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Abstract—Low-frequency (LF) dispersive phenomena due to
device self-heating and/or the presence of “traps” (i.e., surface
state densities and bulk spurious energy levels) must be taken into
account in the large-signal dynamic modeling of III-V field-effect
transistors when accurate performance predictions are pursued,
since these effects cause important deviations between direct cur-
rent (dc) and dynamic drain current characteristics. In this paper,
a new model for the accurate characterization of these phenomena
above their cutoff frequencies is presented, which is able to fully
exploit, in the identification phase, large-signal current—voltage
(I-V') measurements carried out under quasi-sinusoidal regime
using a recently proposed setup. Detailed experimental results
for model validation under LF small- and large-signal operating
conditions are provided. Furthermore, the -V model proposed
has been embedded into a microwave large-signal pseudomorphic
high electron-mobility transistor (pHEMT) model in order to
point out the strong influence of LF modeling on the degree of
accuracy achievable under millimeter-wave nonlinear operation.
Large-signal experimental validation at microwave frequencies
is provided for the model proposed, by showing the excellent
intermodulation distortion (IMD) predictions obtained with dif-
ferent loads despite the very low power level of IMD products
involved. Details on the millimeter-wave IMD measurement setup
are also provided. Finally, IMD measurements and simulations on
a Ka-band highly linear power amplifier, designed by Ericsson
using the Triquint GaAs 0.25-ym pHEMT process, are shown for
further model validation.

Index Terms—Field-effect transistors (FETSs), intermodulation
distortion (IMD), nonlinear circuits, nonlinear distortion, semicon-
ductor device modeling.

1. INTRODUCTION

ARGE-SIGNAL modeling of low-frequency (LF) disper-
sive phenomena in electron devices strongly influences
the capability of obtaining accurate performance predictions
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also at microwave and millimeter-wave frequencies, espe-
cially when nonlinear operation is involved [1]-[4]. This
issue, sometimes ignored in the past years, has proved as
extremely important in the context of empirical modeling of
electron devices for monolithic microwave integrated circuit
(MMIC) design. Unfortunately, large-signal modeling of the
LF!' dynamic behavior of electron devices cannot be simply
based on static current-voltage (I-V') characteristics, when
accurate predictions are required. In fact, thermal effects (such
as device self-heating and/or case temperature variations) and
the presence of deep level traps and surface state densities in
II-V field-effect transistors (FETs) cause important deviations
between static and LF dynamic drain current characteristics.

Many efforts have been made by several research groups to
take into account LF dispersion in both lookup-table-based and
equivalent circuit models [4]-[14]. In this paper, an accurate
empirical large-signal model is proposed, for the prediction of
the device drain /-V behavior, under dynamic operation above
the cutoff frequencies of dispersive phenomena. The approach,
which is based on the definition of a small set of purely algebraic
model functions to be characterized by evaluating the associated
lookup tables within the regions of interest, is inherently inde-
pendent of the device technology. The hypotheses involved in
the analytical development of the model, which assume the op-
eration of the device as being mildly nonlinear with respect to
state variables describing the dispersive phenomena, when com-
pared to the main nonlinearities in the FET behavior (such as the
channel modulation), lead to reasonable approximations, which
are quite commonly adopted in the literature and robustly veri-
fied by experimental evidence.

The identification of the model functions can be carried
out through conventional dc /-V measurements at different
case temperatures and small-signal (SS) bias-dependent ac
measurements at LFs. In addition, the extraction of the pro-
posed model could be made more robust and the prediction
performance more accurate by means of pulsed /-V mea-
surements, especially when nonlinear operation is involved.
Indeed, pulsed measurements are largely adopted by many
modeling approaches as they allow for a more exhaustive
large-signal characterization above the cutoff of device disper-
sion [14]-[18]. Nevertheless, pulsed I-V systems represent

