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Abstract—\We propose a new empirical large-signal model  For high-power amplifiers, thermal phenomena are
of silicon laterally diffused MOSFETSs for the design of various very important due to a h|gh rise in temperature, thus, a
modes of h_igh-power amplifiers. The new channel_current mo_del large-signal model for high-power devices must properly
has only nine parameters that represent the unique operation . lud If-heati ffects. T tract th te t )
principles of a MOSFET. In the channel current model, we include Include seli-heating efiects. 10 extract the accurate tempera
the thermal phenomena of high-power devices. To accurately ture-dependent model parametefs} curves are measured
characterize high-power devices, we incorporate the channel under several bias conditions: using short-pulsed (SP) gate bi-
heating and heat-sink heating effects by providing two thermal ases with a pulsewidth of s at several ambient temperatures
capacitances and two thermal resistances. Nonlinear capacitances,(34 °C, 54°C, 74°C, 94°C, and 114°C), long-pulsed (LP)

including deep subthreshold and triode regions, as well as normal | . . . o
saturation regions, are extracted and modeled. For validation biases with a pulsewidth of 2 ms at room temperature’(34

of our model, a 1.4-GHz 5-W amplifier is implemented, and the and dc.Ry, is extracted from the channel heating afig, is

measured and simulated results match very well. extracted from the transient response. D& measurements
Index Terms—Empirical large-signal model, high-power ampli- at room tgmperature are_ alsp carried out to exmt:H_for.
fier, LDMOSFET. the heat-sink effect. To simplify the measurement, drain biases

are dc for all the measurements.
For validation of the model, the measured and modétdd
|. INTRODUCTION curves using SP, LP, and dc are compared. The measured and

HE silicon RF laterally diffused MOSFETs (LDMOS-modeledS-parameters are also shown. Finally, an 1.4-GHz 5-W

FETs) have become the most popular devices fefass-AB amplifieris designed andimplemented. The measured
high-power amplifiers of the base stations and the reldlird-order intermodulation (IM3) and power-added efficiency
equipments for wireless communication systems. Due to fABAE) are compared with the simulated ones, resulting in good
evolving device technology, LDMOSFETs with more tha@greement.
150-W peak envelope power (PEP) at a frequency band of
third-generation wireless systems have been already reported
[1], [2]. Therefore, researchers are highly motivated to develop
a large-signal model to effectively design high-power amplifiers

that use silicon LDMOSFETs. Fig. 1 shows equivalent circuits with a low-pass thermal cir-
Previously, the empirical channel current models, based gt o represent the self-heating effect. The thermal circuit has
closed-form analytic expressions, were reported by Méteal.  54gitional thermal resistané@,, ;1) and capacitanceCiy, ),
(Motorola model) [3] and Angeloet al. (Chalmers model) [4] \yhich describe the heat-sink effect. This model has nonlinear
and have shown further good results [3]-{8]. Nevertheless, thgyin pad capacitane@,q and pad-to-substrate series resistance
channel current model we propose in this paper has advantages,; which adds a lossy substrate effect to the well-known non-
i.e., it requires fewer parameters to fully describe the normglag, capacitanceS,,, Cyq, andCs.
I-V curve of RF LDMOSFET (nine parameters excluding pa- The |inear components and package parasitics are extracted
rameters expressing self-heating effects). Each parameter 1§Pa simultaneous-parameter fitting with the measurédpa-
resents the unique characteristics of thé” curve, with little 5 meter sets at four different points on a two-dimensidral
interdependence. There are no denominators, tuning expon%e, with external,,’s andRq.’s directly extracted from the
as afitting parameter, and series expansion functions in the pisasured SP-V curves [9]. The four points are selected on the
posed channel current model. expected large-signal load line, as shown in Fig. 2. The extracted
model parameters for Ericsson’s RF LDMOSFET PTF10107
re shown in Table I.

