
situation in microwave applications. If the drain currestisation is due to low-field mobility, then an inverse temngpere
dependency may be more appropriate.

In models that attempt to predict thermal dispersion, theperature rise is proportional to the average power dissipa
calculated over a single time-constant. This gives temperaise a first-order frequency response to instantanasmusr
dissipation. The result is dc characteristics with currediuction due to self heating and very little thermal resgoto
high frequencies. The predicted transient response idieds@rder, which follows a exponential behavior over thmedi
constant used for calculating the average power.

However, the measured transient, or pulsed, behaviour @6F& step changes in power does not follow a single time
constant response. In order to gain some insight into tHeraesient response of temperature to power dissipatian, t
frequency response of the thermal path can be examined.

It is proposed that the temperature rise be considered asta-pe-determined function of frequeney, so that (1)
becomes:
Id = Ido X (1 — )\AT(W)) (2)

This is then implemented in a small-signal model shown irsirstem diagram in Fig. 1. In this system, the outpytor
drain potential of a FET, is the voltage across a load. The i®a drain current to voltage converter, in the context isf th
system. The drain current is a nonlinear function of the inpand the output signai;, which is multiplied by a response
to self heating. The nonlinear function is the inherent imaarity of the FET transconductance and drain conductance

The self-heating process involves a transfer function,mplément the frequency dependence in (2), and the power
dissipated by the transistor, which for the common-souocdiguration (Fig. 3) is:

P = (VD + Ud)(ID + id) = (VD - idRL)(ID + id) = —id2RL + id(VD - RLID) + Vplp (3)

whereVp andip are the bias potential and current of the transistos I; — Ip is the signal current, anfl;, is the load
presented to the drain. The two preprocessing blocks inélfeh®ating section of Fig. 1 implement the first and second
terms of (3).

The interaction of the self-heating process section of Figith the inherent nonlinearity section significantly affethe
overall nonlinearity of the device. Before exploring thise frequency response of the temperature rise is examined.
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Fig. 2. Simulated frequency response of temperature risevtepdissipation. A first-order response is also shown for cmispn.
FREQUENCY RESPONSE OF SELF HEATING

To understand the nature of the self-heating transfer fomct physical model of the heating process was used. The
temperature at a point in a device can be determined by theéheate equation, which is:

1.dT

p
Vir+ 2 = —
+/€ o dt

4)
wherex is the thermal conductivity [46 W/mK for GaAs},is power input per unit volume [W/#), anda is the thermal
diffusivity [4.4x10~° m?/s for GaAs] [7]. Nonlinearity of thermal conductivity andfdsivity are not considered here.

For this investigation, the thermal-rate equation wasexbly a finite-difference technique, which divides the geoyne
of the device into three-dimensional cells with voluhe Ay Az. The circuit simulator SPICE was used to calculate
the solution, with an electrical analogy of: resistancetf@rmal resistivity of each cellrf = Az/(kAyAz), etc),
capacitance for heat capacity of each cAll(Ay Azx/«)), voltage for temperature, and current into each cell favgro
into that cell Az Ay Azp); as in [8]. The use of SPICE affords rapid calculation of fieguency response of a large
array of cells with the AC analysis.

Fig. 2 shows the frequency response of a structure repiegenEET in the middle of a 1mm square GaAs wafer that is
100um thick. Power of 50 mW is assumed to be delivered toabby 2008 region that is 258, deep, which represents

a region under the drain end of a FET. The system was dividedtih 000 cells distributed in a logarithmic fashion, with
300 cells covering the under-drain region. The undersidi@fwafer is connected to an infinite heat sink at ambient
temperature (a voltage source in the electrical analogy).

The simulation does not include the effects of metal cortdwtat flow to air, or the precise details of device geometry.
It does, however, provide insight into the nature of the ingabf a confined source of power sitting on a large wafer
structure. Several similar structures were examined aed/gbints noted:

« Thereis alow-frequency roll-off at around 1 to 10 kHz. Thisuency is set by the macro dimensions of the thermal
path — that is, by the heat capacity and thermal resistiviith@® bulk device.

o There is a faster roll-off at very high frequencies. The frexocy of this is set by the dimensions of the under-drain
power dissipation region, and is likely to be more than 1 t&HY for typical devices.



« The thermal response is significant over many decades afidrery between the low-frequency and final roll-off
points. The response in this middle region is much less tl@aB2Zlecade expected of a first-order system. This
means that temperature response at 1 GHz maybe only 30 dB thelbat 1 kHz, rather tharn100 dB predicted by
a first-order thermal model.

« Changing the structure to a one-dimensional thermal path the FET to the underside of the wafer increases the
middle region roll-off to 10dB/decade. It is expected thag¢a device will have a roll-off at a lesser slope.

« The phase response is —4for each db/decade of roll-off slope. That is 290 the 20dB/decade region, or less in
proportion in regions of slower roll-off.

