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behavior at microwave frequencies [1]-[7], or when new
Abstract— In this manuscript, we present a new dynamic-bias devices are available, as result of an improved technology step
measurement set-up and its application to the extraction of a process, but an updated foundry model “design kit has not
nonlinear model for microwave field-effect transistors. The paean developed yet. As consequence, it could be mandatory to
dynamic-bias technique has been recently proposed and relies ON . tract a custom model, which is more accurate in specific

the use of low- and high-frequency vector-calibrated L . .
measurements acquired, for instance, by means of a large-signal applications. In this context, the choice of the measurements to

network analyzer (LSNA). In this work, we propose a new and be used in the extraction of the model parameters is very
alternative  technique to perform the dynamic-bias important and can affect both the extraction time and the
measurements, based on relatively low-cost instrumentation accuracy of the model itself. For such a reason, it is essential
commonly available in microwave laboratories. The new 5 have quick and easy identification procedures combined
acquisition system is composed by a 4-channel vector LF Teceiver, i measurement techniques, which lead to accurate models
(e.g., an oscilloscope) and a 1-channel HF scalar receiver (e.g., ab ' L .
spectrum analyzer), which replace the 8-channel vector receiver, Y Méans of few measurements and short optimization time.
Moreover, the proposed architecture greatly simplifies the ~ Unfortunately, reaching a tradeoff between measurement
measurement setup and the calibration procedure. As case study, accuracy and simplicity, and identification procedure is a
a 025pum GaN HEMT is considered. Dynamic-bias challenging target. Nowadays, a number of efficient transistor
measurements, carried out by means of the proposed yode| formulations are available [1],[3],[8], but few
measurement setup, are used for the identification of a nonlinear identification techniques suitable for nonlinear models exist.

model of this device. Finally, the model is fully validated through | . hes di d th ical id .
comparison with time-domain harmonic load-pull measurements Altérnative approaches disregard theoretical considerations or

carried out at 5 GHz. mathematical representations and rely on huge amount of data
to build behavioral models [9]-[12].
Index Terms—Dynamic-bias, FETs, harmonic load-pull Some of the afore mentioned identification techniques are
measurement, nonlinear measurements, nonlinear models, gften based on measurements carried out in operating
semiconductor device measurements conditions very different from those in which the device

actually operates [1], [2],[7]. For example, it is very common
to perform dc I/V measurements for the identification of a
FET drain current-generator, and multi-bias small-signal ac
M ODELING of transistors is a very important topic in theneasurements for the identification of the nonlinear charge
context of microwave and millimeter wave circuitsoyrces [8]. As an alternative, I/V pulsed measurements [7],
design. Well-assessed technologies as well as state-of-thefgg]_[le] are commonly used for the identification of a FET
devices need to be accurately modeled if one wants dgain current-generator and pulsed S-parameter measurements
minimize errors in the design phase when using the models[i%]-[16] can be successfully exploited for the identification of
a CAD Simulation enVironment. Although most foundrieﬁon"near Charge sources. The main advantage of pu|sed
make their own models available, often a custom modgharacterization techniques is that, by studying the influence
tailored to the specific application considered (e.g., highyf the thermal and traps-occupation states on the I/V dynamic
efficiency power amplifiers, mixers, etc.) must be extracted. characteristics, allows one to gain deep insight in the low-
A custom model is needed, for eXample, when dealing Wiﬂ:équency dispersive phenomena aﬁecting microwave
GaN devices to accurately account for low-frequency (LR}ansistors [1]-[7]. As well-known, such measurements are far
dispersion phenomena that strongly affect the transist9pm the actual operation of transistors in nonlinear
microwave circuits, such as power amplifiers, mixers,
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conditions which are close to those experienced by the devledoratories. As shown in Fig. 1, the architecture of the
in actual operations (i.e., sinusoidal or distorted-sinusoidptoposed setup is different from the one based on an LSNA,
regime). On the other hand, LSNA-based setups havelilke that described in [19]: the “8-channel vector receiver” is
frequency limitation more stringent than the frequencyeplaced by the combination of a “4-channel vector LF
bandwidth they can handle (i.e., 67 GHz for today’'s setupsgceiver” and a “1-channel scalar HF receiver”, as shown in
In fact, when one wants to correctly reconstruct the nonlinelig. 1b. The choice of the LF receiver is flexible and it can be
time-domain waveforms of voltages and currents, and useplemented by means of traditional instrumentation, like an
them in the optimization procedure, at least three harmonigscilloscope, or by means of acquisition boards. In addition,
have to be acquired. This means that, considering that latdst simultaneous acquisition of the LF and HF quantities is not
LSNA setups have a maximum bandwidth of 67 GHz, one caaquired, since in the new architecture a scalar HF receiver is
set the maximum fundamental frequency up to one-third aked. The LF excitations are provided by an arbitrary function
such limit. In addition, if one needs to control harmonicggenerator (AFG) with multi-harmonic capability that allows
more than three harmonic frequencies have to be acquirede to set any operating regime at the DUT ports.
thus further lowering the maximum fundamental frequency.  The scalar information at HF is successfully used in the