! Although the trapping and thermal dispersion in electron devices takes place
typically between a few hertz and some hundreds of kilohertz, the present mod-
eling approach deals with “above-dispersion-cutoff” operation. For this reason,
the LF term is used in the paper with reference to a range between the upper
frequencies of dispersive phenomena (e.g., | MHz) and the lowest frequency, at
which reactive effects related to charge storage variations and finite transit times
cannot be further neglected (e.g., 1 GHz).
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Fig. 1. Recently proposed large-signal measurement setup. From [19].

rather sophisticated setups, which provide reliable results
only when suitably operated, and are not always available
in microwave laboratories. For these reasons, an alternative
large-signal -V measurement system has been recently pre-
sented [19], where the device-under-test (DUT) is excited
simply by an LF large-signal sinusoidal voltage source as
shown in Fig. 1; such a setup can be easily implemented by
means of conventional commercial instrumentation. In the
present work, the proposed large-signal acquisition system is
exploited in order to characterize the LF dispersion in I-V
characteristics of a III-V FET.

This paper is organized as follows. The analytical develop-
ment of the new empirical /-V model is discussed in details
in Section II, along with the experimental steps needed for the
characterization of model functions. Two slightly different for-
mulations are proposed, according to the degree of accuracy
pursued in the description of above-cutoff thermal dispersion,
while the discussion on the extraction procedure points out how
different experimental large-signal techniques can be exploited.
In Section III, the LF -V model is identified for a 0.25-pm
Triquint GaAs pseudomorphic high electron-mobility transistor
(pHEMT) (W = 600 pm) and is then embedded into a large-
signal device model for microwave and millimeter-wave ap-
plications (namely, the nonlinear discrete convolution (NDC)
model [2]), and the experimental validation at both LFs (2 MHz)
and high frequencies (microwaves) is presented. Finally, inter-
modulation distortion (IMD) predictions of a pHEMT-based
highly linear power amplifier (PA) at K a-band, designed and
realized by Ericsson Laboratory Italy, are shown. Details about
the intermodulation measurement system adopted and its cali-
bration procedure are provided as well.

II. LF I-V MODELING IN III-V FETS
A. Formulation of the “Above-Cutoff” Dispersion Model

In microwave circuit harmonic balance (HB) analysis, the
lowest RF spectral component to be considered is usually well
above the cutoff frequencies associated with dispersive phe-
nomena. Under such condition, any possible set of state vari-
ables z(t), which can be chosen in order to describe the “slow”
dynamic phenomena associated with traps, is practically coin-
cident with its time-averaged mean value X ,. Similar consider-
ations are valid for the channel temperature, that is, 9(t) = .
As a common choice in the context of circuit design-oriented
device modeling, the temperature is also assumed as being uni-
form along the channel. Thus, at frequencies above the cutoff
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of dispersive phenomena, but low enough to neglect the mi-
crowave reactive effects due to charge storage variations and/or
finite transit times, the drain current of a III-V FET can be ex-
pressed as

Z'd(t) =V [’Ug(t)7vd(t)7x()700] ey

where ¥ is a purely algebraic nonlinear function, while v,(¢)
and v4(t) are the instantaneous values of the voltages (referred
to the source terminal) applied at the device ports.

The vector X, of the dc components of the state variables
associated with traps is here assumed as being dependent only
on the mean values Vi, Vyo of the external voltages v,(¢) and
va(t). In fact, both experimental evidence and simulation re-
sults confirm that the device trapping state X, is not signifi-
cantly affected by any “direct” ac-to-dc conversion,? i.e., the ac
components above dispersion cutoff of the voltages at device
ports do not influence in a significant way the distribution of car-
riers within trapping spurious energy levels. Moreover, the well-
known and largely adopted pulsed /-V techniques [14]-[18] are
based on the assumption that the state X, which is associated
with the device quiescent point (Vg, Vo) before the application
of the superimposed voltage pulses, is not perturbed by either
the pulse “shape” or amplitudes (i.e., by second and higher mo-
ments of the pulse waveforms) during the measurement of the
device currents. Thus, (1) can be replaced by

Zd(t) =F [/Ug(t)7 vd<t)7 VgO7 Vd07 190] . (2)

According to conventional approaches, 1 will be considered
in the following as being linearly dependent on the average dis-
sipated power under dynamic conditions Py, i.e.,

P9 = 9. + Ry Py 3)

where 1. is the case (or substrate) temperature and Ry is the
device thermal resistance.

