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Abstract—This article presents a real-time nonlinear vector
network analyzer (NVNA) testbed that enables the acquisition of
the isothermal transient response of GaN HEMTs operating in
pulsed class-B mode with arbitrary loads. An oscilloscope-based
architecture and a cost-effective and traceable harmonic phase
calibration procedure are presented for the proposed real-time
NVNA. The system is configured to realize pulsed multiharmonic
active load—pull (ALP) for synthesizing any class of operation.
This real-time NVNA is used for the characterization of trapping
in GaN HEMTs operating in pulsed class B under verified
isothermal operation. It allows for the isothermal acquisition
of the RF dynamic loadlines from pulse-to-pulse at different
biasing conditions to account for different trapping states and
operating temperatures. The capture and emission processes
are monitored at each pulse using the quiescent current and
RF power for each of the biasing conditions considered. These
measurements and associated trap modeling demonstrate that a
majority of the capture process is taking place in the first RF
pulse (<200 ns) with the residual capture process distributed
over various durations depending on the biasing condition and
associated temperature. The proposed real-time NVNA combined
with pulsed multiharmonic ALP should prove to be a useful tool
for studying trapping effects in RF devices.

Index Terms— GaN HEMT, nonlinear vector network analyzer
(NVNA), oscilloscope, pulsed-active load—pull (ALP), traps.

I. INTRODUCTION

ONLINEAR vector network analyzers (NVNAs) are

instruments used for the large-signal characterization of
nonlinear electronic devices at radio frequency (RF) operation.
By measuring transistors in the nonlinear regime where they
are to be used in practice, as opposed to performing the
small-signal measurements with on standard VNASs, one gains
a more complete understanding of the device’s operation which
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can be applied when designing devices, modeling devices,
or designing RF circuits such as power amplifiers (PAs).
Conventional NVNAs are typically suited for characterizing
devices operating in a steady state, whether continuous wave
(CW) or pulsed, but offer little information about transient
effects taking place in the device under test (DUT) before
the device reaches a steady state. Thus, there exists a need
for a real-time NVNA capable of characterizing the time
evolution of the device behavior before a steady state is
reached [1].

Let us first consider the suitability of the various NVNA
architectures for developing such a real-time NVNA. The
first fully-calibrated NVNA reported was the large-signal
network analyzer (LSNA) which relies on a subsampling
architecture for its measurement of multiharmonic signals [2].
A mixer-based architecture was subsequently reported in [3].
A sampler-based NVNA using a sampling oscilloscope was
reported in [4]. Low-frequency, oscilloscope-based analyzers
have also recently been developed to reveal CW large-signal
loadlines of devices [5], [6]. However, these systems operate
at very low frequencies and do not necessarily require rigorous
NVNA calibration.

These standard NVNAs can acquire CW, pulsed, or mod-
ulated waveforms, but there are limitations based on the
architecture of the instrument. In particular, NVNAs using
mixer-based and subsampling architectures require steady-
state, periodic CW, or modulated signals. Mixer-based NVNAs
measure each harmonic frequency (and modulation tones)
at different times, thus requiring the signals to repeat over
multiple periods and pulses in order to complete a full
measurement of the signal. Subsampling NVNAs use a comb
generator with a low sampling frequency to sample the peri-
odic modulated multiharmonic RF signals, and therefore also
require an acquisition over multiple modulation periods and
pulses.

Clearly, the mixer-based and subsampling-based NVNAs
rely on equivalent time and cannot be used for the acquisition
of pulsed-RF signals which can slowly vary from pulse to
pulse. These instruments used for large-signal measurement of
RF devices test them in a steady-state condition, aggregating
and averaging the measured results across a multitude of peri-
ods and pulses. A real-time sampler-based NVNA architecture
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able to acquire each pulse in its entirety is required for such
types of signals.

The device’s behavior preceding the steady-state operation
offers useful information about the memory effects affecting
it. A particularly salient example of these transient effects is
traps in GaN HEMTs that fill with electrons when high drain
voltages are applied [7], [8], [9], [10], [11], [12], [13]. The
current collapse that results from the high drain voltage is
ascribed to trapping from dopants and defects in the GaN
buffer layer beneath the 2DEG channel [9]. The traps are
most certainly filled by the dc bias of the transistor, but
will also further fill under large-signal RF operation. As
the transistor operates along its loadline and swings at high
frequency to instantaneous drain voltages larger than the bias
voltage, it will cumulatively fill traps, further degrading the
performance of the device past the initial trapping and/or self-
heating from its dc bias conditions [15], [16]. This effect,
first reported in [17] for C-MOSFETs, is referred to as the
cyclostationary effect. The use of pulsed-dc and pulsed-RF
excitations is also desirable for isothermal characterization in
order to differentiate between self-heating and trapping [15].
A real-time NVNA capable of capturing the RF and baseband
response of a transistor within a single pulse is thus required
to better characterize the trap dynamics from pulse to pulse
for arbitrary loadlines. In this study, the focus is placed on
class-B operation since this is a common mode of operation
in power-efficient amplifiers such as Doherty PAs. A low
frequency of operation (50 MHz) will be used to minimize
the internal displacement current and monitor the evolution of
the class-B loadline.

This article provides detailed information on the construc-
tion, calibration, and application of an improved version of the
real-time NVNA previously reported by Lindquist et al. [1].
A modified setup for the real-time NVNA is presented in
Section II. A more cost-effective and traceable calibration is
introduced in Section III. The application of this improved
real-time NVNA to pulsed active-load—pull measurements of
a GaN HEMT operating in class B for characterizing traps at a
variety of bias conditions is then presented in Section IV. An
isotrap RF loadline is introduced to verify that the operation
is isothermal even up to 400 pulses. A behavior model is
used to identify the leading time constants involved in the
trap emission and capture processes under isothermal RF
operation. A summary of the achievements is then presented
in Section V.

II. ARCHITECTURE OF THE REAL-TIME NVNA

The real-time NVNA reported in [1] relies on two separate
oscilloscopes. The RF oscilloscope (Tektronix MSO64B) is
connected to two dual-directional couplers to measure the
large-signal incident and reflected RF waveforms at each port.
The baseband oscilloscope (Tektronix DPO7254) is used to
acquire the dc and/or pulsed biases via oscilloscope-specific
voltage and current probes.

The time-base of both oscilloscopes is phase-locked. The
oscilloscopes used in this NVNA have a segmented memory
function which provides the capability of repeatedly recording
specified lengths of data when externally triggered to avoid
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recording between the RF and bias pulses. This greatly reduces
data storage and accelerates data transfer when a multitude of
pulses (400 in this work) are applied.

The original setup reported at [1] has been modified by
removing the highpass filters in the RF path and adding an
optional transformer ac current probe between the bias tee and
the device. The transformer ac current probe supplements the
Hall effect current probe (Tektronix TCP0030), which would
introduce too much inductance to place in the RF path between
the bias tee and transistor. High-impedance voltage probes
(Tektronix P6139A) are used on the baseband path preceding
both RF bias tees to measure the transient gate and drain
voltage. A higher bandwidth oscilloscope and wider bandwidth
couplers (Werlatone C7646DC) are now used in the testbed.
The modified setup can be seen in Fig. 1.

Each port of the NVNA is connected to its own pair of
bias tees consisting of the baseband bias tee (AvTech AVX-
TD) which combines the pulses and dc, and the RF bias tee
(INMET 8860SFM?2-02) that combines the baseband and RF
signals. The frequency span for the dc path of the RF bias tee
model is dc to 30 MHz.

