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Abstract—A new approach for the electro-thermal modeling for modeling of devices that suffer from low-frequency disper-
of LDMOSFETs for power-amplifier design that bypasses gjon, either due to thermal, trapping, or parasitic bipolar effects

pulsediVs and pulsed-RF measurements is presented in this
paper. The existence of low-frequency dispersion in LDMOSFETs [5]. HC_JV\_/ever,_becau_se of the fact that puls¥s depend upon o
the original bias point used to generate them, there are an in

is demonstrated by comparing pulsed IVs with iso-thermallVs. . S -
The modeling technique uses iso-thermaV and microwave mea- finite number of different pulset¥s characteristics possible.

surements to obtain the temperature dependence of small-signal B-splines and their tensor representation have also been used
parameters. Optimized tensor-product B-splines, which dis- extensively in modeling of FETs [6]-[8].
tribute knots to minimize fitting errors, are used to represent the Motorola’s electro-thermal model (MET) [9], a variant of

small-signal parameters and extract the large-signal model as a . .
function of voltages and temperature. The model is implemented the Curtice model [10], uses cold-biased pul$ed and cor-

on ADS and is verified by simulating and measuring the power responding pulsed-RF measurements to extract a full electro-
harmonics and IMD large-signal performance of a power ampli- thermal model of the LDMOSFET. However, most microwave
fier. The impact on the model of temperature-dependent drain |aboratories unfortunately do not possess such expensive equip-
and gate charge is investigated. The presented model is found to ment and, hence, need to use other approaches to acquire iso-

compare well and, in some cases, exceed the existing MET modelth | data f tracting devi dels f devi
for LDMOSEETS. ermal data for extracting device models for power devices.

_ _ This paper presents an alternative approach that uses
Index Terms—B-spline representation, electrothermal FET o, tharmallvs and microwave measurements to extract a
model, LDMOSFET, nonquasi-static equivalent circuit, RF power .
amplifiers. full electro-thermal model of LDMOSFETSs. It begins by
explaining the iso-thermalV measurement technique and
comparing iso-thermalVs with pulsedlVs. The temperature
. INTRODUCTION dependence of small-signals parameters is demonstrated.

ACKAGED silicon power LDMOSFETSs are finding in- Three-dimensional (3-D) tensor product B-splines (TPSs) are

creasing use for linear RF power amplification. Such détsed to represent small-signal parameters as a function of
vices are now unseating traditional heterojunction bipolar trafitain—source and gate—source voltages and average device
sistors (HBTs) and high electron-mobility transistors (HEMTdEmperature, and are used to extract large-signal parameters.
at frequencies up to 2.3 GHz for cellular base stations and higte developed model is implemented in the ADS circuit sim-
power transmitters [1], [2]. The increasing use of these device@tor and used for power-amplifier simulations. Performance
calls for better models targeted toward RF power-amplifier dgatrices predicted in ADS, such as power harmonics and
sign [3]. Collanteset al. [4] recently proposed a nonelectro-intermodulation distortion (IMD), are compared with measured
thermal pulsedV measurement-based table model using afgsults to verify the modeling approach.

proximation B-splines. Pulselys have been used extensively
Il. DC, ISO-THERMAL, AND PULSED IVS
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V. = 1065V (025 steps) The curves given in Fig. 1 yield on differentiation the ef-
o= 41065V 0

fective dc conductancgyy q.) and transconductance... pc),
which will differ from the ac conductandg, rr) and transcon-

189 ductance g, rr) due to low-frequency dispersion effects. Such
dispersion can be caused by either thermal and/or parasitic ef-
fects. While Ill-V and silicon on insulator (SOI) devices suffer
from both these effects, it is generally thought that thermal ef-

0.7F

0.6

Soar]/® s 1 fects are the major contributor to low-frequency dispersion in
LDMOSFETs. The p- sinker diffusion kills the floating base
osr 158 | bipolar and, hence, dispersion from this and similar mechanisms

are not expected.