In this scenario, the dynamic-bias measurement technigogtimization phase for the transistor charge model extraction,
[19], [20] and its application to model identification, has beewhereas the vectorial LF information is used for current
proposed as an alternative to overcome the LSNA frequenggnerator model extraction.
limitation while maintaining the actual operating condition of The proposed approach greatly reduces the cost of the
devices in the identification phase. The dynamic-biashole measurement system, allows a simplified calibration
measurement technique basically consists in exciting tpeocedure, and at the same time provides measurement data
device under test (DUT) simultaneously with LF large-signabhich can be used for model extraction with a good level of
and high-frequency (HF) small-signal excitations. The use ofacuracy, as will be shown in the following sections.
small signal at HF guarantees that the HF harmonics can béespite the proposed measurement technique could appear
neglected and as consequence the fundamental frequency siemlar to pulsed S-parameters, it presents significant
be set up to the upper frequency limit of the measurematifferences due to the very different operating regime (i.e.,
system. Then, the identification procedure associated with tiiaps-occupation and thermal states) that the DUT experiences
measurement technique uses the device response at LFdudng the measurement. Consequently, a true comparison
retrieve the drain-source current generator model parametdrsiween the two approaches is not practically feasible. In
and the response at HF to obtain the charge-source modetlition, the HF quantities gathered by the proposed setup,
parameters [19],[20]. In [19],[20] dynamic-bias measuremenbesides being acquired by imposing actual DUT operating
are performed with an LSNA with eight-channel vectoreonditions in the identification phase, are scalar whereas in
receivers as shown in Fig. la. pulsed S-parameters a vector acquisition is performed.

The paper is organized as follow: Section Il describes the
new approach with some theoretical considerations supported

8-channel vector receiver
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,ﬁ g ,ﬁ by CAD simulations and explains the proposed measurement
\LF'Channe'S I e l LF'Channe'S, setup and calibration procedure. In Section Ill, the model
DCHLF DCsLF identification procedure is fully described and in Section IV it
LF-8T H{AF-BTHY —[: HF-BT} LF-87] is applied to a GaN HEMT device. Finally, Section V reports
RE the model validation by means of HF time-domain harmonic
I ﬁ %RF but i e load-pull measurements.
) () ) II.  THEORY AND APPLICATION OF THEPROPOSEDAPPROACH

,"4-channe| vector LF receiver

i 1-channel scalar HF receiver |Spectrum
Analyzer

In this setion, we describe the new proposed measurement
setup and its use to identify a nonlinear model, pointing out

5‘ [[F-scope] l — l [ (F-scope] the attent_lon on t_he fact that scalar HF measurements provide
N - enough information to extract an accurate charge-source
DC+LF DC+LF model.
A tF-8THHF-BTHY HF-BT |~ LF-BT
o - | A. Measurement Technique and Simulations

It i put  TERM ALFFGI” The dynamic-bias technique [19] consists in exciting the

= = = = DUT simultaneously with a LF large signal and a HF small

(b) signal. As reference for the following, we show in Fig. 2 the

Fig. 1. Dynamic-Bias measurement setup (a) and new proposed architec

; - : ft&quency spectra of the DUT incident and scattered waves
with scalar HF acquisition and low-frequency oscilloscope (b).

under dynamic-bias operation. The LF large signal allows
In this paper, we propose a new setup to perform dynamgetting the trap and thermal state of the device [3], [6] (i.e.,

bias measements. The setup is composed of relatively lowarge-signal operating point, LSOP) whereas the HF

cost instrumentation, commonly available in microwavémall signal, which is nametitkle, is aimed to stimulate the
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charge nonlinearities. When the_HF ti_c_kle is applied on top (_]32 (t) = f[A(L), A(1)] (1)

the LSOP the charge nonlinearities are gathered in

correspondence of this trap and thermal state. A(t) = AuLF (t) + AAMRF (t) @)
During the dynamic bias measurement, the frequency of thg(t) = A2vaF (t) + AAz,fRF t) 3)

LF signal must be chosen above the cut-off of dispersiv

phenomena. In this way, the channel temperature and trga(t) = f[At,pr ®, A&,fLF 0]+

occupation state can be considered frozen. Moreover if the of of 4)

frequency of the LF signals is low enough to neglect the +—AA )+ DA (1)

nonlinear dynamic phenomena (i.e., nonlinear capacitance), ap& aA&

the measured LF I/V characteristics correctly describe thghere A (1), A (t),B,(t),B, (t)are, respctively, the time-

dynamic behavior of the drain-source current generator. varying ircident and scattered waves at the input and output
It is important to underline at this point that the excitation at ying P P