Il. LARGE-SIGNAL MODEL OF LDMOSFETs
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TABLE |

Cora EXTRACTED LINEAR AND PARASITIC COMPONENTS OFSILICON RF
G L, R, kLgdL R, L, D LDMOSFET, PTF10107
D___IYY‘\._WV - l h " AM_NY‘\_—-C]
Vas HCs Parameter Unit
* \ds 95\,(13 R, |387E1] Q
R, c _'Ec
= Cu - “5! o R, LIES | Q
R, R R, 39E-2 | Q
L, L, 7.92E-1 | nH
és L, 8.28E-1 | nH
L, 3.7E+1 | pH
Cpg 34E-1 | pF
(jp 4 3.1E-1 | pF
Cpg d 4.13
Fig. 1. Equivalent circuits for silicon LDMOSFET with a thermal circuit
including heat-sink effect. R, 4.06E-1 | Q
Rgq 381E+1| Q
8] T 2546 | ps
1 [vgs=6.6 v)
{ [vds=a.0 (v) 3
< o8 ,Expected Load Line 28r
0.6
4 2 L
0.4 1 Vgs=44 (V) |
02 ] Vds=25.0 (V) E'
] =15
Vgs=2.0 (V) [ 2]
] Vgs=3.6 (V) Vds=35.0 (V) k-]
02 ——— | V0s=25.0(V) h
-5 ) 5 10 15 20 25 30 35 40
Vds (V)
05t
Fig. 2. Selected four points on the expected large-signal load line to extract Tc
linear and parasitic components.
U . 1 1
0 Tv & Sv 10 15

operation mode change of the silicon MOSFET. Expression for

a new channel current model is given by

Vvsat
Vr
Verr

Vam

QH

Ids

=Vg —Se-In [1+eXp <%ST_SLH 1)
=T, +6-Va )
= Vsat — VT (3)
:%.ln {1+exp <2.T‘:eﬂ>} (4)
- [1 — tanh (v - Ver[)} (5)

=7 ng - tanh (aH . Vds) . (1 + A Vds) (6)

Vgs [V]

Fig. 3. Calculated channel current behavior versus gate volthge for
PTF10107 at/y. = 25V, ambient temperature 34°C, and SP measurement.

voltages. The other five parameters express the channel cur-
rent transient versus the gate voltages. The general channel cur-
rent behavior of MOSFETSs verswg, is shown in Fig. 3. The
curve in Fig. 3 is extracted from the proposed channel current
modelV,, dependencies. In this figure, the operational modes of
MOSFETSs are the subthreshold, linear, and saturation regions,
which are characterized by functional behavior. The parameter
T, (threshold voltage) demarcates the transition region between
the subthreshold and linear, and the param#gte(saturation
voltage) demarcates the region between linear and saturation.
The parametef’,. (threshold curvature) determines the curva-

wherea and+«y are the parameters that determine the shaptese shape of the subthreshold to the linear region transition,

of channel current saturation through the drain voltages

the parametef. (saturation curvature) determines the curva-

the parameter to express the channel length modulationd antdire shape of the linear to the saturation region transition, and the
explains the threshold voltage variation according to the drgiarametef3 determines the channel current slope at the linear
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Vgs [V]
(e)

Fig. 4. Calculated channel current variation versus gate volteige with varying parameter values for: (&), (b) S., (c) I, (d) S., and (e)s.

region. Fig. 4 shows the characteristic variations of the chanmebcedure, to just trim the initial values, is very fast and always
current with changing parameter values. Each parameter haoaverges the final wanted values.

unique role to describe the channel current, with little interde- The threshold voltage and effective mobility are sensitive to
pendence between them. Due to the clear role of each paramékerjunction temperature [10], [11]. Hence, we tdkeand3 to