An approach to verify this would be to measiivts that iso-
late the two major contributors to dispersion. Pul$édnea-
surements are iso-thermal in nature, bypassing both of these dis-

e - e S Y S S St W SO persion effects and can be used as one measure. On the other
Vo) hand, a measurement scheme that bypasses only thermal effects
Fig. 1. MeasuredV, with T, superimposed, for a constant substratavill yield a true iso-thermalV.
temperature of 35C. A novel approach to directly measure iso-thernisls

has been implemented under computer control [13]. In this
approach, the substrate is set to the lowest temperature (in this
case, cooled to 18C) andVs is set to its highest valuépg is
then swept and the drain current at all data points witht C
of the targetedl;., are recorded after establishing thermal
equilibrium. Vs is then lowered and the process continues.
Once the data has been acquired for the lowass, the
1 substrate temperature is increased and the process is repeated.
In essence, the technique is an efficient algorithm used to vary
] the substrate temperature and efficiently search for all bias com-
binations giving a targeted constdfit.,. The lower the sub-
strate temperature, the higher the bias point that will give the tar-
getedT.,. Hence, due to limitations on cooling the substrate,
data cannot be acquired at high bias values.[¥Ameasured
with this technique is essentially iso-thermal while still retaining
the effects of any low-frequency dispersion due to other than
Fio 2. Prediction of devi i dwith thdermal effects.
v;?ﬁe-s (cir::(alelst:)tfgr?g ae;ilr?geéfing)?rgtgir\/ee%s;slb Iglfe:?%gc():r.npare i measure Fig. 4 c_ompares a 73C iso-thermallV Ip,iso(Vas, Vbs,
Tyev) (solid lines) with a pulsedV Ip ,us(vas,vps,0,0,

Drain O Ty Taey = Twup) generated by settinds,, at 75 °C for a
Internal Deviee cold-biased (zero dc bias) device (dashed line) and a piNsed
il Ringer Ip puis(vas, vps, Vas, Vs, Tuey ) generated from a hot-biased
e D " cn Romn (Vas, Vps) device (dashed—dotted lines) yieldin@a., of 75
| N I P inst °C. The star indicates the bias point used for the hot-biased
! pulsedlVs, which are measured for’&.,;, of 45 °C. Fig. 5
Toub shows a similar curve at &,., of 105°C. For a meaningful
comparison of the iso-thermal and pulsi, the cold- and
hot-biased pulsetV curves were shifted down by 10 mA to
account for a difference in equipment calibration and enforce
the required dc-bias condition that the hot-biased pulgexhd
o (L isothermallV curves intersect at the dc-bias poitzs, Vps)

. o . i as follows:
Fig. 3. (A) Intrinsic self-biasing model topology to fit both dc and RF.
(B) Electrical network representing the thermal network model for the thermal
boundary conditions used. ID,puls(UGs = Vas,vns = Vps, Vas, Vbs, Tdev)

= Ipiso(Vas, Vos, Taev). (1)

Parasitic Bipolar
B

Using thisR;y, value, the device temperature for a given bias can

then be computed. The solid lines in Fig. 2 show the predictedFrom Figs. 4 and 5, it can be observed that the iso-thermal
Tyey for a Ty, of 35 °C, while the circles give the measuredVs are in good agreement with the hot-biased pulsed For
T.ev- A single Ry, value does an excellent job in mapping th&5 °C, the hot- and cold-biased pulsBds are in agreement at
entire device average thermal response at dc. mid drain currents (0.2 A), but can depart significantly at high
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Fig. 6. Trajectories of?, (solid lines) andR, (dashed lines) as a function of

Fig. 4. Comparison between iso-therm¥l (solid lines), cold pulsedVs R. for a constanipe.