LF can be easily controlled to have a specific load-line (e.é’.?rts: Am; (), Az.pr (t) are the time-varying incident

class AB, class B, class F, etc.) at the current-generator soufegses usedo set the LSOP, am}\AMRF (t)'AAz,fRF (t) are

of the device [21],[22],[23]. This is not achievable when . .

setting the LSO[P aat[mizzr[ovv]ave frequencies [24] since in suH?1e HF tickles. We assume thaAAz,pr =0 (i.e., matched

case the load-line can be synthesized only at the extrini@d at RF. The time-varying first order derivatives will

plane of the device and not at the current generator. generate frequency components &t-rn = 0, 1, 2,...N).
When the DUT is excited with such kind of signals, itShese compnents are multiplied by the tickles

response has the harmonic content shown in Fig. 2, whighA |, ), (AA,, ) producig the intermodulation tones at

consists of the LF fundamental tone with its harmonics, of the . . . .
fundamental HF tone and of the intermodulation tones dueq * M. It 1S noteworthy_that_ gach intermodulation tone_ 'S
neratedy direct harmonic mixing of the LSOP frequencies
N

the interaction between the LF and HF components [19], [2 d the tickle frequency, and no other intermodulation tone at

It is important to underline that the_ HF S|gr_1a| harmonics “4He same frequency is generated due to higher order mixing.
be neglected due to the HF small-signal regime [19], [20]. As a consequence, the amplitude of the intermodulation tones
is independent, for a fixed LSOP, from the phase of the HF
A1; A2A tickle. With the aim to show the validity of this assumption,
we performed some simulations under dynamic-bias
T conditions by using a GaN HEMT device model available in a
// > commercial CAD simulator (i.e., Keysight ADS). The
DI harmonic-balance simulation was performed at the fixed bias
B1, BZA Vg =20V, lp=15 mA, synthesizing at the DUT drain side
an impedace ZF =100 + j*30Q at thefundamental LF (i.e.,
2 MHz), and £ = 50Q at the fundamental HF (i.e., 5 GHz),
whereasall the other harmonics were terminated ortb0At

TT¢ / Q 1‘ 1: 1‘ @ > the gate port, a LF large signal with amplitudg#F 3 V and

:mj )

3

oe a tickle Ayr = 0.2 V were simultaneously applied. Finally, the

relative fhase of the HF tickle was swept in the range 0°-360°
with 5° step. Fig. 3 shows the simulation results. In particular,
Fig. 2. Spectra of incident and scattered waves under dynamic-bi#sig. 3a and 3b show the time-domain current and voltage
operation. waveforms at gate and drain ports for all the swept phase

Dynamic-bias measurements can be collocated to thoﬁ?ues’ drawn with a sufficient number of points to distinguish
class ofmeasurements where a large-signal operating poi e HF tltchkle t('m t%p of _the LF ?lgnal. T(_)thmakei thteh gr?_ﬁ):h
(i.e., the LF signal) is perturbed by a small-signal (i.e., a H(f_learer, te ”:,e'hl,orﬁf'g _nge grms dvélb '?k?gl ked tted
tickle). From literature [9],[10] it is demonstrated that if thf';mri)r?gsen are highlighted in 1g. sa an wi ack dotte
frequency of the tickle is offset with respect to the frequen . :

of the LSOP, the amplitude of intermodulation tones arisin Fig. 3c and 3d ;how, on a polar plot, the phasors of the
from the interaction between the tickle and the LSOP Fckle and of the first two intermodulation tones (ifgetfir
independent of the tickle phase which can be arbitrary wi frt2fie ). In particular, while the phase is changing, the
respect to the phase of the LSOP. This applies also qgmlltudeof the HF tickle and of the intermodulation tones
dynamic-bias measurements and can be intuitively explain@é/S on circular trajectories on the polar plot.

by linearizing, for example, the scattered wayeMih respect

to the LFLSOP. By adopting a formalism similar to the one in

[9] we can write:
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Fig. 3. Time-domain current and voltage at drain (a) and gate (b) device
ports. Phasors of the tickle and of the first two intermodulation tones at drain
(c) and gate (d) ports.
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Fig. 4. Roposed Dynamic-bias measurement setup. LF and HF bi-directional

B. Measurement Setup and Calibration couplers and spectrum analyzer, LF oscilloscope and LF and HF sources.

The newproposed measurement setup, used to carry OUtypis ig ynically done, for instance, in case of scalar load-
dynamic-bias measurements, is shown in Fig. 4. The g

L ull setups [27]. As widely known, the complexity reduction
chal_ﬂnel vector. LF receiver: 1 |mplemented. by the PXI51085ined with a scalar calibration as compared to a vector
Oscilloscope/Digitizer with 60 MSa/s real-ime sample ratgyjinration is paid in terms of accuracy. We show, however,

f"‘”‘?‘ 12-bits of resolution. The “1-channel scalar HF rece!ve{’r’]at for the experimental conditions investigated in this work,
is implemented by a 50-GHz spectrum analyzer (Agileqhe gcalar calibration provides a measurement accuracy