The dependence of the drain current LF model on (Vyg, Vao,
J9) has been indicated in (2) as being as general as possible.
Nevertheless, mild simplifying hypotheses can be introduced in
order to identify a practically useful model formulation, which
preserves an adequate degree of predictive accuracy and, at the
same time, can be characterized by means of reliable experi-
mental procedures and easily implemented for MMIC analysis
and design. More precisely, the effects of dispersive phenomena
on the dynamic drain current when only above-cutoff frequen-
cies are involved in the device operation can be considered as
being mildly nonlinear, or practically linear. Such an approxi-
mation, which has been successfully verified and adopted in the
past [21], [23], can be further justified by noting that trapping
phenomena in FETs are physically distributed either along sur-
face contact regions, or inside the bulk structure, i.e., they exert
their influence in regions, which are “peripheral” and well dis-
tinct from the channel, whose conductance modulation due to

2An indirect ac-to-dc conversion between x(t) & X and vy (1), va(t) is,
however, possible, in the sense that, under large-signal operation, the time-av-
eraged mean values Vg, Vo, on which the trapping state is supposed to de-
pend, can be different from the corresponding bias values due to device nonlin-
earity and bias-tee nonidealities. Such a conversion is taken into account in the
model through the dependence on Vo, V40, which will be introduced later in
this paper.
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v4(t), vq(t) represents instead the main nonlinear phenomenon
affecting the device behavior. Moreover, if higher order terms
in the Taylor series expansion of (2) with respect to (Vyo, Vao)
were needed even for an acceptably approximated description of
the above-cutoff dispersion, this would be somehow in contrast
with the well-verified above-discussed assumption of neglecting
the dependence of the dynamic drain current (2) on second and
higher moments of vy(t), v4(t) (e.g., root mean square (rms)
values). Thus, the linearization of (2) with respect to Vg, Vo,
Py, 9. around a generic g*o, Vo> P§, U7 condition leads, after
some algebraic manipulations, to the drain current LF model
formulation [21] given as

ia(t) = Fpc [vg(t), va(t)]

+ fo [vg(t), va(D)] (Ro (Pg — Po) + 97 — V)
+ fq [vg(t),va(t)] (vg(t) = Vgo)
+ falvg(t), va(t)] (va(t) — VdO) “)

where the model functions FY, fg, fa, and fy can be easily
related to the F'(-) function by the following relationships:

oF

oF

Vo

oF

fo=— 05 .

Fie = Flog(t),va(t), V4o, Vao, Do)l
+ fg [Ug(t)7 /Ud(t)] (Vg*O - /Ug)
+ falvg(t),va(t)] (Vao — va) -

fg:_

fa= -

*

(5a)

(5b)

These four model functions are purely algebraic nonlinear re-
lationships with respect to the instantaneous values of the volt-
ages applied to the device ports. They can be described within
the regions of interest through suitable lookup tables, as shown
in Section II-C. Since the linearization of (2) has been carried
out with respect to (Vyo, Vo, ¥) only, no approximation is in-
troduced on the dependence of 5, fq, fa, and fy with respect
to the large-signal voltages at the device ports.