(dashed lines), and hot-biased puld®® (dashed—dotted line) fdf,., of
75°C. * denotes the bias point used for hot-biased pulgedV ;s ranges from

410 6.5 Vin steps of 0.5 \ denotesVs = 4 V, O denotesVgs = 4.5V, . . . .
o denotes/es = 5 V, > denotesVas = 5.5 V, o denoted/es = 5.5V, and Dias point, and that for a wide range of temperature, the iso-

A denotes/gs = 6 V. thermallVs agree well with the hot-biased pulsi, the iso-
thermallVs can be used as an alternative data source to pulsed
IVs.

I1l. TEMPERATUREDEPENDENTSMALL -SIGNAL PARAMETERS

The iso-thermalV measurement tool can also be used to
acquire iso-thermab-parameters. By using this scheme, iso-
thermal microwave data was acquired at temperatures ranging
from 45°Cto 105°Cin steps of 153C. Athru-reflect line (TRL)
was used to obtain calibrated data at the gate and drain planes.

TheY -parameters of the intrinsic small-signal topology [18],
[12] can be written a%7; = g;; + jwCi; /(1 + jwm;), where
Cij,49i5, and 7;; are the bias-dependent capacitance (trans-
capacitance), conductance (transconductance), and nonquasi-
static (NQS) times constants, respectively. Note that =
g12 = 0, g21 = gm, aNdgaz = g4. A two 7 approximation can
be made such that; = 7o = 7¢ and7e; = 702 = 7p.

The microwave data is deembedded using the NQS multibias
Fig. 5. Comparison between iso-thermif (solid lines), cold pulsed approach given in [14] and [15] to extract small-signal param-
L\; i‘égsl‘gfj J":jeeﬂofensd t:}‘g‘ﬁg%‘f}iﬁf'ig d'\flor(dﬁostr_‘;‘;;g‘(’jngﬂlggﬁ{if eters and device parasitics. This involves fitting the extrinsic
ranges from 4 to 6.5 V in steps of 0.5 ¥.denotesVus = 4 V, O denotes  Z-Pparameters and then using analytical expressions for intrinsic
Vas = 4.5V, o denotesVas = 5 V, > denotesVes = 5.5V, o denotes  and extrinsic parameters that are functiong gfarameter fitting
Vas = 5.5V, and4 denotes/s = 6 V. constants. These expressions indicate a continuum of solutions

as a function of?,, the source parasitic resistance. A multibias
and somewhat at low currents. This trend is also observed foralysis is used to plot the,; and 2, trajectories as a function of
similar measurements at higher and lower temperatures. Hol- for different bias points for the same drain current as shown
ever, for similar curves measured at45, the hot- and cold-bi- in Fig. 6. The intersection point gives the, value. The bias
ased pulsedvs were found to agree well. resistances are found to increase slightly with increasing drain

It is safe to conclude that the LDMOSFET does indeeturrent. Due to the relatively small values of the parasitics,
suffer from some dispersion effects, which clearly beconibeir possible temperature dependence has been neglected.
more profound at higher device temperatures (correspondindg=ig. 7 shows that the resulting§-parameter fits al/qs =
to biasing the device at higher drain currents). This dispersidn) V and Vps = 15 V and Ty, of 90 °C. The small-signal
however, is not as profound as that suffered by IlI-V devicesodel does an excellent job in fitting the device microwave pa-
or floating-body SOI devices, due to the presence of the prameters.
sinker body tie in LDMOSFETS. Figs. 8 and 9 show the variation in the raw extractgd

Given the fact that there can be much variation among coldrd g, as a function of device temperature over all measured
and hot-biased pulsdifs, which are functions of their startingbias points. Note that the extrinsi§,s values plotted are a bit

o
@

=105C
=
'S

Ifor T

o
w
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Fig. 9. Extractedy, for Vas = 4 V10 6.5 V in steps of 0.5 V for different
Taov: Tuey = 105°C (solid lines),Ty., = 90°C (dashed lines)ly., =
75 °C (dashed—dotted lines},., = 60 °C (dotted lines), andy., = 45°C
(plus signs).