The low-pass filters (Mini-Circuits SLP-364-) seen in Fig. 1
are used to filter out any higher frequency components of
the pulse that may leak through to the ac path of the RF
bias tees, as well as prevent the pulse’s higher frequencies
components from leaking through back to the RF path. These
are considered optional depending on the RF frequency and
pulsewidth used for the measurement and are marked as such
in Fig. 1. The sources used for the pulsed-RF and pulsed-bias
excitations are arbitrary wave generators (AWGs) capable of
generating triggered bursts, enabling precise control over the
excitation duration and the sequencing of each measurement.
One port of the AWG (Teledyne T3AFG350) was used to
pulse the gate of the transistor, while the other port triggered
the high-voltage pulse generator (AvTech AV-1011-C-OP1B)
connected to the drain side of the testbed. Employing AWGs
as the real-time NVNA’s sources allows for a variety of
pulsed multiharmonic active load—pull (ALP) measurements
to be made with minimal reconfiguration of instrumentation.
In particular, no multiplexer is needed to combine harmonics
with this approach.

An alternative setup was also investigated in which the
couplers are placed between the bias tees and the ports of the
DUT. One disadvantage of this approach is that the couplers
were found to increase the ringing duration of the pulsed bias
signals applied to the devices.

The instrumentation described above excels at capturing
low-frequency, pulsed-RF measurements to characterize a
device’s loadline in transient states before settling into steady-
state operation. There are, however, some limitations when
using an oscilloscope-based architecture. Since the bandwidth
of real-time oscilloscopes are limited by the sampling rate
in comparison to mixer-based and subsampling NVNA archi-
tectures, the maximum frequency of the oscilloscopes will
limit the frequency at which multiharmonic measurements can
be performed. In addition, on account of an oscilloscope’s
time-domain data capture, each receiver can measure the
instrument’s full frequency band, introducing more noise to the
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Fig. 1. Diagram of the equipment utilized for pulsed large-signal RF measurement of transistors. All oscilloscopes and signal generators are programed via

PC and triggered from a delay generator.

measurement than other NVNA architectures. Oscilloscopes
will typically allow the user to limit the bandwidth on each
channel, which can mitigate this issue.

III. MODIFIED NVNA CALIBRATION

Like all NVNAs, it is necessary to calibrate this
oscilloscope-based NVNA at the DUT’s reference ports using
NVNA calibration techniques, to account for the dispersion
(loss and phase shift) introduced by the testbed in the signal
path. A calibration method for this testbed that used measure-
ments from a calibrated mixer-based NVNA was previously
reported by Lindquist et al. [1]. A correction of an error in one
of the equations in that publication is reported in Appendix A.
In this article, an alternative calibration scheme is developed.

Typical NVNA calibration protocol involves three sepa-
rate measurements, vector calibration using known standards:
short, open, load, and thru (SOLT), power calibration, and
harmonic phase reference (HPR) calibration. The power cal-
ibration measures the amplitude of the wave at the device’s
reference planes and compares it to the amplitude of the
wave measured by the oscilloscope at each frequency con-
sidered. The HPR calibration measures a harmonic-rich signal
at the fundamental frequency to determine the effect of all
of the components present in the RF path on the signal’s
phase at each harmonic relative to the fundamental frequency.
These measurements must be repeated for all the harmonics
acquired [18]. The three calibration steps mentioned above
provide measured data for the calibration matrix T;(nw),
which is shown factored as Al-(na))Ti (nw) in the following
equation:

amno)| _ 1 Bl (nw) || a; (nw)

[b,,M(nw)] = Ai(nw) [c;(nw) D} (nw) || b (nw)
_ ) T a;(nw)

where a; » and b; p are the oscilloscope measurements at the

coupled ports, while a; and b; are the incident and reflected

waves at port i of the DUT. The vector calibration using

standard short, open, and load terminations on an impedance
standard substrate (ISS) is performed with on-wafer probes
(FormFactor ACP40-GSG-125) at each frequency nw for each
port i to determine B;, C;, and D;. Since both the power and
HPR calibrations are performed at the coaxial port connected
to the probes, the loss and dispersion introduced by the
on-wafer probes have been characterized through a separate
SOL measurement on an ISS using a VNA. The results are
shown in Table I. The data provides a very small amplitude
and phase correction to be introduced in the power and HPR
calibration, respectively.

A. Amplitude Calibration With Power Meter

A power meter is connected to port 1 to determine the loss
through the signal path to be calibrated. The power of the
signal at port 1 is compared with the measured signals at
the corresponding oscilloscope ports to account for the loss
associated with the cabling, coupler, and other components
in the signal path. This relation is recorded as |A;| in the
following equation:

Ay ey = LM CNVZo 1= Do)
|14+ B} (nw)I'p(nw)| 2P (nw)
where
I (o) = by m(nw) — Ci(nw)a; y(nw)

D (nw)ai y(nw) — B (nw)bi y(nw) '

For this setup, Zp = 50 Q and P(nw) refers to the power
in Watts measured by the power meter. Modern power meters
have NIST-traceable calibrations, so there is no extra validation
required for this step.

B. HPR Calibration Using an AWG

Standard HPR calibration of mixer-based NVNAs requires
the use of two comb generators. The output of one of these
comb generators is sent directly to one of the NVNA’s
receivers to establish a phase reference, given that the mea-
surement of the different harmonics is performed at different
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Fig. 2. Measured phase of calibrated b (nw) with an alternative programed

phase used to check the accuracy and precision of the HPR calibration. The
programed phase for each harmonic was set to 120° relative to the fundamental
frequency of 50 MHz for this verification, instead of the programed 72° for
the calibration.

times. The second comb generator’s output is sent to port 1 to
characterize the changes in the harmonics phase relative to the
fundamental as the signal travels through the entire RF signal
path.

Comb generators can be used as an effective phase reference
to calibrate mixer-based NVNAs. However, the use of comb
generators to calibrate oscilloscope-based NVNAs is not desir-
able because they generate pulses with a high peak-to-average
power ratio and thus require receivers with a high dynamic
range (HDR).

This article will detail an alternative approach to achieve
the same HPR characterization of the dispersion of the real-
time NVNA'’s signal path when using a receiver with a lower
dynamic range. Instead of employing a comb generator to
generate a harmonic-rich signal, an AWG can be programed
to create a dual-tone signal that combines the fundamental
frequency with a harmonic with a set phase difference. The
programed phase difference between the fundamental and
harmonic will persist in the transmission line until it reaches a
dispersive component. Once the oscilloscope’s receivers mea-
sure the phase-shifted signal, the difference ¢ (nw) —n¢ (w) for
the nth harmonic between the two frequencies phases can be
measured to determine the necessary compensation that must
be performed to accurately characterize the signal at the port
being calibrated.

The combined fundamental and harmonic signal is sent from
port 1 backward through the dispersive signal path of the
testbed seen in Fig. 1 (bias tees and coupler). The power level
is on the order of a few dBm.

When performing the described HPR calibration, it is
recommended to terminate the other end of the signal path
(normally the input) with a matched load. The measured sig-
nal, by, is measured by the oscilloscope, and then converted
to the frequency domain. Once in frequency domain the phase
of by y(nw) is reset to

(o) = L[brwmo)] = nl[biu@)]  3)
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TABLE I
DISPERSION AND INSERTION LOSS OF WAFER PROBES
Std. Dev Std. Dev.
Freq. Probe ° Probe
(MHz) Dispersion( ) Difngs?on( ) Loss (dB) Pro?gB];oss
50 0 0 0.0368 0.0027
100 0.05 0.05 0.0228 0.0033
150 0.09 0.07 0.0403 0.0035
200 0.15 0.12 0.0380 0.0093
250 0.19 0.12 0.0427 0.0074
300 0.24 0.15 0.0479 0.0099
350 0.28 0.15 0.0509 0.0089

so that /[b{% (w)] = 0. Then, from the relation between the
incident and reflected waves at port 1 and the measured waves

I:ai,HPR(nw)j| _ Al(nw)[al,HPR(nw)]

b ppr (n®) b1 mper (nw)
=l a’yf (nw)
=T, (nw) [bﬁfﬁ(na)) 4)
where
n=1,2,3,...

we can solve for the angle 6 (nw) of A (nw) = |A;(nw)|e/*"®

0(nw) = /[ /I,HPR(nw)]_nZ[b/l,HPR(w)] — Yprog(nw) - (5)

where W,0¢(nw) is the programed HPR phase in the AWG.