The functions f; and f; in (5) describe the deviations be-
tween the static and the dynamic drain current response due to
traps above their cutoff, while f; accounts for deviations caused
by variations in power dissipation and/or case temperature 6.
The term F}, instead, represents the equithermal dc drain cur-
rent characteristic or the dc characteristic ideally “measured” at
the constant channel temperature ;. Evidently, the term F{5
cannot be directly related to any measured characteristics. In
order to avoid the presence of such a term, a modified formula-
tion for the thermal model is adopted in the following. To this
end, it is convenient to define an instantaneous power ps(t) as

ps(t) = va(t) Fpc [v4(t), va(t), U] (6)

which represents a “quasi-static” term corresponding to the
power that would be dissipated if v, (t) and vq(t) were “slowly”
time-varying voltages [20], with FPC[v,(¢),v4(t),d.] being

3451

0.26

0.24

AR ERE
$? trd 33°C

63 °C

0.22

RS SEERRERETE
0.20 SYIERERRENE

0.18 " EEE AR R R RER R ERERRREE FINY

4
0.16—+
4

L3

drain current [A]

0.1V
LEEES 2 BE RS N

YR EEE

0.14

05 10 15 20 25 30 35 40 45 50

drain voltage [V]

Fig. 2. Static drain current measurements carried out at different case
temperatures with Vo [—0.1;0.3].

the static drain current at a constant case temperature .. Thus,
(4) can be rewritten as

ia(t) = Fpc [vg(t), va(t)]
- 190)
- Iy))

Vg t),’l)d t (’Ud(t - VdO) (7)

where the term p;(¢) has simply been added and subtracted.

Under static conditions, the quasi-static power ps(t) coin-
cides with P and the dynamic voltage values coincide with their
average values Vo, Vo, so that for a generic case temperature
6., it holds that

Lio = Fpc[Vyo, Vaol + fo[Vyo, Vao
X (Ry (Pg —ps(t)) + 02 = 0.
= Fpc[Vgo, Vao, U] (8)
which evidently represents the nonequithermal static drain cur-
rent characteristic at a constant case temperature .. The term

Fpc[Vgo, Vao, ¥c] can be linearized with respect to the case
temperature 9.

Foc[Vyo, Vao, Ye] = Foc [Vyo, Vao, V7]
+fo9.[Vg0, Vaol (97 —9c)  (9)

where

OFpe (vg(t), va(t), D)
09,

fo.=— (10)

*
Such an approximation is reasonable due to the small devia-
tions of the drain current with respect to case temperature vari-
ations as can be seen in Fig. 2.
From (7)-(10), under dynamic conditions and above the
cutoff of dispersive phenomena, a new model formulation is
obtained as follows:

ia(t) = Fpc [vg(t),va(t), 9% + fo, [vg(t), va(t)] (9% — 9.)
+ fo [vg(t),va(t)] (Ry (ps(t) — Fo))
+ fo [vg (), va()] (vg(t) — Vgo)
+ fa[vg(t),va(t)] (va(t) — Vao) - (11)
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In this expression, the functions fy and fy, account, respec-
tively, for the dynamic current deviations, with respect to the ac-
tual dc characteristic at the case temperature 97, due to thermal
effects such as self-heating and/or case temperature variations.

B. Link Between fy and fy,

The two functions used for the characterization of the thermal
behavior of electron devices fy and fy, can be related by means
of simple considerations. Under static conditions, (2) and (11)
must be obviously coincident as follows:

FVy0,Vao, V4o, Vao, 9o] = Foc[Vyo, Vao, 9] (12)
where 9 = ¥. + Ry Py and
Py = VaoFpc[Vyo, Vao, V|- (13)
From (12), we have
OFpc(Vyo, Vao, Ve
fo. Vg0, Vao] = — pel 5;)9/ 0. 0e)
_ _ OFVy0, Vao, Vgo, Vao, Po)
a9, .
_ OF V40, Viao, Vg0, Vo, Yo) | 99
3190 99|,
= fo[Vyo, VdO] 019 (14)

where (5) has been taken into account. Moreover, from (3),

0vy 0Fpc Vo, Vao, U]
=14+ RyV,

99, | + 1y Vao 99,
=1—RyVao fs.[Vyo, Vaol-

15)

By substituting (15) in (14), the following relationship between
the two functions fy and fy_ is found:

Jo.[Vg0, Vao)
—fﬂ[ g0, (iO] 8190 i}
= fo[Vy0, Vao] (1 — Ry Vao fo.[V40, Vao]) (16)
or, equivalently,
V..V,
FolVyo, Vio) = ——22c Voo Vi a7

1 — RyVao fo.[Vg0, Vao]

Apart from reducing the number of unknown functions to be
identified, (17) allows for a simplification of the model (11),
when it is possible to consider fy and fy, almost coincident, as
will be discussed in the next section. In this case, (11) becomes

ia(t) = Fpc [vg (), va(t), 7]
a()] (97 —

+ fo. [vg(t), v e + Ry (ps(t) — o))
+ fo [0g(t),va(t)] (vg(t) = Vgo)
+ falvg(t), va(t)] (va(t) — VdO) (18)
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C. Model Identification Procedure

In order to identify the model, (11) can be initially evalu-
ated under static operating conditions. This enables, by means
of static measurements at different case temperatures, the iden-
tification of the unknown function fy, as

FBlce:aS [VgU‘, Vd07 196] — F]an(e]aS [‘/.(]07 VdO: 19:]

fo. Vg0, Vao] = W —9,)

(19)
where F5E*[Vyo, Vao, 9%] and FEE*[Vy0, Vao, U] are the mea-
sured drain current characteristics at the reference case temper-
ature 7 and at a different case temperature 9., respectively. In
order to make the model identification more robust, model func-
tion (19) could be evaluated at different case temperatures ¥,
choosing the average value assumed by the function f;, for each
(V40, Vo). During this step, it is also possible to evaluate (17)
in order to verify if the simplified model formulation (18) can
be adopted instead of (11).

The remaining unknown model functions f, and f; are then
identified by minimizing the squared deviations between model
predictions based on (11) and the corresponding dynamic mea-
surements obtained under different operating conditions. To this
end, the extraction procedure can be based either on the fitting of
LF (e.g., 1 MHz) SS ac measurements only, or, in a more robust
way when nonlinear operation is involved, also of large-signal
data obtained under pulsed or quasi-sinusoidal [19] LF opera-
tion. In any case, due to the linear dependence of parameters in
model formulation, the identification procedure can be carried
out in closed form, avoiding nonlinear numerical optimization
techniques. Such procedure will be adopted in the next section.

A summary of the main experimental and numerical succes-
sive steps involved in the extraction of the LF -V dispersive
model is shown in Fig. 3.

III. EXPERIMENTAL RESULTS

A. Model Extraction

The new model formulation was identified for a 0.25-pum
Triquint GaAs pHEMT (W = 600 pm) with the aim of ob-
taining an LF model suitable for very accurate predictions when
embedded into a nonlinear microwave model at millimeter fre-
quencies. In particular, the model was tested in the design of
highly linear PAs, oriented to point-to-point and point-to-mul-
tipoint high-capacity radio links. Following the outlined identi-
fication procedure, static drain current measurements were car-
ried out at different case temperatures. In particular, 33 °C was
arbitrarily chosen as the reference case temperature ¥ while
measurements were also performed at 43, 53, and 63 °C. The
static drain characteristics in the high-dissipation region, where
the self-heating effect is more important, are shown in Fig. 2.

Exploiting these measurements, fy, was identified according
to (19), then (17) was adopted to evaluate the possibility of
using the simplified model formulation (18) instead of (11). As
expected, the two functions fy and fy. were found very sim-
ilar one to each other except for slight deviations in the highest
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power dissipation region (highest values of the couple Vg, Vo),
as shown in Fig. 4.

Due to the choice of the quiescent condition (class-A like)
and the limited signal amplitude involved, the two functions fy
and fy, are here considered almost coincident. In fact, the high-
power-dissipation regions are scarcely involved in the dynamic
operation of highly linear PAs. Thus, model (18) was adopted
as the most suitable for our application. Finally, a constant case
temperature operation is also considered here: 9. = ¥%.