Fig. 7. Comparison between fittegtparameters (solid lines) and measured
data (plus signs) foVgs = 5.5 V, Vps = 15V, andTy.. 0of 90 °C.

20 Fig. 10. Extracted’;; for Vgs = 4 V10 6.5 Vin steps of 0.5 V for different
Extrinsic Vg Taev: Taey = 105°C (solid lines), Taey = 90°C (dashed lines)T ., =
75 °C (dashed—dotted lines},.., = 60 °C (dotted lines), an@’y., = 45°C
Fig. 8. Extractedy,, for Vg = 4 V t0 6.5 V in steps of 0.5 V for different (plus signs).

Taev: Taey = 105°C (solid lines), Ty = 90°C (dashed lines)l e =

75 °C (dashed—dotted lines},., = 60 °C (dotted lines), and@’y,, = 45°C . .

(plus signs). It can be seen in Figs. 10-13 that while; andCs- are rel-

atively temperature independent;; andCs; are temperature

skewed as a result of the parasitic present in the dc-biasing deetp endent. This fact can be used to simply the charge extrac-

work. Vs is from 4 to 6.5 V in steps of 0.5 V. Solid lines
are for aly., of 105 °C, dashed lines are &j., of 90 °C,
dashed-dotted lines are forfa., of 75 °C, dotted lines are
for aTy., of 60°C, and plus signs are for'&,., of 45°C, re-
spectively.

It can be seen from Figs. 8 and 9 that whylgis relatively
temperature independent,, is quite sensitive to temperature.

Figs. 10-13 show the variation in the raw extracte
C11,C12,C51, and Cee as a function of device temperature
over all measured bias points. The plot line styles used to
denote different temperature values before have been used foFhe large-signal electro-thermal model for the LDMOSFET
these parameters. Th&s and Vs ranges are also as before. shown in Fig. 3 features a simple thermal network topology,

Due to the cooling limitation of the substrate temperature
controller used, microwave small-signal data is unavailable at
high gate and drain voltages. Ideally, a pulsed dc and pulsed
RF technique can be used to access this region without cooling
the substrate. However, in the absence of such pulsed RF equip-
ment for high-power transistors, an extrapolation scheme has
kcnieen used to obtain data in this region.

IV. LARGE-SIGNAL MODELING
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Fig.11. Extracted’;; for Vs = 4 V10 6.5 Vin steps of 0.5 V for different  Fig. 13. Extracted’s for Vs = 4 Vt0 6.5 Vin steps of 0.5 V for different

Tiov: Tyey = 105°C (solid lines), Ty = 90°C (dashed linesflucy =  Tyoy: Tuey = 105°C (solid lines), Ty, = 90°C (dashed lines)Ty., =
75 °C (dashed—dotted linesy,., = 60 °C (dotted lines), and@y.. = 45°C 75 °C (dashed—dotted lines},.., = 60 °C (dotted lines), andy., = 45 °C
(plus signs). (plus signs).

with

Ip pus(Vas, Vps, Vas, Vps, Taev)
~ Ipiso(Vas, Vbs, Tuev)

Qc(vas, vps, Vas, Vbs, Tdev)

VGS
= / C11(Vdss, Vos, Taev) dVs

T
GS

VDS
+ / Cra(vas, Vi, Taer) Vs

DS

Qp(vas, vps, Vas, Vbs, Tdev)

UGS
+ = / OQI(VC/;& VD57 TdeV) dVéS

25 L L L ' ' L L s
0

5 10 15 20 25 30 35 40 Gs
Extrinsic Vo VDS

+ [ Cnloas Vos Tun) aVEs @
Fig. 12. Extracted’z; for Vs = 4 V10 6.5 Vin steps of 0.5 V for different
Taov: Taey = 105°C (solid lines),Ty., = 90°C (dashed lines)[y., =
75 °C (dashed-dotted linesk;.., = 60 °C (dotted lines), an@y.., = 45 °C
(plus signs).