8565E). i ) i comparable with the one of a vector calibration.
Two bias tees, with appropriate frequency range, are used ¢y 5 shows a schematization of the input HF path of the

correctly couple dc, LF and HF signals; LF and HF bigeq, in Fig. 1b, represented as a four-port network, and (5)

directional couplers are used to separate_incident and scattqréaﬁiorts the corresponding well-known error model that we
waves and a two-channel ar.bltrary fungtlop generator and s med in this work. For simplicity, we focus on the input
RF sou.rce are .us.ed to provide the gxcnatlons at LF aqd I'|-'|:F path, but the same considerations are clearly valid for the
respgcnvely. It is important to underline that the LI_: arb'tra%utput HF path. In addition, we assume that ports 3 and 4 are
function generator allows the full control of gmplltude an%erfectly matched, thus and a in Fig. 5 are equal to zero.
phase of the fundamental tone and harmonics so that aNYhe modelcan then be reduced to the widely adopted two-

operating regime can be easily set directly at the currenb model or one can measure the S-parameters of the error-
generator of the DUT [26]. Finally, as we used a one-chanq%xes with a calibrated network analyzer

spectrum-analyzer, a switch-matrix was employed to measure-q; the scalar calibration, only few terms in the matrix in
the four HF wave magnitude. (5) can be used to derive the magnitude of the wayds at
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the DUT reference plane, starting from the magnitude of tlilB, reverse coupling below -35 dB, and isolation between

raw measured waves and h. coupled ports below -60 dB. This allows one to perform the
de-embedding of data using only scalar measurements. In this
way the modules of;aand a can be directly calculated from

b3T a3 b4T 13, I 8 the modués of the raw measured wavesand h, which are
15 the quanties acquired by the spectrum analyzer. Als@id
C am T ™~ b :3 b, can be directly calculated from the magnitude of the
aL i P3 P4 _»2 1 E measured aw waves b and h. Therefore, the quantities of
—1]p1 p2 D? : o interest the DUT reference plane are:
b, i roa, | 3
\ Saxa J i b, = ZI (b @
""""""""" 15 1
L)
_|b
Fig. 5. Pur-port error model used in high-frequency calibration. |a2| - S 8
42
b1 a, The abee assumptions greatly simplify the calibration
S, .. S, procedure and their validity and accuracy is demonstrated by
bz = . . a, ) the good agreement with vector-corrected (i.e., considering all
b3 a, the terms in (5)) measurements carried out by means of a
S, S. LSNA (see Fig. 7 and Table II). In order to fairly compare the
b4 a, results, we used an LSNA (see Fig. 1a) to perform dynamic-

This four-port error model actually represents the duabias measurements and we corrected the acquired raw waves
directional coupler and cables used in the HF acquisitidhe., iy and k) by applying both a vector and scalar
paths. The input port of a dual-directional coupler is natalibratin to obtain the waves at the DUT reference plagpe, a
coupled with the reverse coupled port so that thend B. We performed dynamic-bias measurements on a 0.25-
corresponding S-parameters (i.e., measurgfiddd |$;) can um GaN HEM biased at =20 V and 4o = 15 mA. The
be consideed zero; also the output port is not coupled with thisequencyof the HF tickle isige = 5 GHz, whereas the LSOPs
forward coupled port so that the corresponding S-parameteéie set af r = 2 MHz for three different conditions, namely
(i.e., measured Jg and |$]) can be considered zero. The3.5+*11.6Q, 50Q, and 106 -j*5%2. The HF load was
forward aml reverse coupled ports are also isolated from eachnstant and close to %B In Fig. 6 we show the LF dynamic
other, therefore  and S; can be considered negligible. As aoutput characteristics for the three different dynamic-bias

consequere, the system reduces to: measurements. For the LSOP corresponding t@ %@ report
b S, S, S, 0)a in Fig. 7 the spectrum magnitudes of the input and output
scattered waves after applying vector (circles) and scalar
b, - Si S, 0 Sia — (crosses) calibrations. In Table | we also report the
b, S, 0 §, 0O comparison between the two calibration procedures for the
b, 0 S, 0 S,)|o magnitude of the incident input HF tickle.

b, b
= + 4 6 200 200
bl Sll él 512 842 ( ) 2 ] 2
bl = Sna1+ Slzaz b3 b £ 150 :E 150
_ b =S +S 4 € ] :
b2 - S218‘14- Szzaz : 2 S31 2 S42 5 1007 5 100
= = 3 3
b3 = S318‘1 a = % g 50 g 50-1
b4:S4za2 t 0 O At e S e e
b 5 7 6543210 1
8, = % Drain Voltage (V) Gate Voltage (V)
%42

@ (b)