we can intuitively obtain the initial values of parameters, whiche the temperature-dependent parameters, which are depicted in
are very close to the final solutions. Therefore, the optimizatidghe following equations, using tangent hyperbolic functions to
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45 I TABLE I
4,0_M EXTRACTED CHANNEL CURRENT PARAMETERS OF SILICON RF
a5 LDMOSFET, PTF10107
3.0 Parameter Unit
251 ®  extracted 8 Sv 9.158 v
>
- 20] & extracted Tv Sc 1.953 v
SN —— model
' Tv, 7.362 \Y
1.04
051 Tv | Tv, { -7.02E-4
0.01—= : = T — Tv, | -4.62E-1
0 20 40 60 80
Ta-Ta, (°C) Tc 882E-1 | V
_ _ 0 1.12E-2
Fig.5. Fitted results of the temperature-dependent channel current parameters.
o 761E-1 | y-!
provide range restriction (i.e., always positive) to the parame- Y 1.85E-1 | y-!
ters:
A 1.52E1 | y-!
T, =T,,- [1+tanh (To, -dT+TU2)} (7a) e o
B=f- [1 tanh (8. -dT+ /32)} (7b) B [F | -eEd
Ty —Tg,, for pulsed/-V with SP B, 1.598
dT = < Ry -Paiss+ Lo — 1oy, for pulsed/—V with LP
(Rth+Rth,H) “FPaiss+1, — Ta07 forDC I-V
(83) 1.8 ® data: 34°C
Pliss =145 Vs (8b) 164 —— model: 34°C
s B data: 74°C
wheredT in (8a) represents a rise in channel temperature due | " 3‘;‘;3'117:5
an ambient temperature variati¢f, — 7,,,) for SPI-V. For i BSOS S e et B model: 114°C
LP I-V, dT represents a rise in channel temperature due to = 107
channel heating by power dissipation and an ambient tempe! Y 081
ture variation Ry, - Paiss + 1o —1a, ). FordcI-V, dI’represents  — 06+
arise in channel temperature due to channel and heat-sink he 0.4
ings by power dissipation and an ambient temperature variatic 2]
((Rth + Rth,H) . Pdiss + Ta - Tag)- 0.0-:
The temperature-dependent parameters are extracted to  ,,1 ——————————
the SPI-V measurement data at various ambient temperatur 5 0 5 10 15 20 25 30 35 40 45
(34 °C, 54°C, 74°C, 94°C, and 114°C in this experiment). Vds (V)

The extracted data are fitted as functions of the channel templgr— L _ _
. . .. -ig. 6. Measured and modeled SRV at different ambient temperatures:

ature rise, using (7a) and (7b). The fitting results are shown‘ui = 3.6-8.4 V, step= 0.8 V.

Fig. 5 and the extracted channel current parameters are shown

in Table Il. The measured and modeled/S®” curves are com-

pared in Fig. 6 The following is anR;;, extraction routine using the channel

current modelZys__..,) with temperature-dependent parame-
B. Ry, and Cy;, Extraction ters from Section II-A:

Section II_-A modeled_the thermal depend_ence of the Chan.'}gsldmm =Ly o ( deata,LP) = Lis ( R, Pdiss,data,LP)
current at different ambient temperatures without a self-heating 9
effect. Next,R;;, and Cy,, extractions are performed to com- ©)
plete (7) and (8)R;;, can be directly extracted by comparinqN

the channel current model, which is extracted by the measureGere

SP I-V with the measured LE-V data. LP measurements dTgatarr = Rin - Paiss.datarr + To — Tay
with a pulsewidth of 2 ms model the channel heating caused by T,—T, =0
thermal resistance of the chanrié,;,), and can successfully Pliss data 1P = Visunia vp * Ldsunea 1o -

exclude the heat-sink heating caused by thermal resistance of

the heat sink R1, i) because the thermal time constant of th&s aata1.r (the measured channel power dissipation) can be
high-power silicon LDMOSFETSs is generally below a few hunebtained from the measured LP channel current, which is sym-
dreds of microseconds and the thermal time constant of the hiealized ad s, . , .. - In (9), the only unknown parameterig,,,

sink is very large compared to the pulsewidth. which is extracted from the measured LP channel current and
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141 data | ~ Fig. 8. Measured and modeled SP, LP, and €t curves at 34C: V,, =
12] mode 3.6-8.4 V, step= 0.8 V for SPI-V, V,, = 3.6-7.6 V, step= 0.8 V for LP
10] I-V,andV,, = 3.66.8 V, step= 0.8 V fordcI-V.
< 0.8
~— 115
o 064
o 0.4 . . L i - ——- model
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Fig. 7. Silicon LDMOSFET, PTF10107. (a) Extractdg,, and Ry, u. -
(b) Measured and modeled transient responses. 60
8.5

the model at different channel power dissipations by an iter:
tion method.