Ds

wherevgs and vpg are the pulsedV voltages at which the
pulsedtV current and charges are predicted (see [12]) for a
which calculates the steady state iso-thermal temperature of tliebias point ofVizs andVpg. Note that following our discus-
LDMOSFET as a function of the power dissipated by the LDsion in Section I, the dc-bias dependence of the pulseahd
MOSFET. The model includes a parasitic bipolar driven by theharges can be neglected in the LDMOSFET.

impact ionization current so as to model low-frequency disper-The extracted small-signal parameters are fitted using a
sion [12]. The large-signal representations can be obtained frénot optimized 3-D TPSs technique [16]. In this optimized
the extracted small-signal model parameters using path-intteot placement technique, an error function is computed to
pendent integration performed in this paper with tensor-produi#termine how close a fit it is to the original data. The knot
B-splines (one possible integration path is shown for the sakepdhcement is then readjusted so that the knot concentration

clarity) as follows: in the higher error region is increased, while reducing the
concentration in the lower error region. Note that the overall
Ip pus(vas, vps, Vas, Vbs, Tuev) number of knots in a particular bias direction are kept the same.
Vs . . . . . . . .
_ / 9m(Véis, Vos, Tiew) dVisg Itis only th(_e k|_10t distribution that is c.hange.d. Thl§ tech_nlque Is
feis necessary in light of the steep knee in the intrinsic device drain

! !
_ 9a(vas, Vs, Taer)dVis and give rise to oscillatory behavior.

D3

n /'“DS current. Nonoptimized TPSs are unable to handle these regions
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Fig. 14. Comparison of 3-D TPS fitteg,, (solid lines) with values extracted Fig. 15. Comparison of 3-D TPS fittefl, ;.. (solid lines) with measured
from the small-signal fit (circles) fdf;.. 0of 90°C. Vs ranges from4t0 6.5V values (circles) fof 4., 0f 90°C. Vs ranges from 410 6.5 Vin steps of 0.25 V.
in steps of 0.25 V.

Using 3-D TPSs, a function of three variables can be repre o
sented as 05

n p

S(Vas. Vos, Toev) = O O3 aijnBi kes s (Ves) il D\G\U\Q\O |
Bre e — T —
X By ks tns (VDS)BIJCDRVJDRV (TDEV) ©

03 o > B

® -

0.2 b

where kgs, kps, and kpgy are the B-spline orders in the “T W
Vas, Vps, and Tphgy directions, respectivelytgs, tps, and
o1l O——,/C‘/O/’,‘O—/_’U J

tpry are the knot sequences in thegs, Vps, and Ipgy di-
rections, respectivelyB; i . tcs> Bj kns tos » ANAB1 kpey toey W
are one-dimensional B-spline polynomial functions, angl

are the TPS coefficients that need to be determined. % o ; ! : : :

Storage requirements for the TPS method are very reasonab.c Toev

since form =8,n =35 andp = 4, onIy 160@“’“ coefficients Fig. 16. Comparison of 3-D TPS fitteg,, (solid lines) with values extracted

are required. Fokyve = 4,kyp = 4, andkpry = 4, only  from the small-signal fit (circles) fobps = 10 V. Vas ranges from 4 to 6.5 V

64 coefficients are required to compute functional and deriva-steps of 0.25 V.

tive values at any particular bias point, due to the variation di-

minishing property of B-splines. Hence, computation proceegs Charge

rapidly. By using B-splines of order 4, second-order continuity

is guaranteed. Also, mixed derivatives match, ensuring that thdn Figs. 1013, itwas observed i@, andC; are relatively

TPS method is naturally charge conserving [17]. temperature independent aGd, andCs», are temperature de-
pendent. In order to simplify the large-signal model, the 60