To determine the accuracy and precision of the HPR cali-
bration with the AWG, seven verification measurements where
the phase of the harmonics is set to a different angle than
W (nw), the programed angle used for the calibration, are also
performed when the AWG is connected to port 1.

After performing the inverse of (1) with the results of
this validation measurement, the alternative programed angle
should be retrievable from Z[b;(nw)]. An example of this is
plotted in Fig. 2 with the nominal programed angle set to
120° relative to the fundamental frequency’s phase for all
harmonics. The mean phase deviated by 0.3° from the target
phase while the maximum deviation from each mean was
approximately 0.1°.

C. Thru Calibration

Once the values of A (nw) have been determined, the coef-
ficients A,(nw) are obtained using the ratios A, (nw)/A;(nw)
obtained from the thru calibration of the following equation:

|:a1,M(na))i| _ Al(nw)TT(na))[az’M(nw)] ©)

b,y (nw) As(nw) by y(nw)
where
— — —
Tr(nw) =T (o) Ty T, (nw).

The values of Aj(nw) and A;(nw) are then multiplied by
T, and T, respectively, to yield the denormalized matrices:
Ti(nw) = Aj(nw)T(hw) and T (nw) = Ay(nw) T, (nw).
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Fig. 3. Various measurement setups used for characterization of nonlinear effects from instruments. (a) NIST-traceable comb generator’s output is measured

as a standard to quantify the nonlinearity of the oscilloscope’s internal components. (b) Dual-tone measurements from an AWG with HDR are measured
by a PNA-X in NVNA mode in cascade with the oscilloscope to determine if any dispersion is introduced by changing the oscilloscope’s voltage scaling.
(c) Output from the calibration AWG and cable is directly measured by the oscilloscope to account for dispersion from the AWG. (d) Measured amplitude
of a signal at various powers and associated oscilloscope voltage scalings is compared against the measurement of a power meter.

D. Standard Transfer, Scaling Characterization, and
Correction

Though the previously detailed HPR calibration procedure
has been shown to be self-consistent, its dependence on the
AWG calibration accuracy and the vertical scaling of the
oscilloscope needs to be investigated.

In this work, the real-time NVNA (scope and testbed) is
calibrated using a reference AWG with a maximum frequency
of 6 GHz (Tektronix AWG7122B). There is a possibility that
the internals of the AWG and the cable used to connect it
to port 1 could introduce dispersion. In the context of the
calibration, dispersion introduced here would mean that the
programed harmonic phase W(nw) is not the exact phrase
received at port 1, and therefore must be compensated for
when programming waveforms are used for calibration.

In Sections III-D1-I1I-D4, the accuracy of the AWG used in
the calibration will be evaluated using a 50 GS/s oscilloscope
whose accuracy itself has been verified using a NIST-traceable
comb generator.

Four separate measurements were conducted to determine
the level of nonlinearity in amplitude and phase inherent in
the instruments used for the testbed calibration. For clarity
in these sections, programed or reference phases are denoted
with W, and measured phases are denoted with ¢.

1) Direct Oscilloscope Measurement of Comb Genera-
tor: Before characterizing the AWG, the accuracy of the
oscilloscope for HPR measurement below 350 MHz (seven
harmonics) must be verified. To confidently determine the
level of dispersion introduced by the oscilloscope’s internal
components, a comb generator (Keysight U9391C) capable
of producing harmonics up to 26.5 GHz is measured nose-
to-nose with the oscilloscope as shown in Fig. 3(a). The
comb generators have a NIST-traceable calibration and include

TABLE I
COMPARISON OF COMB GENERATOR CALIBRATION AND MEASURED DATA
FI'Cq. Ez:;;l:r{le) g%ope A¢i((:)6gaemb Sltg DB\;.
(MHz) (°) (O) (bscope )
50 0 0 0 0
100 -179.74 | -179.67 0.07 0.10
150 0.53 0.28 -0.25 0.14
200 -179.16 | -179.59 -0.44 0.18
250 1.20 0.51 -0.69 0.22
300 -178.40 | -179.39 -0.99 0.27
350 1.98 0.59 -1.39 0.32

generator-specific calibration data that can be accessed by the
user. These calibration data, reset with respect to the 50 MHz
fundamental tone using (3), are listed in column 2 of Table II.
A 50 MHz sine wave was injected at the input of the comb
generator and its output was measured at 10 mV/div scaling on
the oscilloscope at a sampling rate of 50 GS/s. One hundred
separate measurements of a window size of 20 us with a total
of 1000 peaks were measured and averaged to fill columns 3-5
in Table II. The scope measurement error Ag.%o0™ (nw) =
¢slcoope — Wile s reported in column 4 of Table II. The max-
imum difference between the manufacturer-specified phase
and measured comb phase is 1.39° at the seventh harmonic
(350 MHz) for 10 mV/div.

2) Characterization of Oscilloscope Scaling on Dispersion:
Due to the limited dynamic range of oscilloscopes, various
vertical scaling settings (voltage ranges) are used for different
measurements in this article. The oscilloscope uses voltage
scaling units of mV/division (div) for each of its scale set-
tings, with ten divisions comprising its full vertical range.
The 10 mV/div scaling is the setting used in every step
of the calibration of the real-time NVNA testbed shown in
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TABLE III

DIFFERENCE IN MEASURED HARMONIC PHASE BETWEEN
OSCILLOSCOPE SCALINGS

Freq.

My | Ao ©) | Aslnl® ©) | A )
50 0 0 0
100 -0.03 -0.06 -0.24
150 0.53 -0.13 -0.51
200 -0.22 -0.33 -0.68
250 0.02 0.05 -0.67
300 0.05 -0.36 -1.14
350 0.33 -0.52 -0.9

Fig. 1. It is also used in the nose-to-nose measurement of the
comb generator (see Section III-D1). During the large-signal
measurements in this article, the 50 mV/div scaling is used
to measure the RF signals incident to and reflected from the
transistor’s gate. The 100 and 200 mV/div scalings are used to
measure the drain’s incident and reflected waves, depending
on the power output of the transistor. The 100 mV/div scaling
is also used when directly measuring the dispersion of the
calibration AWG, as discussed in Section III-D3.

The impact of scaling on oscilloscope measurements has
been studied in detail in [22] using a calibrated VNA in
the framework of S-parameter measurements. In this work,
we seek instead to quantify the impact of the voltage scaling
on a real-time NVNA. In this section, the variation of the
harmonic phases relative to the fundamental is characterized
as the scaling is changed. Due to the low amplitude of the
comb generator’s output, it is not possible to use the previous
method to check the internal dispersion of the oscilloscope at
different scalings without amplifying the signal and thus intro-
ducing additional dispersion. Instead, we will opt to perform
a measurement of the HDR AWG’s (Teledyne T3AFG350)
dual-tone output by cascading a PNA-X in NVNA mode
and the oscilloscope as shown in Fig. 3(b). The calibrated
PNA-X ensures that the same harmonic phase relative to the
fundamental phase is applied at the input of the oscilloscope
for each power level and associated oscilloscope scaling used.
We note that the AWG used for this measurement is a different
AWG than is used for the HPR calibration due to the output
power limitation of the calibration AWG. The maximum fre-
quency that can be produced by this HDR AWG is 350 MHz.
Table IIT shows the differences between the measured phase
of the AWG’s signal at various scalings in reference to the
10 mV/div scaling used in the measurement of the comb. The
variation in harmonic phase is calculated for a given scaling X
in mV/div as: AgY (nw) = 2eope (10) = (e (). Table 111
shows that the maximum difference in measured harmonic
phase is —1.14°. These very small dispersion corrections will
be applied to each of the measured harmonics of a; y(nw)
and b; y(nw) up to 350 MHz for when the scope scaling is

changed.
3) Direct Oscilloscope  Measurement of Calibration
AWG: After characterizing the oscilloscope’s internal scal-

ing circuitry, the AWG used for calibration can be directly
measured with the oscilloscope to determine the deviation of
the harmonic’s phase from the programed phase, Wiy (nw).