The Cy,, is optimized to fit the measured transient response

to the channel current model. In the same way, 1; can be ex-
tracted by comparing the channel current model with the mei
sured dd—V data. TheC}y, 1 was not extracted and can be as-
sumed as a large value (in this experiment, one) because 1
heat sink has a very large thermal time constant compared
the channel. The extracteld,;, and R, i of the silicon LD-

MOSFET, PTF10107 are shown in Fig. 7(a). The measured aic

optimized transient responsesigt = 8.4 VandVy, = 10V
are shown in Fig. 7(b). The representati¥g, is 4.6 (C/W) and
the optimized”yy, is 3.55E-5. The extracteld;y, 1 in this exper-
iment is 3.9 {C/W). The thermal time constant of the channel
becomes 163.3s. Consequently, the measured and modele
SP, LP, and dé¢-V curves at 34C are shown in Fig. 8.

C. Nonlinear Capacitance Model

o
o}
O

20 25 30 35 40

Vds (V)
(@)
1.5
—— model
11.0 4 ® 2
* 4
@ 6
10.5 | 8
4 10
10.0 ¢ 15
v 20
4 25
9.5 ® 30
= 35
9.0
85 T T T T T T T
1 2 3 4 5 6 7 8
Vgs (V)
(b)

) . Fig. 9. Extracted and modeled,, for: (a) Vy, = 0.4-6.4 V and (b)Vas =
We extracted and modeled nonlinear capacitances of thes v (lines: model, points: data).

silicon LDMOSFETS, including the deep subthreshold and

triode regions, which are very important for class-AB, class—l%
or class-C operation. The nonlinear capacitances Ge
(gate—source capacitance),q (gate—drain capacitance),
(drain—source capacitance), and addition&My; (drain—sub-

strate capacitance). Each capacitance is extracted from the
measuredS-parameters at various bias points, and modeled

using continuous single empirical functions. The functions of

onlinear capacitances used in this modeling are as follows:

Cgs =ap +ay - [tanh (ag Vs + ag)

+ a4 - tanh (CL5 . Vgs + ae - Vas + a7):|

- tanh (ag - Vas +ag - Vgs + alo)

(10)
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1.2 4

1.0 H

0.8

Cgd (pF)

0.6
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0.2+

0.0

—— model

1.6
2.8

6.4

15 20
Vds (V)

@
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40

0.8 o

Cgd (pF)

0.6 1

0.4 4

024

Vgs (V)

(b)

Fig. 10. Measured and modelétl, for: (a) Vs = 0.4-6.4 V and (b)Vas =
2-35 V (lines: model, points: data).

Cga =bo + by - [1+ tanh (b - Vi + bs) |

Cgs =co+c1 - [1 + tanh (02 - Vi + 03)}

-ln{l—i—exp(

be

[

by - Vas — b

)

Caa =do -+ dy - [1+ tanh (dy - Vas + ds) |

11)

12)

(13)

Fig. 9 shows the extracted and modelgd, versusV, in
Fig. 9(a) andV,, in Fig. 9(b). Drain and gate bias dependencestely consider the bias-dependent self-heating effect, it is very
of Uy are accurately extracted and modeled using (10). Thaportant for the model to accurately fit the measured/SP
extracted data show a very smooth and continuous tremdrves, as well as LP and deV” curves.

Extracted and modeled nonlineék, are shown in Fig. 10,

which are modeled as a function %, [see Fig. 10(a)] andfy,
[see Fig. 10(b)], which also show very strong bias dependencemnic-balance simulation in ADS. An amplifier schematic di-
NonlinearC,, andCy, are modeled with only, dependence. agram is shown in Fig. 14. A 3.9-series chip resistor and a
The results are shown in Figs. 11 and 12, respectively. TB80<2 shunt chip resistor are used to enhance the stability factor
modeled and extracted nonlinear capacitances are in vand the gate bias feeding. Source impedaif6g), excluding
good agreement throughout the whole large-signal operatitig series and shunt resistors;8— j1.7. The load impedance
region. The model parameters of the nonlinear capacitances@e) is 5.2 + 51.0. Fig. 15 shows the measured and simulated
presented in Table Il
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—— model
m 04
® 1.6

[y .
[=N
£ S
0n
8 4
6 -
5 4
4
3 1 1 T T T ] 1 1 1
0 5 10 15 20 25 30 35 40
Vds (V)
Fig. 11. Measured and modelét},: Vi, = 0.4-6.4 V (lines: model, points:
data).
20
—— model
* 0.4
V = 1.6
1.5 v 28
& 4.0
%\ ® 52
i [N
4 Ny
:;5 1.0 N
8 \'\"\!\1*,
0.5 d
0.0 I T T L L | T L T
0 5 10 15 20 25 30 35 40
Vds (V)
Fig. 12. Measured and modelétia: V. = 0.4-5.2 V (lines: model, points:
data).