Under these hypotheses, differentiation of (18) with respect
to v,(t) and vg(t) around a generic bias condition (V,o, Vio)
leads to

I [V40, Vo)
= gP°WVy0, Vaol + £41V40s Vao)

+ £9. V40, Vaol Ro g2 [Vio, Vo] Viao (20)
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95°[Vy0, Vaol
= 92 V0. Vaol + falVyo, Vaol + fo.[Vyo, Vao]
x Ry (92 Va0, Vao]Vio + Lao) (21)

where g7, 93¢, gPC€, and glll)C represent the transconductance
and output conductance under LF (ac) and static (dc) condi-
tions, while 14 is the static drain current. A known value Ry =
95 °C/W was assumed here for the thermal resistance.

For each (vg, v4) pair, the two model functions f; and fq,

are identified by minimizing the squared discrepancies between
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the same (v,, vq) grid of voltages starting from different quiescent conditions
[19].

(18), (20), and (21) and the corresponding dynamic measure-
ments obtained under different operating conditions. In partic-
ular, large-signal LF I-V data, obtained through the sinusoidal
measurement setup [19] recalled in Section I, and SS LF con-
ductances obtained from a conventional vector network analyzer
(VNA) were considered here.

B. LF Model Validation

In order to show the SS prediction capabilities of the I-V
model, measurements of the pHEMT LF transconductance
and output conductance carried out at different bias conditions
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Fig. 10. GaAs 0.25-um pHEMT S-parameters (opportunely scaled: S11,
S$12%7.4, 521/9, and $22/1.2). Measurements (solid lines) are compared to
predictions based on the NDC model [2] with embedded the new empirical
I-V LF model (triangles) and with the purely static dc /-V characteristics
(squares). In particular, (a) and (b) correspond to two different bias conditions,
ie, (Vg = =05V, Vi =5V)and (V4o = 0.1V, Vg = 3 V), respectively.

above the cutoff of dispersive phenomena (f = 2 MHz)
are compared with the model predictions in Figs. 5 and 6.
As can be seen, predictions are in excellent agreement with
measurements. To provide a wider model validation, using
measured data not exploited in the identification phase, pulsed
transconductance and output conductance obtained by numer-
ical differentiation of pulsed measurements (bias condition:
Voo = —0.5Vand Vyy = 5V) are compared with the cor-
responding model predictions in Figs. 7 and 8. Also in this
context, a good prediction capability can be observed.

Fig. 9 shows large-signal drain current measurements carried
out with the new measurement setup [19] recalled in Section I
under 50-2 loading conditions and coherent current predictions
obtained by means of the proposed /-V model. Also in this
context, a very good prediction capability of the model can be
observed.
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C. High-Frequency Model Validation

The LF model presented in the previous sections was em-
bedded into a nonquasi-static large-signal device model for mi-
crowave and millimeter-wave applications, i.e., the NDC model
[2]. To this aim, the NDC model was identified on the basis
of bias- and frequency-dependent S-parameters carried out by
means of a 110-GHz VNA (HP8510XF). A three-delay model
structure was used, with £ = 1.8 ps.

To point out the SS microwave frequency prediction accuracy
and the improvement due to the new LF I-V model presented,
S-parameter measurements carried out in the frequency range
4-80 GHz are shown in Fig. 10 for two different bias condi-
tions. Predictions obtained by means of the NDC model using
the new LF dispersive model are reported (triangles) together
with the results obtained by using only the purely dc I-V char-
acteristics (squares). In the latter case, limitations to the predic-
tion capabilities are due to the lack of LF dispersion modeling.
As can be seen, the prediction performance of the device model,
also at microwave frequencies, is strongly affected by the I-V'
model used to describe the dispersive effects.

In order to evaluate the nonlinear high-frequency prediction
accuracy of the model, measurements of the third-order inter-
modulation product (interferer)-to-carrier ratio (I /C') were car-
ried out at millimeter-wave frequencies on the above-mentioned
Triquint pHEMT.