For this measurement, the calibration AWG was connected to
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TABLE IV
DEVIATION OF MEASURED PHASE FROM AWG PROGRAMED PHASE
Freq. Std. Dev
iy | P06 ©) | gio 5y | Alawe )
50 0 0 0
100 0.56 0.003 0.52
150 1.00 0.007 1.30
200 1.83 0.007 2.49
250 1.95 0.008 2.62
300 3.04 0.014 4.31
350 4.05 0.012 5.11

the testbed’s oscilloscope with the same cable that connects
the AWG to port 1 during the HPR calibration as shown in
Fig. 3(c). A series of dual-tone signals where, the fundamental
frequency is combined with one of its harmonics, is generated
by the AWG and measured by the oscilloscope. This was
repeated seven times for all harmonics and the average of
the measured dispersion WA\ (nw) —nW A0 (w) are reported
in the second column of Table IV. The standard deviation
for these measurements is shown in the third column of
Table IV. A weak trend of growing dispersion is observed
as the frequency increases. Since W%, was measured at a
vertical oscilloscope scaling of 100 mV/div, it is necessary
to correct for the small shift in phase (A¢:f£;)lo) documented
in Table III that arise from changing the oscilloscope’s ver-
tical scaling. We can also correct for the slight discrepancy
between the comb generator’s manufacturer-calibrated phase
and the oscilloscope’s measurement of the comb generator
at 10 mV/div scaling by subtracting Aqbslg;ggmb. These steps
are combined in the simple transfer (7) to yield the corrected
WiV to be used during the HPR calibration

100 10,comb
= Pawg(nw) — Adgeone

100,10
ly/c\%‘:/rG (nw) A ¢scale (nw) — scope (nw).

)

Seen in the fourth column of Table IV, the dispersion correc-
tion value AWawg(nw) at all harmonics n for the calibration
AWG, is obtained by subtracting W.3y;(nw) from the pro-
gramed phase Wiyt (nw)

AV awe (nw) = VAys (o) — Wiws (nw).

4) Characterization of Oscilloscope Scaling on Measured
Magnitude: A separate measurement is performed to quan-
tify the effect of the oscilloscope’s scaling circuitry on the
amplitude of a measured signal at the frequencies considered.
The measurement setup used, shown in Fig. 3(d), consists of
a single-tone signal injected into a power splitter connected
to the oscilloscope and a power meter used for reference.
The amplitude for each test signal is set commensurate to
the scaling considered. For each level of oscilloscope scaling,
the amplitudes recorded by each instrument are normalized
relative to the measurement at the 10 mV/div scaling, Oy 19 =
Ox/0jp and Py 9 = P/ Py for the oscilloscope and power
meter’s measurements, respectively. A second ratio between
the two instruments’ measurements at each scaling is calcu-
lated to quantify the extent of the amplitude error introduced
when switching the oscilloscope scaling: ys’é’allg = Ox.10/ Px.10
and is reported in decibels in Table V. The data indicate that
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TABLE V

DIFFERENCE IN MEASURED MAGNITUDE
BETWEEN OSCILLOSCOPE SCALINGS

Freq.

MHy) | Toonie @B) | ¥ @By | A2 @)
50 -0.006 -0.089 -0.015
100 -0.042 -0.137 -0.052
150 -0.050 -0.154 -0.089
200 -0.085 -0.211 -0.113
250 -0.111 -0.255 -0.138
300 -0.161 -0.310 -0.192
350 -0.128 -0.270 -0.143

increasing the scaling of the oscilloscope causes a slightly
lower amplitude to be measured by the scope, the extent of
which increases with the frequency measured. The largest
difference measured (—0.31 dB) is at the 100 mV/div scaling.

IV. APPLICATION OF THE REAL-TIME NVNA FOR
PULSED-ALP MEASUREMENTS

We shall consider the application of the real-time NVNA for
the isothermal characterization of a transistor using pulsed-
ALP measurements. The objective is to study isothermal
trapping in a transistor in the absence and presence of self-
heating, given the impact of device temperature on the knee
walkout has already been well-established [15], [19]. For this
measurement, the pulsed class-B loadlines allow for a simul-
taneous stressing and measurement of the device’s behavior.
Since GaN HEMTs are used to realize high-efficiency PAs,
class-B measurements will be used for a more realistic inves-
tigation. The NVNA calibration is applied to the measured
time-domain data by first converting them to frequency-
domain in each RF period separately for each pulse and
applying the inverse of T; from (1) before returning the data
to time domain. This approach is only applicable when the
memory effects are slowly varying compared to the RF period.

A. Class-B Pulsed-ALP

In this section, a set of class-B pulsed-ALP measurements
are performed on a couple of 2 x 50 um GaN HEMTs with
a 140-nm gate length and SiN passivation from the same
wafer to investigate how are traps filled as the RF operation
of the device progressively affects its performance. Class-B
measurements were first performed via CW multiharmonic
ALP from the HDR AWG. A custom algorithm was developed
to iteratively determine the multiharmonic injected waves
required to maintain class-B operation. A class-B loadline with
a fundamental impedance of R; = 294 Q was synthesized.
The second harmonic reflection coefficient of I'; 2Qw) =
0.95 £180.3° was actively implemented. The third harmonic
reflection coefficient was found to be difficult to control but
the third harmonic voltage was around 0.1997 V which is
relatively small compared to the fundamental of 12.7 V.

The same AWG’s multiharmonic gate and drain waveforms
found in these CW ALP measurements were employed for the
pulsed-ALP measurements reported here.

Seven harmonics are used in the Fourier Series in all the
measurements. Five different biasing conditions are applied to
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Fig. 4. Diagram showing the sequencing of the gate and drain voltage pulses
in relation to the pulsed-ALP for each bias condition.

the device to isothermally test the effects of trapping that result
from transistor biasing and the cyclostationary effect from
large RF excitations [17]. The five different biasing conditions
with and without self-heating are defined as follows.

A) Room temperature with no drain bias: Vgs gc = —4.25V,
VDS,dC =0 V, ID,dc = 0 mA.

B) Room temperature at Vpp: Vgs.ae = —4.25 V, Vps.ac =
20 V, ID,dc = 0 mA.

C) Room temperature at Vpsmax: Vgsdae = —4.25 V,
VDS,dc = 34 V, ID,dc = 0 mA.

D) Class-B operating temperature, Pge = 0.28 W: Vgs 4c =
—-3.01 V, VDS,dc =20 V, ID,dc = 14 mA.

E) High temperature operating condition, Py, = 0.56 W:
VGS,dc = -2.61 V, VDS,dc =20 V, ID,dc = 28 mA.

Conditions A—C highlight the impact of bias on trapping and
the associated temporal response. While the device operates
at room temperature under conditions A—C, it operates above
room temperature in conditions D and E. Conditions D and E
show the effect of the transistor temperature on trapping at the
same drain voltage as condition B, taken here as the quiescent
drain bias Vpp for the initial CW loadline.

The intent for measuring the transistor at these distinct
biasing conditions was to delineate the relative effects of
biasing and self-heating that lead to current collapse in the
transistor, and to characterize the time response for the capture
and emission processes in the GaN HEMT under both the dc
and large-signal RF operating conditions. Class-B operation
was chosen because of its relative ease to accomplish via
pulsed-ALP, the reduced self-heating introduced from the
pulsed-bias conditions, as well as its more common use in
modern PAs.