C12 andCs; are used and the charge is made device temperature
independent. This can be justified given the comparatively small
Using a 3-D knot optimized TPS,,, rr andgy rr are in- temperature variation in capacitance, given their large values (in
tegrated and simultaneously fitted with the iso-theriwabver the order of 16! F). However, this will mean that, at higher RF
all temperatures to obtain a 3-D representation of these fupmwer levels, where the average device temperature increases
tions. Figs. 14 and 15 show the fits of the intringig, and substantially, the accuracy of the model will begin to degrade.
iso-thermalV at aT,., of 90°C, respectively. The circles give The effect of this simplification will be investigated later.
the small-signal extracted and measured values (augmented bé further simplification is made to average out the NQS times
extrapolation in regions where data is unavailable), while thseich that 1 ps is used for the gate charge and 0.1 ps for the drain
solid lines are the TPS representations. Fig. 16 shows the 3:Harge. Since the NQS times have most impact at frequencies
represented,, rr as a function ofl4.,. (solid lines). The cir- approaching..x [18], this has been verified to have a relatively
cles are the extracteg),, for a Vps of 10 V and aVgs range small impact on the model and this approximation can easily be
from 4 t0 6.5 V in steps of 0.25 V. relaxed if needed.

A. Current



AKHTAR et al: RF ELECTRO-THERMAL MODELING OF LDMOSFETs FOR POWER-AMPLIFIER DESIGN 1567

e 35 0o .
Intrinsic Vo Intrinsic Voo

Intrin.g,i?: VDs
Fig. 19. TPS extracted gate charge.
Fig. 17. Comparison of TPS fitte@,, at aZy., of 60 °C (solid lines) with
values extracted from the small-signal fit (circléls),s; ranges from 4 t0 6.25V
in steps of 0.25 V.
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0 i 2 3 4 5 6 7 Fig. 20. Comparison of fundamental, second harmonic, and third harmonic
Intrinsic Vpg power response of a power amplifier for the new electro-thermal model (solid

) . ) . . lines), MET model (dashed lines), and measured results (circles).
Fig. 18. Comparison of TPS fitte@;, at aT., of 60 °C (solid lines) with

values extracted from the small-signal fit (circléls),s; ranges from 4t0 6.25V
in steps of 0.25 V. The lower figure is a zoom on the upper figure.

sion lines. The amplifier was designed to work at 945 MHz
and is biased for class-AB operation atgs of 20 V, anipss
Knot-optimized two-dimensional (2-D) TPS representationsf 76 mA, al%u, of 35°C, and al ., of 60 °C. The amplifier
have been used to extract the charges by integrating the capags designed to have a gain of 11.7 dB and an input 1-dB
itances. Figs. 17 and 18 show the fitt€th and 12, respec- compression point 0f-26 dBm. The amplifier was simulated
tively. The bottom portion of Fig. 18 zooms into the Id#s  ysing the full electro-thermal model in ADS. For comparison
region to highlight the fit. The solid lines are the TPS fitted dat rposes, the amplifier was also simulated using the Motorola
while the circles are values extracted from the small-signal lieT model [9]. The experimentally determined valueZ&,
and augmented by extrapolation in regions where data is ylsg ysed in the MET model simulations. The amplifier was
available.Ves ranges from 4 'to 6,'25 V in _steps of 0'25_\/' Thqhen built and tested, and simulated and measured results were
TPS ex’Fracted gate charge is given in Fig. 19. .A similar pr%’ompared.
cedure is used to extract the drain charges by integrating Fig 20 shows the comparison between the simulated (solid
and Cao. lines), measured (circles), and MET model (dashed lines) fun-
damental, second harmonic, and third harmonic response of the
power amplifier. The measured amplifier gain is 11.7 dB and
the input 1-dB compression point is-aR4 dBm. From Fig. 20,
A power amplifier was designed with a fully balanced input can be seen that the model does a good job in predicting the
and output matching network [19] using microstrip transmigower harmonics. The MET model also does a good job in pre-