The salient features of the thermal response can be captutiee following expression for thermal impedance, which is
a transfer function with an orderthat is less than unity:

Rtho
(14 jw/wo)™ (1 + jw/we) =)
where, R;;,, is the steady-state thermal impedancgijs the upper roll-off frequencyy, is the lower roll-off frequency,

andn is the order of the response in the intervening frequendibe.termn gives a roll-off of20 x n dB/decade and a
corresponding phase shift o8- x n degrees.

Rth(W)

®)

In the frequency domain, temperature rise is the produdiettiermal impedance and the low-signal power dissipation.
The latter is transformed to the frequency domain to give:

AT(w) = Ryp(w) x F(P). 6)
INTERMODULATION

The overall nonlinearity of a transistor that is affectedthg self-heating process can be assessed by examining its
distortion characteristics. To do this, a simple model efittherent nonlinearity, which produceg, is incorporated in

the system shown in Fig. 1. A suitable description is theofelhg two-dimensional Taylor Series that is truncated tadth
order and that ignores mixing terms:
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whereg,,, g,,,, andg,, are the transconductance and its derivatives with respegt tndG,, G/;, andG’; are the drain
conductance and its derivatives with respeattpand/po = Ip/(1 — AR:oIpVp) is the isothermal bias current.

Ido = IDO + ImUg +

The system in Fig. 1 was implemented in a harmonic balancaitisimulator with equations (2), (3), (5), (6) and (7).
Various scenarios with a two-tone input and constant loggeitance were investigated to determine the dependence
of harmonic and intermodulation distortion products onetdrequency and tone frequency spacing. The third-order
intermodulation products provided the simplest behadbpattern, so was further investigated.

An algebraic expression for the third-order intermodolatproduct can be determined by Volterra analysis of theegyst
[9]. Assuming that the input is two tones with amplitudeand frequencies, andw;, and that the loa®, is independent
of frequency, then the low-signal drain current at freqyehg, — wy, is:
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The derivation of (8) starts with the assumption that thepougt the fundamental frequencies is a function of linear
terms only and is not affected by the thermal process. Thasvalelimination ofv, to produce an explicit expression
for iq in terms ofv,, which is evaluated in the frequency domain using the Vidtéechnique. Thus (8) ignores high-
order contributions and subtle feedback effects. Howetveiges identify the following three primary contributiotts
third-order intermodulation:
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Fig. 3. Set up for measuring third-order intermodulation. Tight-most 5@ resistor is the spectrum analyser. The two-tone sourceniergeed by
two signal sources and a resistive combiner.

« The first term in (8) is generated by the inherent third-omtanlinearity of (7). This is bias dependent and, in all
FETSs, is zero at a point near pinch-off.

o The second term in (8) is generated by the mixing action ofiadtiplier block in Fig. 1, which is thex operator
in (8). The signals being mixed are the linear terms of thegyodissipation (3) that feed back via the thermal
resistance, and the products of the second-order nonlinedr(7). The linear term in (3) is dominated by the
fundamental frequencies, so the thermal resistance iscidumrof these frequencies.

« The third termin (8) is also generated by the mixing actiothefmultiplier block in Fig. 1. The signals being mixed
are the second-order terms of the power dissipation (3) fethe thermal resistance, and the first-order product of
(7). The second-order terms in (3) are dominated by a secamddmic and the difference frequency, so the thermal
resistance is a function of these. (Note that the seconddrdcnat2w, appears in théw, — w, product.)

It is possible to control the three contributions to thimdier intermodulation by choice of tone frequencies and. bfas
bias exists in FETs such that the inherent nonlinearityiis,aghich eliminates the first contributor. Then the conitibn
involving Ry, (w, — wp) can be made dominant by using high frequency tones. This leeaan extraction procedure for
Ry (w) from a plot ofig(2w, — wy) versus g, — wy). It is also possible to eliminate the second contributosétting
Vp = Ip Ry, though this may be more difficult in practice.

MEASUREMENT

The two-tone measurement set up in Fig. 3 was used to ine¢stie extraction oR;,(w). The drain bias is delivered
via an RLC network that presents 5Dto the drain at all frequencies. This is the case whéh/C = 50. The bias

network limits the view of the spectrum analyser to freqieni@above 10 MHz and imposes albad line on the dc
characteristics.

A constant impedance load must be presented to the drairedfdhsistor, so that baseband impedance variations do
not contribute to the intermodulation [5]. In particulanyavariation inR;, at the difference frequendy, — w;) will

be visible in a plot ofi;(2w, — wy,) versus difference frequency. With the bias network in thesoeement set up, this
baseband impedance contribution will be independent &rdifice frequency. However, the thermal process shodild sti
contribute to variation in intermodulation.

A high-power MESFET (with 800mA saturated drain current aBBV pinch-off potential) was investigated with the set
up in Fig. 3. The third-order intermodulation is shown in.Fg These results are for a region near pinch-off (§%s)
where the inherent third-order nonlinearity is expecteldaero. The higher tone was at 200 MHz which ensured that
the third-order products were visible to the spectrum aelyThis frequency is also significantly lower than fhef the
device.