Conditions A—C were biased 1 V below the gate bias
voltage used for the CW class-B measurement to explore
different trap-filling states with negligible self-heating. For
all conditions, the gate and drain voltages were pulsed up or
down to the pulsed-quiescent (PQ) class-B operating point:
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VGS,pQ = —325 V and VDs,pQ = 21.5 V. The PQ bias
point Vgs pg is the same bias point used to bias the device
when synthesizing the CW loadline of the device. The qui-
escent drain current of the transistor at this bias point was
approximately 6 mA. A relatively high quiescent drain bias
current was selected so that the PQ drain current during the
pulsed-ALP measurements would not reduce to zero before
the trap capture saturates. The PQ drain bias voltage was
pulsed slightly higher than 20 V to compensate for an observed
temporary decrease in the measured pulsed drain voltage bias
during the transistor’s class-B self-biasing. This ensured that
the device was approximately reaching the same peak drain
voltage that it did during the CW measurement.

For the measurements detailed here, the drain PQ voltage
was pulsed for 1.7 us and the gate PQ voltage was pulsed for
1.2 us when biased at conditions A-C to protect the device
from damaging current/power spikes. For the thermal biasing
conditions D and E, the gate PQ voltage was instead pulsed
for 1.7 us and the drain PQ voltage was pulsed for 1.2 us
for the same reason. During each pulse, class-B pulsed ALP
at 50 MHz was applied for ten periods of 50 MHz (tgp =
200 ns). The specific sequencing of the pulsed measurement
for each condition is shown in Fig. 4.

B. Large-Signal Measurements

The loadlines used to stress the device can be examined to
track the performance of the device as it operates over the
course of the measurement. Instead of operating the device in
the low-efficiency class-A mode to stress the device, like those
seen in Fig. 3(a) in [1], we are using the more power-efficient
class-B operating mode so that the cyclostationary effect is
now activated by a more conventionally used loadline.

Fig. 5(a)—(e) shows the pulsed-IV curves and loadlines
at pulse 1 and pulse 400 biased at conditions A-E. The
associated voltage and current waveforms are shown in Fig. 6.
The pulsed-ALP experiments with the real-time NVNA were
performed for the five conditions described above with a pulse
repetition period of 100 us. The pulsed-IV measurements were
carried out with 1.2 us long pulses for the gate, and 1 us
long pulses for the drain on an AMCAD AM3200 pulsed-IV
system. The period between pulses in the pulsed-IV mea-
surements was set to 200 ms to allow for enough time for
trap emission in all bias conditions. Note that a portion of
the self-bias current under the pulsed class-B operation was
observed to leak through to the RF path due to its short
duration (0.2 us). This effect has been observed in other
pulsed measurements [19]. To correct for this bias-tee artifact,
the drain currents at the peak drain voltage in all pulsed
measurements were aligned with that of the CW measurement.
The correction from the current measured in the dc path is at
most 3 mA.

While the excitation period for these measurements was set
to 200 ns (ten periods of 50 MHz), it is important to note
that the real-time NVNA measured some transient behavior
from the device for the first 120 ns (six periods) of the
pulsed-ALP. This is a result of the transistor requiring some
time to establish class-B operation. The measured loadlines
are therefore the first stabilized loadlines measured after this
transient period. While the waveforms measured during the
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transient period are not displayed in Fig. 5, the transistor is still
experiencing a stable, large drain voltage swing, and therefore
this transient period counts toward trp (RF excitation time) of
200 ns.

In addition, since the calibration is applied period by period
some discontinuities can be observed in the voltage and current
waveforms due to their time evolution. These are mostly
present during the early stage of the pulse. For example the
discontinuities relative to the displayed and adjacent period
in Fig. 6(a) was 1.01% of the peak current and 0.31% of
the voltage swing. These discontinuities can be reduced by
selecting a higher RF frequency.

Each loadline at pulse 1 (excluding condition A) shows a
good agreement with its respective pulsed-IV measurement,
indicating that the real-time NVNA is accurately measuring the
operation of the device at each bias condition. The loadline
corresponding to bias condition A for pulse 1 in Fig. 5(a)
displays a Ipmax value that has noticeably decreased from
the knee in the pulsed-IV measurement. This is an indication
that even pulsing to the PQ bias point contributes to rapid and
potent degradation of the device’s performance. A loadline
from the final pulse (400) of the pulsed-ALP is also plotted.
These loadlines show varying levels of degradation from the
initial pulse’s loadline and pulsed-IV curve and tend to mirror
the effects observed as the cumulative excitation time increases
in the measurements in Section I'V-E. In each class-B loadline,
excluding condition C, a noticeable contraction in the drain
current swing is observed between pulse 1 and 400, due to the
cyclostationary effect (trapping induced by the instantaneous
RF voltage).

For comparison, the loadline captured from the CW mea-
surement was used to determine the harmonic terminations of
the pulsed-ALP loadline is plotted in Fig. 5(a)-(e) using a
thick, gray line. Since it was measured in the CW regime, this
loadline is therefore affected by self-heating, dc bias trapping,
and cyclostationary trapping. From the conditions tested, the
transistor’s state in bias condition D is the closest to the
CW state, given the device temperature and dc drain bias
were set to match the transistor in the CW state. Note that
the dc gate bias in both conditions (D and CW) are close
enough (0.24 V difference) so that they have similar levels of
trapping induced by the gate bias (gate-lag effect). Indeed,
we see from the pulsed-IV and pulsed-ALP at pulse 1 in
Fig. 5(d), after biasing the device to condition D, that much of
the device’s degradation from its room-temperature unbiased
state (condition A) is caused by trapping from the drain bias
and self-heating. The pulsed-ALP loadline captured at pulse
400 closely overlaps with the CW loadline, indicating that the
cumulative cyclostationary trapping dynamics observed in the
device when pulsed from bias condition D are consistent with
the CW operation of the device.

Comparing the pulsed-ALP loadline for condition B in
Fig. 5(b) with the CW loadline indicates that just dc biasing
the device at Vpggq. while keeping the device off between
pulses, slightly underestimates the device’s current collapse
at both pulse 1 and 400 as condition B does not account for
self-heating.

Comparing the pulsed-ALP loadlines for condition C in
Fig. 5(c) with the CW loadline also indicates that simply
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Fig. 5. IV plots displaying the pulsed loadlines (duty rate of 0.2%) from the beginning (pulse 1) and end (pulse 400) of the pulsed ALP sequence. The
pulsed-IV (duty rate of 0.0005%) measured for vgs = —3.25 V and vgs = 0 V, biased at conditions A-E are plotted using filled circles for comparison
in (a)-(e). In (f), the isotrap loadlines measured at pulses 1 and 400 overlaid on pulsed-IV curves for vgs = —3.25 V and vgs = 0 V biased at condition

E are plotted. In addition, the pulsed-IV measured for conditions A—C are plotted using dashed lines for visual reference in each figure. (a) Condition A.
(b) Condition B. (c) Condition C. (d) Condition D. (e) Condition E. (f) Isotrap loadline biased at Condition E.

biasing the device at Vpgmax overestimates the device’s The pulsed-ALP loadlines for condition E are shown in
current collapse. Indeed, the Ipmax of the CW loadline Fig. 5(e). In condition E, where the device is heated to an
largely exceeds the pulsed-IV and pulsed-ALP measurements even higher temperature with double the dissipated power at dc
at condition C. than the device experiences in CW operation and condition D,
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Fig. 6. Time-domain drain current and voltage waveforms corresponding to the loadlines of pulses 1 and 400 displayed in Fig. 5(a)—(f). The color coding
and line styles are the same as shown in the legends in Fig. 5(a)—(f). (a) Condition A. (b) Condition B. (¢) Condition C. (d) Condition D. (e) Condition E.
(f) Isotrap biased at Condition E.

about the same Ip max is observed as in condition B despite
the temperature increase. This is assumed to originate from
trapping associated with gate-lag that arises from negative gate
biasing. This trapping is either due to residual surface trapping
after SiN passivation [9], [20] and/or barrier trapping in the

AlGaN layer [21]. Upward gate voltage pulses from condition

B’s more negative gate bias (1 V below the PQ value) to the

PQ bias, induce a lower drain current due to gate-lag than o 2701 Gondition A | |
pulsing downward from condition E’s less negative dc gate === Condition B
bias (0.64 V above the PQ value). The drain current increase 260 8223:::2:8
from reduced gate-lag compensates for the reduction of the 2501 Condition E |
drain current caused by the device’s self-heating. Indeed, one ,; e — ~y
can observe in Fig. 5(e) that the pulsed IV’s for conditions 240 ! ! !