I1l. EXPERIMENTAL VERIFICATION

This large-signal model is implemented in Agilent's ADS,
using symbolic defined device (SDD). The measured and mod-
eled S-parameters atys = 4.4 V andVy, = 25V, which is a
quiescent bias point of class-AB operation, are given in Fig. 13.
It shows a very good agreement. The measured and modeled
I-V curves shown in Fig. 6 (SP-V curves) and Fig. 8 (SP,

LP, and dcI-V curves) are also in good agreement. To accu-

For verification of the model, a 1.4-GHz class-AB hybrid
power amplifier has been designed and implemented using har-

output power, IM3 power, and PAE when two-tone input (1.4-



1632 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 9, SEPTEMBER 2001

TABLE I
MODEL PARAMETERS OFNONLINEAR CAPACITANCES OFLDMOSFET,
PTF10107
Capacitance | Parameter Value Capacitance | Parameter Value
a, 9.278 by 0.194
a, -1.177 b, 4591.45
a, -0.812 b, 6.85E-2
ay 3.84 ng (pF) b3 -2.763
a, -0.738 b, -2.531
C, (P as -0.324 b 46.154
ag 0.174 b 11.46
a, 1.519 Co 3.863
ag -1.67E-2 c, 11923
Cds (pF)
a, 0.956 cy -5.95E-2
a, -1.116 c, -2.947
dy 187.684
d, -93.5497
Cya(PF)
d, 7.294E-2
d, 2.489
\ S21

“ozoo -
“az0o0!

Uttt

Fig. 13. Measured and modelédparameters &, = 4.4V, Vg, = 25V,

and frequency= 0.6-3.3 GHz.

Z28=5.6-11.7 ZL=5.2+{1.0

50 Ohm

1]

+

Vds=26 V

Vogs=4.4V

Fig. 14. Schematic of the implemented class-AB amplifier.

Ohm

40 60
JLine: Simulation

30  Scatter: Measurement _OO_OoO-OO'.,

- 50
20+

104

POUT7 PIM3 (dBm)
PAE (%)

-30 - 10

40 4

50 —

Fig. 15. Measured and simulated output power, IM3, and PAE characteristics
of the 1.4-GHz class-AB amplifier for two-tone test (1.4- and 1.401-GHz,
1-MHz spacing).

IV. CONCLUSIONS

To design a high-power class-AB or class-B amplifier, a
behavioral (or empirical) large-signal model for silicon LD-
MOSFET has been proposed. The new channel current model
has fewer parameters than those previously reported, as well as
minimized interdependence among the parameters, no tuning
exponents as a fitting parameter, no denominators, and no
series-expansion functions. This model also has the capability
to express the thermal behaviors of the device and heat sink.
The related parameters are extracted from the measurement
of SP, LP, and dd—V curves. The SP and LP measurements
are performed by applying pulsed bias to the gate and dc bias
to the drain, which requires a very simple measurement setup
compared to dual-pulsed measurements.

An R, Ry, andCyy, extraction routine, using the mea-
sured SP, LP, and d&-V curves through various power dissi-
pations and transient response, has been explained. Nonlinear
capacitances are extracted and modeled using continuous em-
pirical functions, including the deep subthreshold and triode re-
gions, which is important to predict the large-signal behavior of
the high-power amplifier that operates under class AB.

To verify the model, a 1.4-GHz class-AB power amplifier has
been designed and implemented. The measured and simulated
amplifier characteristics of output power, IM3, and PAE are very
closely matched. Hence, the proposed behavioral large-signal
model will be very useful in the design of high-power amplifiers
at various classes of operation.
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