All contributors to (8) are present in the results of Fig.olatgreater or lesser extent depending on the gate bias. ldgwev
for a fixed bias and fixed,,, only the terms involvingR;, (wp) and Ry, (w, — wp) contribute to variation with difference
frequency (c.f. (8)). The upper curves in Fig. 4 exhibit tkpected behaviour R, (w, —w;,) added to the other constant
contributors. When the constant contributors are at a minipthe thermal transfer function is fully visible. Fitting)(

to this gives an estimated thermal response of —7.6dB/@ewét a knee frequency of 1.6 kHz.
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Fig. 4. Measured third-order intermodulation versus differe frequency using the set-up in Fig. 3. The device is a ppM&SFET with 800mA
I pso and —3.3V pinch off potential. The higher tone was at 200 Mhid ¥, = 3 V. The dashed line represents a —7.6dB/decade estimatedaher
response with a knee frequency of 1.6 kHz.

The lower curve in Fig. 4 exhibits a contribution froRy, (w;). Note thatw, is reducing as the difference frequency is
increasing, s®;, (wyp) also increases. This is more significant in the results fghéii gate bias (not shown here).

SIMULATION

To support the interpretation of the measured data abowmpsslarge-signal model was used to simulate similar tesul
The system in Fig. 1 was simulated with the following expi@s$or I;, and equations (2), (3), (5), and (6):

2
I =B (J In |:6(VG+’U9+’Y(VD+'U¢1)*VTO)/O' + 1}) (9)

whereVro is the pinch-off potentialg is potential difference for transition to sub-thresholddepandy is the drain-
feedback factor [3]. This expression was used to providengertient and realistic nonlinearity that varies with bias.

The results of a representative simulation are shown inFzigThe parameters used wese= 0.10 A/V2, v = 0.01,
ARiho = 0.2W™1, n =0.38, w, = 27 x 1600 rad/s,c = 0.2V, Vp = 3V, Vo = —3.575 V. The simulation shows that
the gate bias with minimum intermodulation at high diffezerfrequency follows th&;;, function very closely.

Thus a procedure for extractid®y, is straight forward. A constant impedance load is requitedtfe drain. A suitable
gate bias is found by searching for minimum intermodulatidth a large tone spacing. Then a measurement of intermod-
ulation versus tone spacing gives the frequency dependengg, (w), which is offset on a decibel scale. The value of
AR:ho Ccan be extracted from dc and pulsed data once the frequepeydence (and hence transient response) is known.

DISCUSSION

The impact of the thermal process at other biases was exidhgreimulation. Fig. 6 shows the third-order intermodwati
for the same parameters used previously excepf favhich was reduced t0.01 A/VZ2, andVp, which was increased to
8 V. These reduce change¥p on the 50 load line to avoid the saturation knee.

The local minimum in intermodulation near pinch-off is Wid on the right-hand edge of the surface in Fig. 6, which is
the region discussed in the previous section.

At higher gate bias, there is significant dependence on émepspacing, which is caused by the self-heating process.
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Fig. 6. Simulated third-order intermodulation versus dédfeze frequency and gate bias. Equations (2), (3), (5), (8),(8) were used witl =
0.01 AIV2, fo = 500 MHz, v = 0.01, ARypo = 0.2 W™, n = 0.38, w, = 27 x 1600 rad/s,c = 0.2V, Vp =8V, Vro = —3.575 V.

The large variation in intermodulation versus bias is higfépendent on the frequency spacing of the two-tone input.
A significant contributor to this dependence is the termlvimy Vp, — Ip Ry, in (8). Fig. 7 shows the marked affect of
difference frequency on the intermodulation level versate dpias and its dependence on drain bias.

CONCLUSION

The results above confirm the existence of a self-heatinggs®in FETSs that, to date, has been largely ignored. That is,
present models tend to include heating for the evaluatidsasf condition only.

The self-heating process is significant at all frequenddtfrough dominant at dc, its effect is reduced by only a femste
of dB at microwave frequencies.
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At the operating frequencies of the transistor, the sediting process is significant enough to alter the bias versus i
termodulation characteristics. This implies that theamtion of low-signal Taylor Series coefficients will varytivithe
frequency spacing used. A significant impact is to be expemtethe modelling of broadband systems where the signals
are composed of many tones and frequency spacings. Théosolatthis is to incorporate the self-heating process in
simulation models, so that the response to complicate@dksgan be accurately predicted.

The inherent nonlinearity in broadband models can be desdddd from measured distortion characteristics once the
thermal response is known. Work is proceeding to developtaldea extraction process for these comprehensive models.
Note that it is also necessary to incorporate the effectéest®n trapping and impact ionization, which will each ixh

a frequency dependence that must be determined.
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