B and E are very similar at vgs = 0 V. This results in a 1 100 200 300 400

larger drain current swing in the loadlines (pulse 1 and 400) Pulse #

in condition E compared to CW. Fig. 7. Measured transistor RF output power across 400 pulses for each bias
Fig. 7 plots the RF power measured at each pulse for condition. A moving average function with a span of 20 pulses was employed
. . A i to emphasize the trend of the output power. An average standard deviation
each bias condition. Each plot has a moving average with o 1.8 mW for the raw data from all bias conditions was calculated from the
a span of 20 pulses applied to emphasize the trend of the stable period (pulse 150-400).
measurement. For conditions A and B, 20 and 15 mW drops
in output power can be ascribed to the cyclostationary effect
at room temperature, respectively. At elevated temperatures,
the drop in output power is lessened to approximately 11 mW
for condition D and approximately 6 mW for condition E.
Conditions D and E’s comparatively smaller power drops are G- Isotrap Pulsed-ALP to Detect Potential Self-Heating
a result of the increased trap emission between pulsed-ALP In pulsed measurements, the average increase in device
at higher temperatures of operation (see Section IV-C). The temperature is determined by the pulse duty rate (Tpyise/Tdc)-
decrease in RF power Pgrr across the 400 repeated pulses Some self-heating can occur during the application of the
appears to be minor: 6.5% for condition A and 3.8% for pulse even for a few microseconds for devices fabricated on
condition D. This gives an indication of the relatively small a substrate with low thermal conductivity.

strength of the cyclostationary effect in this device after the
first pulse.
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Fig. 8. Transient drain current plots before and after pulsed-RF application. (a) PQ drain current for condition E loadline. A significant decrease is recorded

_RF st-RF
between I]gr;Q and 1%

condition E biasing. A small dip in ISOEERF

cooling effect is observed from pulse 1 to 400.

In this section, we aim to verify that the variation in
the post-RF PQ drain current in condition E is not asso-
ciated with a self-heating effect but is instead due to the
cyclostationary effect, largely within the first pulse. For this
purpose an isotrap loadline seen in Fig. 5(f) is synthesized to
demonstrate pulsed-RF operation of the transistor without the
cyclostationary effect. The trapping is suppressed by keeping
the instantaneous drain voltage vpg(#) smaller or equal to the
dc bias voltage Vps 4. at all times when the RF excitation
is applied. This is achieved by operating the device with a
loadline where both the voltage and current waveforms are
half-wave rectified, which prevents the device’s voltage from
swinging above the dc bias point and consequently filling
additional traps. To construct this loadline, the impedances
presented to all the harmonics are set equal to the fundamental
load impedance R; . The transistor is dc biased at condition E
(Vgs.ae = —2.61 V, Vps 4. = 20 V) to set a steady-state trap
occupation and temperature. From this state, the transistor
is pulsed down to Vgspq = —3.25 V and Vpspg = 15 V.
The shift down to 15 V reduces the PQ drain current due
to the large drain conductance at low gate voltages. Visible
in Fig. 8(b) is a slight dip in PQ current immediately after
the RF pulse that recovers in approximately 400 ns. The RF
response elevates the dissipated power of the transistor for
approximately 263 ns. Based on the temporal symmetry of
this response, this is likely an indication of slight self-heating
that occurs as a result of the pulsed-ALP. Thermometry studies
of GaN such as [23] conclude that self-heating in GaN HEMTs
can be attributed to a broad spectrum of time constants,
with some as fast as 126 ns. This would also indicate that
there is some cooling that occurs when the transistor pulses
from the dc bias point to the PQ bias point, though as the
post-RF current dip shows, the effect of self-heating at these
time scales has relatively minor effect on the device’s drain
current. Indeed, no such effect is observed when swinging
above Vpgs gc in Fig. 8(a), as it is obscured by the effect of

DPQ indicating a current collapse caused by trapping via the cyclostationary effect. (b) PQ drain current for the isotrap loadline for
is observed, which is likely caused by slight variations in temperature during the pulse. However, no cumulative

the device’s trapping. Despite the minor temperature vari-
ations during the pulse, there is no change in the isotrap
loadline’s PQ current across the experiment from pulse 1 to
400, indicating that there is no cumulative temperature shift
at the chosen duty rate. Note that both the isotrap loadline
and the class-B loadline dissipate the same RF power given
the isotrap loadline has the same 50% duty cycle. For the
isotrap measurement there is no precipitous dro[; observed in
the PQ bias current after the pulsed-ALP (155" ), in marked
contrast to the class-B measurement. Clearly, this indicates the
isotrap loadline is neither affected by cumulative self-heating
nor additional trapping from the cyclostationary effect. From
this, we conclude that the significant current drop observed
immediately after the application of class-B pulsed-ALP is
the result of cyclostationary trapping and not cumulative self-
heating. The DUT in this work is a GaN HEMT fabricated
on a SiC substrate that has been subsequently thinned to
100 pum and mounted on a metal shim which provides more
efficient heat transfer away from the device. Different behavior
might be observed for GaN HEMTs on substrates of different
materials and thicknesses.

D. Emission Relaxation

With the real-time NVNA presented, it is also possible to
measure the PQ drain bias current immediately before (IST;’SF)
and after (I} ) the application of a short burst of the RF
signal. When the quiescent and RF pulses are applied, traps
will cumulatively capture electrons with each pulse with some
emission taking place in between the pulses. In this section and
Section IV-E, emission and capture experiments are carried out
on a second 2 x 50 um GaN HEMT from the same wafer
with the biasing conditions and similar RF excitations reported
in Section IV-B.

The emission relaxation process can be characterized by
adjusting the length of the dc period (z4.) between RF
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Fig. 9. Emission curves for each bias condition calculated from the difference
in pre-RF PQ currents (Ipr_eg ) between the final pulse and first pulse for
varying tqc (pulse rates) with constant Tgp.

excitations (rest time) while keeping trr constant. By mea-
suring the pre-RF PQ current for each pulse at different
values of 74, we can vary the device recovery through
trap emission compensating trap capture performed by the
successive applications of the pulsed-ALP. As the time
between pulses increases, more traps will emit their elec-
trons, reducing and eventually negating the decrease in
the pre-RF PQ current in subsequent pulses. Relaxation
of the quiescent current to the reference quiescent current:
550" (pulse 1)~ 550" (final pulse), is observed to take
place at several different orders of magnitude of 74, based
on the bias and temperature of the device. At this emission
recovery time, the emission process during the rest dc period
fully negates the capture process during the RF period (and
bias period for condition A) at each pulse. This emission
recovery time is really a measure of the collective emission
time in the device since the device response is most likely
affected by an ensemble of spatially distributed traps.

The same measurements were performed for the biasing
conditions A, B, D, and E. They are reported in Fig. 9 for
pulse 400 at which steady state is reached.