V. AMPLIFIER SIMULATIONS AND COMPARISONSWITH
MEASURED PERFORMANCE
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Fig. 21. Comparison of two-tone IMD response of a power amplifier foFig. 22. Comparison of fundamental, second harmonic, and third harmonic

the new electro-thermal model (solid lines), MET model (dashed lines), apdwer response of a power amplifier for charges of €0(sold lines), 90°C

measured results (circles). (dashed line), and 105C (dashed—dotted lines), respectively, compared with
measured results (circles).

dicting the amplifier behavior after the experimentally deter- _ ) )
mined thermal resistance value was used. (—10-0 dBm). However, as input power is further increased,
Discrepancies appear at higher power levels where the mofiegs @nd Zuey increase dynamically due to the class-AB bi-
predicts a P1dB to be 2 dBm higher and further predicts a swé§{ng of the LDMOSFET such thd., is 130°C at+30 dBm
spot in the second harmonic at an input power level beldd NPut power. _ _
what the measurements give. At these higher power levels, th&™0M Fig. 22, it can be seen that the higher temperature sim-
model goes out of range and relies more on the extrapolafélat'ons sho_w a.deeper'sweet spot in the second harmonic. The
data regions (those regions that are inaccessible due to coof¥gFet SPot is still at an input power level below what the mea-
limitations of the iso-thermal measurement technique) both $ifements give. This sweet spot has been found to be very sen-
Vas andVps. This is confirmed by looking at the time-domairsSitive to the gatg parasitic inductanég. However, it is clear.
dynamic load line of the amplifier for different power levelsthat the model discrepancy from measured data at these higher
At higher power levels, a larger portion of the load line god2Wers is not due to the use of temperature-independent charge
through the extrapolated regions. In the absence of gredfbpPite 0fZuey increasing by 76C. Hence, reduction in model

substrate cooling, pulsed dc and pulsed RF can be used?f§Uracy at higher powers is primarily caused by the use of ex-
obtain data in these regions. trapolated data in high bias regions due to limitations in the

A two-tone intermodulation test was performed on the ampfilata-acquisition scheme.
fier at 945 and 946 MHz. Fig. 21 shows the, —w; power as a
function of input power. The solid line is the simulated IMD, the VI. CONCLUSION

circles are measured, while the dashed line is the IMD obtainequ have presented a technique using iso-thetifor the
from the MET model. Cl_early, the developed eIeCtr_o'therm%llectro-thermal modeling of LDMOSFETSs that bypasses the
model does a very good job and performs comparatively betigly ot b 1sedvs and pulsed RF measurements. Iso-thermal
than the MET model. IMD data below10 dBm of input power s have been compared with hot- and cold-biased pulsed
hits the noise floor of the measurement equipment. IVs demonstrating that there is indeed some low-frequency
dispersion in LDMOSFETSs. The technique using iso-thermal
A. Effect of Temperature-Dependent Charge microwave measurements has been demonstrated for the
While the electro-thermal model presented relied on teraxtraction of temperature-dependent small-signal parameters.
perature dependent current, theBD > andCs; were used The conductance, and capacitanceS;», and Cs, are found
to extract the temperature-independent charge. In orderttobe relatively temperature independent.
examine the impact of the temperature variation of charge,Knot optimized 3-D TPSs have been used to represent the
a 90°C and 105°C charge representation is generated amtfain current. Gate and drain charges are represented using the
used for amplifier simulations, respectively. Fig. 22 shows tteame TPS technique, but are modeled to be temperature inde-
obtained fundamental, second harmonic, and third harmompiendent. The electro-thermal model has been programmed in
power response for 60C (sold lines), 90°C (dashed line), ADS and has been used to simulate a power amplifier. The
and 105°C (dashed-dotted lines) charge representatiomspdel is able to do a very good job in predicting power har-
respectively. Measured data is indicated with circles. Notaonics and two-tone IMD power-amplifier performance. The
that, for the measured daté,.. is 60°C at low input powers model matches and, in some cases, exceeds the existing MET
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model. Limitations on substrate cooling limit data acquisitio
at higher bias values and, hence, the model accuracy is redu
at higher powers where the model relies more on extrapolat
data.
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