The systemof equations in (6) cannot be solved startingfig. 6. Measured dynamic characteristics for three LSOPs: short (dashed
from scalar measurements unless doing furthdife), S0Q (solid line), and 106 - j*57 (ircles).
?g{ﬂ;ﬁﬁ'gzt'gfnfﬁelz?;:?eOsiuiz C?J?tsel(fs\;\?ir:r:j t?;g:pj; aillsosth?:inally, Table Il reports the comparison between the two

P q qUERLY 2 alibration procedures for the spectrum magnitudes of the

and $, canbe neglected without introducing important errors|'nput and output reflected waves for the LSOPs corresponding

These apmximations are valid until the components in th% the 3.5+j*11.6©@ and 106 -[*57€Q load. From these

HF calibration path show good performance in the considered
P goodp . .(iomparisons, we can deduce that, despite the additional
frequency range. In particular, by using commercia

bidirectional couplers available in our laboratory, we founapproxmatlons, the scalar calibration yields very similar
S L : esults compared to the vector one.
that the approximation is valid with insertion loss below 15
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The extraction procedure is based on the assumption that
TABLE | LF components are strictly related to the current-generator
COMPAR'SONBE;‘Q’IENEC’\:iﬁ#ﬁ@é’s\;ggﬁﬂgg{C}OLF;TDCTEEMAGN'TUDE source and the HF components are strictly related to the
charge sources [3],[6],[21]. In particular, we use only the LF
2 (dBm) _ spectrum to extract the parameters of the drain current-
— _Szci'gg ‘fgiﬁ;’zg' generator source. Once these parameters are extracted, we use
the HF spectrum to identify the charge-source parameters.
The flowchart in Fig. 8 summarizes the steps of the
identification procedure.

Frequency

lIl.  IDENTIFICATION PROCEDURE
Measuremets performed by means of the new

measurement setup are used to implement an extraction EFEEZ;;;;;a_n-q-'EE:){’ Ir:?rlltr:a"sllc \,‘+‘/ El?muasluc \,‘
procedure for nonlinear transistor modelling. The spectrum bommmmmmmmeees ! "\parameters,” " \parameters,
resulting from dynamic-bias measurements is composed of LF O
and HF components as shown in Fig. 2. When we excite the T, .
DUT with LF signals, de facto, we are fixing the trap and E-L-F-c-);;i-r;‘i-z-a-ﬁ-‘;r:it>':;arag'lGeters\,\""'\, Re.RARS )
thermal states of the DUT without exciting the charges (i.e., fmmmmmmmmme e See_oetT et
the capacitances behave as an open at a few megahertz).
On the other hand, it is worth noticing that the HF small hts
signal does not modify the trap and thermal states which are pmmmmm=mm  Charge TN Tgld s
LD .. . L . HF Opt|m|zat|on|:>l arameters 4 I
settled by the LF excitation. This situation is similar to multi- (ot A o res TN Celd .
bias S-parameter measurements as the slowly-varying LF T
large signal behaves as a “constant voltage” with respect to the <L
HF tickle.
-10
] Fig. 8. Fowchart of the model identification procedure by using the
25 . dynamic bias-measurement technique [19], [20].
5 | The first step consists in identifying the initial parameters to
§ '40__ . ® set in the optimization. This step is carried out by using few dc
a 55 ° o and S-parameter measurements [28]. Then, by means of the
i Py LF spectrum data, the current generator parameters and
0 S S . resistive parasitic elements (i.e4 Ry, R;) are extracted. In
5 4 3 -2 -1 0 1 2 3 4 5 this optimization step the error function is defined by
Frequency Offset (MHz) considering only the LF components according to (9). Once
(a) this numerical optimization reaches the goal and the optimal
-10 current-generator parameters are found, the current-generator
1 ® model is kept constant and the HF spectrum scalar data are
257 e o used for the extraction of the charge-source parameters and
5 | ® o o ° reactive parasitic elements. In this optimization step the error
E '40i ° ° function is defined by considering only the HF tickle and the
o 55 intermodulation tones according to (10). At the end of this step
| the nonlinear model is available. The error functions in the LF
1 S S R S R S SN S S optimizations are defined by means of the real and imaginary
5 4 3 -2 -1 0 1 2 3 4 5 parts of scattered waves as in (9):
Froquney Ofist (W) E. ()= (|Refbs, t)-bm,, &} |+
Fig. 7. Measured (a) input and (b) output HF spectra of scattered waves after 2
vegctor (crosses) argd)scglar (circl(ei) callci)bration.p +‘ Im{bsl,z k )_ bml,z k }‘) ) (9)

The voltage values assumed along the whole LF waveform k=nf, n= 01.,5.
are the quivalent of the dc values in conventional multi-bias HF erra functions are defined by means of the magnitude
S-parameters, but with the additional advantage that the bfsScattered waves as in (10):
variation is obtained with one single LF load-line. By

imposing suitable load-lines, information on conductiorg _ (k) = z (‘bsl,z(k)‘ “bml,z(k)‘)z,
currents and charge states can be gathered from the pinch-off k

to the saturation regions and in all the intermediate conditions, {k =f,xnf,. n=0,1234.

and used for the accurate extraction of the model.