When biased at Vps max for condition C, the transistor does
not experience any measurable change in PQ drain current
between pulses because the instantaneous peak RF voltage
Ups,pk 1S approximately equal to the Vpg 4. of condition C and
there is not a significant change in trap occupation from the
pulsed-ALP. As a result, condition C is excluded from Fig. 9.

For bias conditions D and E, the transistor’s gate is biased
above the transistor’s threshold voltage (Vi) so that a current
flows through the transistor’s channel, and the resultant dc
power is dissipated as heat between pulses. Bias condition
D is meant to mimic the self-heating experienced by the
transistor during CW class-B operation. The self-heating of
the transistor while the pulsed-ALP is inactive is observed to
have a significant effect on the emission of electrons by the
device’s traps. The pre-RF PQ drain current appears to fully
recover to its initial state after a dc period of ten milliseconds.
This effect is accelerated (smaller emission recovery time) as
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Fig. 10. Current decay curves showing 1) PQ bias current measured from
the first pulse when no RF is applied (square) where no cyclostationary
trapping has occurred and 2) the variation in post-RF PQ bias current (line)
immediately after each class-B pulse as a function of cumulative RF excitation
time. The data was taken over 400 consecutive pulses 100 us apart (tgc), with
an RF excitation time of 200 ns per pulse.

the temperature increases for bias condition E, where the dc
power dissipated as heat is twice what it is in bias condition D
and the measured total emission time drops to as low as 1 ms.
This is to be expected and is characterized in [14], as thermal
emission of carriers from the traps.

E. Capture Process

Trap capture via the cyclostationary effect when the RF
pulse is applied (yielding vps(¢#) > Vpp for half the period)
occurs very quickly, with the majority of the PQ bias current
decrease measured after the first pulsed-ALP application.
Fig. 10 compares the post-RF PQ current measured imme-
diately after the application of pulsed class-B ALP (dot and
line) and the PQ current measured at the same point in
the pulse in a separate measurement where no pulsed-ALP
is performed (square) for the different bias conditions. The
current measurement with no RF is the value of the PQ drain
current with no cyclostationary trapping. In Fig. 10, the time
scale for the first pulse (0-200 ns) is magnified to highlight
the very fast initial decay (dashed line). The initial current
measured at each condition differs in Fig. 10; the decrease
between conditions A and B arises from the drain bias (drain
lag), whereas the increase in initial PQ current from conditions
B to D to E, is a result of reduced gate lag from the less
negative gate bias.

For bias condition A, cyclostationary trapping is observed
to drop the PQ drain current by 3.5 mA in the first pulse,
then a gradual additional decrease of 2 mA occurs in the
following pulses until the device settles at a post-RF PQ drain
current of 2.3 mA. This indicates that the first pulse of both
the drain quiescent bias and RF excitation fills a great number
of the transistor’s traps starting from the untrapped state. Bias
condition B shows a smaller initial decrease of 1.7 mA of
PQ drain current in the first pulse from the initial value of
5.5 mA and reaches a steady state current of 2 mA after 20 us
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Fig. 11. Plot of the measured and modeled PQ drain current at various values
of ae. 1§50 and I5%0%" at pulses 1,2, 3, 6, 15, 30, 75, and 400 are plotted
for bias condition D.

(100 pulses) of cumulative RF excitation because many of the
transistor’s traps were already filled by the dc bias. A similar
dynamic for the decrease in current was reported in [8] where
both short and long timescales were observed with the shorter
timescale smaller than 1 us.

For condition D, where the device’s bias is set to dissipate
power equal to what the transistor experiences during CW,
Fig. 10 shows an initial post-RF PQ drain current decrease of
3.1 mA from pulse 1’s no-RF PQ current of 8.7 mA which
happens after the first burst of pulsed-ALP. The post-RF PQ
drain subsequently drops another 0.9 mA in the next 50 pulses
to reach 4.7 mA. At the higher device temperature experienced
in bias condition E, an initial decrease of 4 mA is recorded, and
the current very slightly decreases by 0.2 mA in approximately
ten pulses to reach a steady state of 6.8 mA. Controlling for
the same drain bias in conditions B, D, and E, it is observed
that increasing the temperature of the device prevents traps
from significantly reducing the drain current in subsequent
pulses. This is an indication that the traps responsible for the
cumulative current decrease in pulses 2—400 will emit on a
shorter time scale. This is consistent with the data in Table VI
where all the relaxation times 7; o (extracted in Section IV-F)
decrease by at least a factor of 5 when increasing the operating
temperature from conditions B to E.

In summary, the dynamic observed and modeled for con-
ditions B, D, and E, shows that the temperature of the
transistor decreases the ability of traps in GaN HEMTs to
retain electrons for significant amounts of time. From this
data, we can also conclude that the initial trapping effect from
the cyclostationary effect captures traps extremely quickly,
as every bias condition biased below Vpsmax exhibits a
noticeable decrease in the transistor’s bias current after even
the first application of pulsed-ALP.

FE. Trap Modeling

Fig. 11 shows the pre-RF and post-RF PQ drain currents
of the transistor-biased in condition D measured at different
pulses for various values of t4. between pulses. Convergence

TABLE VI
MODEL TRAP TIME CONSTANTS

Tioft (MS) T1,0ff T2,0ff T3,0ff
Cond. B 1.6248 | 11.6239 | 12.8378
Cond. D 0.7905 2.0368 6.3238
Cond. E 0.3262 1.1826 2.2623
Ti,on (IJ-5) T1,0n T2,0n T3,0n
Cond. B 0.1116 2.3054 5.1444
Cond. D 0.1707 0.9256 2.2139
Cond. E 0.1774 1.1826 2.2623

has been established by pulse 400 for all values of 74.. Trap-
ping studies such as [11] demonstrate that the emission and
capture processes for GaN HEMTs are distributed, and require
a model with multiple relaxation time constants. An SRH
behavioral trap model similar to that in [11] is presented in the
Appendix B and used to approximate the trapping behavior
of the device under pulsed operation. The measurement at
condition D in particular was chosen to be displayed to analyze
the behavior of trapping via the cyclostationary effect when
the device’s drain bias and temperature match those of the
device in CW class-B operation. The initial trap occupation
before the RF is applied is thus due to the set drain bias, with
further drain current degradation resulting from self-heating.
A distributed trap model is employed, with three different
emission and capture constants extracted. These values are
reported in Table VI. Of note is the submicrosecond cap-
ture time constant, which reflects the approximately 3.5 mA
decrease from IST;’SF to IS?;ERF after the first 200 ns RF
pulse. Minimal emission is observed at the fastest repetition
rate where 73 = 100 ps as indicated by the very small
(0.05 mA) difference pre-RF and post-RF PQ drain current
measurements at pulse 400 and the pulses approaching it.
This can also be seen in Figs. 11 and 12 in Appendix B.
This is to be expected because tq4. is then much smaller than
the shortest emission time in Table VI such that the traps do
not have time to emit. On the other hand when the rest time
74 18 larger than the largest value of ;. for condition D
in Table VI (6.3 ms) all the traps have enough time to fully
emit and return to their occupation state in the dc operating
point condition. This is observed in Fig. 11 where the device
drain current returns to its initial pre-RF PQ drain current
when the device rests for a time 74. of 10 ms between pulses.
For intermediate values of the rest time 74, the pre-RF and
post-RF PQ drain currents rapidly converge to intermediate
values between the extreme values of pre-RF and post-RF
PQ drain currents as emission partially hinders the capture
process. Note that for values of 74 of 750 ws and above,
the post-RF PQ current IB.OES,BRF ~ 5.5 mA is nearly constant
after one RF pulse indicating the efficacy of the emission
process when tq4. is large enough. Note in Fig. 11, the larger
dispersion in pre-RF PQ current (green) versus post-RF PQ
current (magenta) during the cumulative capture process. This
effect is accounted for in the trapping model of Appendix B
by the 2nd-order nonlinear dependence of the device IV on
the trap occupations N; when the gate voltage is close to the
threshold voltage. The relaxation measurements reported in
Fig. 11 bear some similarity to the two-tone measurements
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Fig. 12. Curves showing the decrease in the pre-RF (green) and post-RF
(magenta) PQ drain current as the pulses proceed. The data plotted is the
same as is seen in Fig. 11. The black lines overlaid correspond to the modeled
pre-RF (solid) and post-RF (dashed) drain current generated by (9). The curves
for the various t4. are shown in descending order with smaller tq. values
corresponding to the deeper curves.

reported in [13, Fig. 6] with the t4. corresponding to the tone
spacing. Indeed for small tone spacing the device has time
to recover at the envelope minimum. Note, however, that for
small tone spacing (10 Hz) the measurement in [13] is exciting
both self-heating and trapping and is thus not isothermal.
In contrast, only the trapping process is activated in the pulsed
relaxation measurement reported in Fig. 11, as is demonstrated
in Section IV-B. However, the SRH reported in [13] can be
adapted to model the device response under pulsed operation.