A block diagram of the experimental setup is shown in
Fig. 11. Two RF signals are independently generated and
amplified before being combined at the input of the DUT. The
pHEMT is biased by means of bias tees (omitted in the picture).

The DUT is accessed by means of a half thru standard line,
using a probe station. The source and load impedances are
settled by means of two passive tuners and measured with an
HP8510C VNA.

In order to extend the tuning range of input cell terminations
to the low-resistance region, a prematched devices can be used
as DUT. In this case, as we will see below, separate cutouts with
the input and output prematching networks are needed in order
to properly evaluate the source and load device termination.

The input and output networks are connected to the DUT
by means of two switches. A 10-dB directional coupler at the

R

____________________ -
SPECRTUM_ANALYZER
POWER METE

- & _

L OUTPUT NETWORK |

Experimental intermodulation measurement setup for millimeter-wave applications.

output allows the simultaneous measurement of output power
by using a power meter and third-order IMD by means of a spec-
trum analyzer.

In order to evaluate the exact power at the input and output
of DUT, and to properly measure the input and output termina-
tion, a suitable calibration procedure has been developed. The
procedure consists of the following steps.

Step 1) The power meter is connected directly to the input
switch, with SG_2 turned off, evaluating the SG_1
power to set in order to have the desired input power.
The power meter is connected to the output, by
connecting together the input and output networks.
SG_1 is turned on and setting the power evaluate at
Step 1). In this way, output losses can be evaluated.
Input and output are connected by means of a thru
line, in order to evaluate losses due to thru and
probes. Assuming that the probes have equal losses,
the total output losses are evaluated, summing the
losses measured in Step 2) with one half of the
losses evaluated in Step 3).

SG_1 is set in order to have the desired input power
at the half thru reference plane.

The VNA is separately calibrated using a thru re-
flect line (TRL) calibration, setting the reference
planes at half thru line. In order to do that, both RF
switches shall be switched.

Switching the input RF switch, the source
impedance is measured (i.e., S(2,2) on the VNA),
positioning the probes on the thru line. If the DUT
is a prematched device, the probes are positioned
on the input matching network.

Step 2)

Step 3)

Step 4)

Step 5)

Step 6)

Note that the calibration procedure shall be repeated for every
frequency at which the measurements shall be performed.

The third-order IMD measurements are generally performed
as a function of output power. Thus, it is important to exactly
evaluate the output network losses. Since these losses depend
on the load set on the tuner, they should be evaluated for every
different chosen load.

The measurement procedure is performed following a
number of well-defined steps.
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Fig. 12. Third-order 7 /C versus output power (single carrier level) for the 0.25-pm Triquint GaAs pHEMT at 37 GHz (bias: I450 = 60 mA and Vo = 6.5 V;
load: Z;, = 144 + j % 9.7 (left) and Z;, = 48.9 4 7 * 54.7 (right); source Zs = 49.5 — j % 9.6). Measurements (circles) are compared to predictions based on
the NDC model [2] with the new empirical model embedded (solid line) and with the purely static dc -V characteristic (dashed line).
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in the third-order IMD as defined in (22) considering: Z; = 48.9 4+ j * 54.7 and Z, =

14.4 4+ 3 % 9.7. Measurements

(fulfilled bar) are compared to predictions based on the NDC model [2] with the new empirical model embedded (dashed bar) and with the purely static dc -V
characteristic (dotted bar).

Step 1)

Step 2)
Step 3)

Step 4)

Step 5)
Step 6)
Step 7)

Step 8)

The probes are positioned on the thru line. If the
DUT is a prematched device, the probes are posi-
tioned on the output network.

RF switches are set in order to connect port 1 of
VNA with the output network.

The tuner is set to the desired load, measured with
the VNA.

The output losses are evaluated setting SG_1 to the
power evaluated during the calibration. Since the
source and load termination are also known, the
pure resistive losses of the output network can be
easily evaluated.