(10
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COMPARISONBETWEEN SCALAR AND VECTORIAL OORRECIQIDBIK;(;LITUDE OF REFLECTEDWAVES FORTWO DIFFERENTLOADS
35+*11.6Q 106 — j*57Q
Frequency b, (dBm) b, (dBm) b, (dBm) b, (dBm)
scalar vectorial scalar vectorial scalar vectorial scalar vectorial

frr - 4fir -67.21¢ -67.06¢ -45.29: -45.28¢ -73.067 -73.01: -47.81¢ -47.81:
fre - 3fir -53.97¢ -53.97¢ -32.77¢ -32.77¢ -54.04¢ -54.0: -31.53 -31.53:
fe - 2fir -61.61¢ -61.61¢ -35.5: -35.5: -67.32¢ -67.31¢ -33.87¢ -33.87¢
fre - fie -42.05¢ -42.06: -26 -26.00¢ -40.27: -40.27: -26.31 -26.31¢

fre -26.06¢ -25.80: -20.53¢ -20.54: -26.22¢ -25.94¢ -20.99: -20.99¢
fre + fie -41.91: -41.9: -25.89: -25.90: -40.727 -40.73: -26.99: -27.00:
fre+ 2fir -67.70¢ -67.67: -36.20¢ -36.21¢ -58.28: -58.27¢ -34.04¢ -34.05¢
fer + 3fie -53.507 -53.52¢ -32.96¢ -32.97¢ -53.1: -53.14¢ -31.98¢ -32
foe + 4fr -66.59¢ -66.56¢ -47.20¢ -47.22¢ -63.99¢ -64.02¢ -47.02¢ -47.03:

In (9) and (10)k is the harmonic componertiiny »(K) are  model after the first numerical optimization step.
the measted scattered waves at the gate and drain.

respectively, ands, (k) are the simulated ones. 5 o0, 20 2
In the ne&t section, we apply the procedure to extract th @ 20 \ 20 g
model of a 0.25-um GaN HEMT device with the aim o 5 60 1 R / \ o S
validating the effectiveness, for accurate model extraction, E_ 1 oty ! !_100@
the characterization technique performed by the nes "0 2 4 6 810121416 -8 6 -4 2 0 2 4 6 8 s
measurement setup. Frequency (MHz) Frequency Shift (MHz)
(@ (e)
IV. MODELEXTRACTION w o
— 40 40 =
The proposd measurement setup, jointly with the @ 10— 10 g
identification procedure, was used for the identification of £ -20 \ . T 20 3
0.25-ym x 200-um GaN HEMT nonlinear model. In this worl T -50 =T T 90 @
we adopted the Angelov model [8], even if any analyti & '800 2 46 810121416 -8 6-4 20 2 4 6 8'80 ==
formulation that describes the current generator and charg Frequency (MHz) Frequency Shift (MHz)
can be used as well. The model was extracted at the fixed bias (b) )
V40=20V and J, =15 mA. For the LF excitation signal, the W 40 40 3
fundamendl frequencyfo r = 2 MHz was considered adequate gy~ | =
to be aboe the cutoff of the dispersive phenomena [26 & 01 N\ = | 0 g
whereas the frequency of the tickle was set equal g -40 ' b o g
four = 5 GHz. © '800 2 46 810121416-86-4 20 2 4 6 8'80 T

Dynamic-bas measurements were carried out by means

the proposed measurement setup on the selected dev..., Frequency (MHz) Frequency Shift (MHz)
synthesizing 7 different loading conditions corresponding t7_ © @ >
class-AB and class-F operation at the current-generator ple = 30— 30 N
and performing, for each load, an input power sweep (i.t =~ 0 s 0
sweep of incident LF wave at the gate port). For each of the é -30 ! e >4 S i L =30 %
conditions, an HF tickle of -20 dBm of power was g g 60 T
superimposed on top of the LF excitation at the input HF pc® 0 2 4 6 8 10121416 8 -6 4-20 2 4 6 8 T
of the device, whereas the output HF port was terminated Frequency (MHz) Frequency Shift (MHz)

50 Q. Fig. 9 and Fig. 10 show some measurements carried out (d) (h)

on the DUTand used for model identification. In particular,”'9; % Measured (symbols) and simulated (lines) spectra at LF and HF. The
horizontal axis in the HF spectrum represents the shift fsgmBias: o =

Fig. 9 shows the spectra of the incident and scattered Wavg$y |, = 15 mA, fo.r = 2 MHZ four = 5 GHz.