V. CONCLUSION

In this article, we have reported an improved real-time
NVNA testbed which made it possible to study the isother-
mal transient response of a GaN HEMT operating in the
power-efficient class-B mode. For this purpose, a pulsed mul-
tiharmonic ALP relying on a two-channel AWG for the gate
and drain was developed for use with the real-time NVNA.
Furthermore, the harmonic phase calibration of the real-time
NVNA was also implemented with an AWG. This provides a
more cost-effective option than the use of an external NVNA
for the harmonic phase calibration as was done in our previous
work [1]. A rigorous traceability study was also performed to
account for nonlinearities present in the testbed’s oscilloscope
and calibration AWG. This included characterizing phase
dispersions introduced by the input stage and scaling circuitry
of the oscilloscope, the AWG, and its HPR access line, as well
as magnitude discrepancies introduced from the oscilloscope’s
scaling circuitry.

To demonstrate the application of this improved real-time
NVNA, a GaN HEMT operating in class B at five different
isothermal biasing conditions was characterized to study the
impact of trapping via drain biasing and temperature relative
to the cyclostationary effect.

The real-time NVNA facilitated the capture of the RF
dynamic loadlines from pulse to pulse with 400 pulses
acquired using segmented memory. The capture and emission
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times were acquired from the PQ currents preceding and fol-
lowing the RF pulses. These measurements demonstrated that
a majority of the capture process is taking place in the first RF
pulse (<200 ns) with the residual capture process distributed
over various durations depending on the biasing condition.
For bias condition A, where the transistor had no drain bias
applied, a precipitous decrease of Ipmax compared to the
pulsed-IV measurement is measured. This is an indication that
for RF operation of GaN HEMTs, trapping from the drain bias
is so fast that the RF performance predicted by the pulsed-IV
curves is impossible to achieve in practice. The investigation of
the temperature dependence for the case of room temperature,
CW class-B operating temperature, and a further increased
temperature (conditions B, D, and E, respectively) demon-
strated that the emission time is greatly decreased at higher
temperatures. The trap dynamics of the transistor biased at
conditions B, D, and E were analyzed with a behavioral trap
model. The loadlines measured by the real-time NVNA at
this biasing condition showed that the cumulative trapping
from the repeated pulsed-ALP introduced the same current
collapse as is seen in the CW loadline. These real-time, pulsed
NVNA measurements are able to distinguish between the
relative effects of cyclostationary trapping and self-heating
in GaN HEMTs for pulses of short duration, which due to
their common effect (current collapse) and their interdependent
origin: drain bias and power dissipation, respectively, are
difficult to separate in most standard measurements.

This study of trapping in GaN HEMTSs demonstrates that
the proposed real-time NVNA combined with pulsed multi-
harmonic ALP provides a useful tool to isothermally study the
dynamics of trapping in RF devices operating along arbitrary
loadlines with detail that cannot be readily resolved using
equivalent-time NVNAs.

APPENDIX A

An error in one of the equations previously published by
Lindquist et al. [1] is corrected in this section. Equation (3)
should read

Alnw) _ ayuno) ao) + B ()b (w)
A(w) a,m(®) a1(nw) + Bj(nw)b; (nw)”

APPENDIX B

The SRH model equation for a single acceptor-like trap is
given by [11, Equ. (2)] with the assumption that the trap is
located in a nondegenerate semiconductor with the electron
population following the Maxwell-Boltzmann statistics. The
solution to this equation for a trap i is then

nr,i(t) = (n7,;(0) — N3%)e™ + Ny,
where 7; the trap relaxation time-constant and N7° the
steady-state trap occupation are given by

1 Eri—Ec Fi—Er,i
(it (1+e7)
Nt

_Fi-Er;

14+e

N75 = nr,i(00) =
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where c,; is the electron capture coefficient, N7 ; is the trap
density, N, is the effective density of states, F; is the quasi-
Fermi level, k is the Boltzmann’s constant, and 7T is the local
temperature. When no signal RF is applied (OFF) but just the
targeted dc bias voltage for a duration 74, the trap relaxation
time t; will be noted ti‘)ff. For infinite 74, time, the trap concen-
tration ny ; (#) will relax to a constant value noted N7 = N%ff
When the large-signal RF voltage is applied (ON) to the device,
the trap i is submitted to a fast time-varying Fermi level F; ().
According to the cyclostationary theory [17], the effective trap
relaxation rate noted " is given by the trap generation rate
1/7;(t) averaged over the RF period

7| ma
Ti,on T t ti(Fi(t))
For infinite Tgp time, the trap concentration ny;(¢) will relax
to a constant value noted N7’
The evolution of the prepulse and postpulse trap concen-
trations from pulse to pulse is then given at pulse p by the
equations

_ RE
Ti,on + NOH
Tooff off + Noff (8)

ni(p) = (ny5(p) — N%)e
npip+ 1= (n "“‘(m — No)e™

It results from this iterative process that at any pulse p, the
prepulse and postpulse trap occupation concentrations n}. q( p)
and nl}rel (p) are both proportional to nr ;(0), N?ff and N%f‘i.
We will only monitor the unoccupied traps so that we have
nho(0) = = 0 when the experiment is started.

After a large enough number of pulses, the prepulse and
postpulse trap occupation concentrations reach the steady state
values

TRE.

_ _ e _ TRE.
e Ton (1 —e r,-,off) N?ff + (1 —e ) i

POS[( ) - __ RE _ Tdc
1 —e Ti,on  Toff
1 — 7% Noff 7% 1 — _r%i on
O (e Rl (et
I’lTl(OO) = _ TRE _ e .

1 —e Ton Tioff

To first order, the prepulse and postpulse quiescent currents
could be assumed to be linearly perturbed by the individual
trap occupation concentrations. However, since the pulsed
quiescent bias gate voltage is close to the threshold voltage,
a second-order perturbation is found to be necessary to account
for the different dispersion in pre-RF and post-RF PQ drain
currents. The evolution of the prequiescent and postquiescent
currents is then given by

]gol?’tQ(p) B I]gost 0) + chst post

nip nj

+°> i (pn (p)

i=1 j=i

ni
I]gl:;Q(p) = III))T;Q(O) + Z Cilst pre (1)

i=1
ni ni

+ >l (o (p). )

i=1 j=i

Given the prepulse and postpulse quiescent drain currents
measured, nonlinear least squares and linear least squares are
jointly performed to extract the time constants ;o and 7, on
and the weighted trap occupation concentrations C IS‘NTI and
C 2ndN 2 N?“J, respectively. The time constants extracted are
reported in Table VI and the modeling results obtained are
shown in Figs. 11 and 12. These results are reviewed in
Section I'V-F.
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