The probes are positioned on the DUT and the DUT
is biased.

SG_1 is set in order to have the desired P,,:. The
output power is measured with the power meter.
SG_1 is turned off and SG_2 is turned on and set in
order to have the same P, .

SG_1 is turned on and the third-order IMD mea-
surement is performed by means of the spectrum
analyzer.

Measurements of the third-order IMD were carried out at
the frequency of 37 GHz (two-tone displacement: 10 MHz;
class-A operation: 1o = 60 mA and Vyo = 6.5 V) under
different loading conditions. Simulation and measurement re-
sults are shown in Fig. 12 as a function of the output power.
As can be seen, the model is in very good agreement with
measurements.

The ability to predict the microwave PA IMD with different
source and load termination values is a very tough validation
test for a nonlinear electron device model. In fact, quite often,
the device models usually available to the designer do not pro-
vide a sufficient level of accuracy in IMD predictions, forcing
(e.g., for highly linear PA design) to carry out time-expensive
source/load pull characterizations of device samples. In order
to test the IMD predictive capability of the proposed model and
its ability in providing, by simulation only, a reasonable indi-
cation of the near-optimum device termination values, we de-
fined a parameter that takes into account the relative variation
of the IMD level by arbitrarily changing the source or the load
impedance. More precisely, given two arbitrary loading con-
ditions Z; and Z, and an output power level P,,;, we con-
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Fig. 14. Measurements (solid lines) of IMD carried out on different PA
samples at 38 GHz (bias for the last stage: I,o = 600 mA). Predictions based
on the new empirical model embedded within the NDC model [2] (circles) are
also shown.

sider a parameter A(I/ C)IZDL’WZZ, based on the variation of the
third-order IMD, defined as

z _ U/OF, - U0,
MO == Fam
P,

out

(22)

In Fig. 13, the two loading conditions reported in Fig. 12
have been taken into account; the corresponding A(I/C )IZJitZZ
values are shown for different output power levels. In partic-
ular, for each output power condition, measurements (fulfilled
bar) are compared to predictions based on the NDC model [2]
with the presented LF model (dashed bar) embedded. In the
same figure also, the poor prediction capability due to the lack
of the LF dispersion modeling, obtained with the purely static
I-V characteristics, is shown (dotted bar). Analogous results
were obtained for a large number of source and load couples
of impedances.

The prediction accuracy of the NDC model has been further
tested also by means of a highly linear PA designed and re-
alized by Ericsson with the 0.25-pum Triquint GaAs pHEMT
process. The amplifier, namely the Ericsson PA38, works in
the 37-40-GHz frequency range and was designed for point-to-
point digital radios operating with high spectral efficiency mod-
ulation schemes [up to 128 quadrature amplitude modulation
(QAM)] [22]. Measurements carried out on the Ericsson PA38
and simulations based on the pHEMT model extracted were
compared in [22]. In Fig. 14, measurements of IMD carried out
on different PA samples are shown to put in evidence the process
dispersion. In the same figure also, the prediction obtained with
the model approach proposed is shown.

IV. CONCLUSION

In this paper, a new current—voltage (/-V') empirical model
for the characterization of LF dispersive effects above their
cutoff frequencies has been presented. The model formula-
tion has been introduced, then the model identification and
validation for a 0.25-pm pHEMT device has been discussed,
showing a very good prediction capability under LF small- and
large-signal operating conditions.

The empirical model has been embedded in a large-signal de-
vice model for microwave and millimeter-wave applications [2].
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Intermodulation measurements were carried out at K a frequen-
cies on a pHEMT device, showing the strong impact of LF dis-
persive effects on the achievable prediction accuracy also at very
high frequencies.

Finally, IMD measurements carried out on different samples
of MMIC highly linear PAs have been used to show the possi-
bility of effectively employing this model in the PA design phase
as a valuable alternative to expensive load—pull measurements.
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