whereas Fig. 10 shows the load-lines corresponding to

different impedances synthesized in class-AB and class-FOnce we found the optimal current-generator model
operation (i.e., for different LSOPs) and for different inpuparameters the second optimization step was performed
power levels. Following the identification procedure describeghere the HF measured spectra in Fig. 9 were used to set the
in Section lll, we used the LF spectra of these measurementsnerical optimization devoted to the extraction of the
to set the numerical optimization devoted to the extraction oharge-source parameters. Looking at Fig. 9 you can see also
the current-generator source and resistive parasitic elemém fitting capability of the model after this second
models. Fig. 9 and Fig. 10 show the fitting capability of theptimization step. Considering the error definition in (10), the
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accuracy of the charge-source model has to be evaluatedd-lines, input loci and the transistor performance (i.e.,

looking at the HF components of the scattered waves. Thatput power and gain) over the entirg $weep is shown for

model parameters obtained after the extraction procedure Hre optinal impedances in Fig. 11.

reported in Table IlI. In the second step, second harmonic load-pull
measurements were carried out by keeping constant the
fundamental impedance at,.d..,~122 +j*127 Q, obtained

L E— from stepl as the best tradeoff between output power and
. ’ efficiency.
< TABLE Ill
§ MODEL PARAMETERS
5 Extrinsicparasitic elements
& Rg(Q) 16 RI(Q) 39 Rs(Q) 0.0
e Lg (pH) 161 Ld(pH) 152 Ls(pH) 1.6
T Cg (fF) 26.6  Cd(fF) 37.6
0 10 20 30 40 Current Generator Model Parameters
Drain Voltage (V) 1pk0 0.084  Vpks 11 Avpks 0.8
P1 052 P2 0.035 P3 0.027
ar 8.5¢ as 0.22 y) 0.003
= B1 125 B2 056 Rt 30.2
= Cth 0.0001 Tcipko -0.00032 Tepl -0.004
g Charge Model Parameters
© Cds(fF) 115 Cgspi(tF) 240  CgsO(fF) 37
g Cydpi(fF) 46 Cgdo(fF) 32
N P10 65 P11 2.7 P20 0.1
I R i P21 0.25 P30 022 P3l 0.02
0 10 20 30 40 P40 45 P41 0.33
Drain Voltage (V)
(b)

Fig. 10. Measured (circles) and simulated (lines) load-lines for class AB (a)
and class F (b) operation as a function of the input power leygk=\20 V,
Ipo = 15 mA,foir = 2 MHz. Measured dc output characteristic g§ ¥ 0 V is

, STy
also show (dashed line).

V. MODELVALIDATION

The extrated model was validated by means of activi
harmonic load-pull measurements carried oufyat 5 GHz
[29] at the DUT quiescent bias condition py=20V,
Ipo = 15 mA. A relatively low HF frequency (i.e., 5 GHz) was
chosen inorder to make the harmonic load-pull validatior ’
feasible and acquiring at least five harmonics. The harmonic @) (b)

_ P . ... [Fig. 11. Measured (black solid line) and simulated (red dashed lines) output
load _puII_ characterlz.anon carried out for the validatio ower (a) and drain efficiency (b) contours at 3.5-dB gain compression. In (a)
consists in four steps: the inner circle is at 27 dBm with step 0.5 dB. In (b) the inner circle is at 54 %
1) Load-pull @fo. with step 5%. Filled square is the optimum impedafyce5 GHz.

2) Load-pull@ Z,, keeping constant Z@.

3) Load-pul @ J,, keeping constant Z@ and 2.

4) ) Load-pull @ fo, 2 and 3. MEASURED AND SMULATE—IID—AP%IIE L\I/\JD EFFICIENCY AT OPTIMAL
In the first step, load-pull measurements at the fundamental IMPEDANCES
frequency were performed in order to find the optimal Pout Zpout Efficiency Zeff
impedances both for output power and drain efficiency (dBm) Q) (%) (©)]
Fig. 11 shows the comparison between measured and®esred — 27.08  117+j*67 >4 91.94"143.3
simulated output power and efficiency contours at 3.5 dB of TJlaled  27.01  117+j*86 >4 92.3+"1428

gain compression. In Table IV we report the comparison

between measured and simulated output power and draifin the third step, third harmonic load-pull measurements

efficiency values for the optimal impedances in Fig. 11. were carried out by keeping constant the fundamental
In Fig. 12 the comparison between measured and simulaigtpedance at Zgeo~122 +j*127Q and the second harmonic
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impedance at Zqop=1.5 +j*50Q, which represent the optimal and case 3. In particular, the output power and drain efficiency
condition for efficiency. Finally, in the fourth step we are shown, for the three cases considered, at constant input
performed harmonic load-pull measurements by sweeping f@ewer for all the synthesized impedances. Fig. 13 also shows
impedances around the optimal conditions at the first, secotide load lines and input loci for the optimal second and third

and third harmonics, in order to refine the search. harmonic impedances. The gate current and voltage are

excellent indicators of the accuracy of the charge-source

= 0.3 = 0.3 model whereas the output power, power added efficiency, and

5 02 : 0= drain current and voltage are more strictly related to the
E o1 g o current-generator source model accuracy. The good agreement
G 00 6 00 between measured and simulated input loci shown in Fig. 13
g o 5 o1 confirms the accuracy of the nonlinear charge-source model as

020 0 20 30 40 %5 10 20 30 40 Well as the well fitted drain quantities validate the accuracy of

Drain Voltage (V) Drain Voltage (V) the current-generator model under very different operating

(@) (b) conditions. In the fourth and last measurement step, which is

0.15 0.15 case 3 in Fig. 13, we performed load-pull measurements at

< < fundamental, second and third harmonics. We report the
5 5 comparison between measurements and simulations for this
3 0.00 3 0.00 case. The accuracy of the extracted model is again confirmed
§ i—; by the good agreement between measured and simulated gate

-0.159 -0.15 and drain characteristics. The good prediction obtained in the

6 -3 0 3 108 6 -4 2 0 2 4 : e
several synthesized conditions represents a definitive
Gate Voltage (V) Gate Voltage (V) i X . i
© d validation of the effectiveness of using scalar HF data for the
- — extraction of the charge-source model.
E 30 12 E 30 12
S 28 11 9 S 28 11 ©
P R ) 2 VI. CONCLUSION
g 2 102 2 26 10 2 _ - o
T oy 9 BT o4 9 T In this work, for the first time, dynamic-bias measurements
2 2 e) , 2 f) o carried out by using scalar acquisition of HF data were used to
o 9 . O - B L extract a nonlinear transistor model. The proposed method
Available Power (dBm) Available Power (dBm)

greatly simplifies the measurement setup and the calibration
() rocedure of the HF part of the setup even though guarantees
Fig. 12. Measured (symbols) and simulated (lines) load-lines ((a) and (t&, .
input loci ((c) and (d)), output power and gain ((e) and (f)) for the two load300d level of accuracy for the extracted models. In addition,
corresponding to the optimum for output power (a),(c),(e) and efficiendhe system becomes cheaper and easily implementable by
(b),(d).(f) at 5 GHz. means of instrumentations typically present in microwave

Fig. 13 shows the measured impedance grids and the resultlsagprato”es'

the compason between measurements and simulations for the
second, third and fourth step of the harmonic load-pull
characterization, which are named respectively case 1, case 2
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CASE 1 CASE 2 CASE 3

c / \\ c / '\ c T T
Xe] kel kel
© = K
£ kS \ £ // \
€ = \ £
= = | [
o o | w o
3 ; \\ / 3
o o / gel
® © ©
o] o o
a B J /
Q 100 - 30 9 100 302
§ — = § §
~ S 80 Y g g £
3 3 € > € 3
2 I T o ) R Bz oy 60*/'39__/055
- z % 40 z % 40 3
@ o @
20+——r———+———120 3 20 : : : 203 20 : : . 203
0 2 4 6 8 10 12 0 1 2 3 4 0 1 2 3 4
—_ 2f0 Impedance Index —_ 3f0 Impedance Index —_ fO Impedance Index
& 30 12 & 30 12 & 30 12
2 28— . 57 e 9 o g 28+ R P %28j 0
e 24—/ Ng & & 24r g 3 & 24 s
3 22- 2 F22 2 F22 =
8 20 T T T T T 6 8 20 T T T T T T T T 6 8 20 T T T T T T T T T T 8
10 12 14 16 18 20 22 12 14 16 18 20 22 9 11 13 1517 19 21
Available Power (dBm) Available Power (dBm) Available Power (dBm)
—. 015 __0.154 __0.15
< < ] <
S 0.00] £ 0.00 5 0.004
O (&) 1 O
Q [ Q
-0.15 ! ! © 015 | | -0.15 ! ! !
-10 -5 0 5 -10 -5 0 5 -9 -6 -3 0 3
Gate Voltage (V) Gate Voltage (V Gate Voltage (V)
- 03 0 ge (V) - 03
= < 02 = 0.2
c c [ 1
2 © 01- © 01-
3 3 0.0- 3 0.0-
& S -0.11 501
O o. ) : ; 0O g2 | ——— : O 02 i o]
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Drain Voltage (V) Drain Voltage (V) Drain Voltage (V)

Fig. 13. Load pull at second harmonic (case 1). Load pull at third harmonic (case 2). Load pull at first, second and third harmonic (case 3). From top to bottom i
each column: measured impedance grids; PAE and output power at fix#d ® dBm (case 1), 20 dBm (case 2), and 18 dBm (case 3); output power and gain,
load lines and input loci as a function of available input power for the loads corresponding to the optimal efficiency. Measures (symbols) and simulations (lines).
f() =5 GHz.
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