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Abstract—GaN HEMTs are promising power switching de-
vices for cryogenic power converters in superconducting motor
drives and space applications. However, GaN HEMTs experience
dynamic on-resistance Rds(on) which is not well understood at
cryogenic temperatures (CT). This paper presents a circuit for
evaluating the dynamic Rds(on) of GaN HEMTs at CT by using on-
the-fly measurements to capture off-state trapping transients. The
evaluation circuit utilises a measurement circuit with a blocking
switch to accurately measure the Vds. Due to the much lower
Rds(on) at CT than room temperature (RT), an amplifier was
implemented to amplify the output of the measurement circuit,
for which the performance is validated using a coaxial shunt
resistor. Results demonstrate that the circuit can successfully
measure the dynamic Rds(on) 2 µs after the device turns on at
both RT and 77 K.

I. INTRODUCTION

Cryogenic power conversion has applications requiring high
power density and efficiency such as superconducting motor
drives [1–4] and deep space exploration [5]. In particular,
superconducting motor drives are crucial for enabling electric
aircraft [1, 6] which are a key part of reducing greenhouse
gas emissions [7]. When designing any power converter, the
selection of the power switch is of paramount importance
in which switching speed and on-resistance Rds(on) are the
primary performance metrics. Fast switching enables higher
switching frequencies which reduce capacitor and inductor
size, while low Rds(on) reduces conduction losses which in turn
reduce heat sinking requirements. Thus, both fast switching
and low Rds(on) serve to boost power density and reduce
volume and mass [8–10]. In this respect, GaN HEMTs perform
excellently in cryogenic conditions [11–16] and thus have been
used in cryogenic power converter designs to date [17, 18].

However, due to material defects, GaN HEMTs suffer from
charges trapping effects which degrade Rds(on) [19, 20]. This
causes dynamic (time-varying) Rds(on) due to charge trapping
phenomena, where the actual Rds(on) is generally greater
than the static Rds(on). As dynamic Rds(on) effects dominate
the conduction losses in most applications, the static Rds(on)
may severely underestimate the conduction losses and device
heating [21, 22]. Thus, characterisation of dynamic Rds(on) is
vital so that conduction losses can be accurately calculated and
device temperature can be appropriately managed. Note that
though some commercial GaN devices exhibit negligible dy-

namic Rds(on) effects at room temperature (RT) [23], concerns
have been raised regarding the feasibility of driving them at
cryogenic temperatures [11].

To this date, static Rds(on) has been extensively characterised
at cryogenic temperature (CT) [24]. However, the dynamic
Rds(on) has not. An attempt was made by Wei et al. [15], but
the authors only managed to obtain results down to 143 K.
Additionally, dynamic Rds(on) was characterised down to 77K
in [25], but the authors tested a depletion-mode device which is
suboptimal for power electronics applications [26]. No other
work on dynamic Rds(on) at CT, to the best of the authors’
knowledge, has been done to this date. Thus, this paper
presents a dynamic Rds(on) characterisation method suitable for
CT measurements, as a first step to acquiring dynamic Rds(on)
data at CT.

In Section II, a measurement scheme is developed to
characterise the trapping kinetics, a key step to modelling
and simulating dynamic Rds(on) in power converters. Based
on the measurement scheme, a dynamic Rds(on) evaluation
circuit suitable for CT measurements is proposed in Section
III, entailing a comparison of measurement circuits used in
literature. The hardware implementation of the evaluation
circuit is presented and validated in Section IV. To conclude,
key achievements and future work are highlighted.

II. MEASUREMENT SCHEME

Off-state charge trapping occurs due to voltage stress
(mainly from high Vds) when the GaN HEMT is off [27, 28],
and is one of the primary causes of dynamic Rds(on) effects
in power converters. When the GaN HEMT is on, trapped
charges are released (detrapped). Dynamic Rds(on) due to off-
state trapping is commonly evaluated by measuring the drain
current transient (DCT) [19, 29], or equivalently the Rds(on)
transients [30, 31]. Subsequently, a mathematical model of
the dynamic Rds(on) can be formulated by curve fitting to
a sum of decaying exponentials of different amplitudes and
time constants [29]. Using the models, they can be simulated
for a power converter in circuit simulation software such as
LTSpice, after which the models can be validated in practice
using power converters [32, 33]. The method of measuring the
transients is detailed as follows.



First consider the detrapping transient. Some authors have
characterised the detrapping transient by having the device
under test (DUT) biased in the OFF state with Vgs = Vds =
0 [30, 31]. However, in a practical application, the detrapping
occurs when the device is on so only the on-state detrapping
transient is meaningful in power converters. Thus, detrapping
transients should be characterised with the DUT on. Moreover,
the DUT being on simplifies the measurement of the detrap-
ping transient as the DUT is always on so the Rds(on) can be
readily measured.

However, capturing the off-state trapping transient is trickier
because the DUT is not in the on state so the Rds(on) cannot
be readily measured. A solution is to execute on-the-fly
measurements [19, 27, 30, 31] [Fig. 1], whereby the DUT is
periodically pulsed to sample the Rds(on). It is vital to sample
the Rds(on) as soon after the DUT is turned on as possible
because detrapping commences immediately after the turn-on
so sampling delays will cause error. Furthermore, sampling
as soon as possible allows the pulse to be shortened so that
significant detrapping does not occur during the pulse and
interfere with the trapping transient. Examples of pulse widths
used in literature are 5 µs [31], 10 µs [30] and 50 ms [27].

Fig. 1: Theoretical Rds(on) waveform when using on-the-fly
measurements to capture the off-state trapping transient. Vgs,
Vds and Ids are plotted in dashed lines to indicate the shape
of those waveforms and the switching scheme of the GaN
HEMT.

Hot electron trapping is another trapping phenomena which
occurs when there is simultaneously high Vds and high Ids
across the device. The practical scenario in which this occurs is
the high power switching transitions when hard switching [20,
21, 28, 34]. Thus, the off-state trapping analyses above are
insufficient for modelling and simulating dynamic Rds(on) in
a hard switching power converter, and are limited to soft
switching. Due to the complexity of hot electron trapping
characterisation and modelling [35, 36], it is out of the scope
of this paper. Moreover, the DUT must be soft switched in
the off-state trapping measurements to prevent unintended

introduction of hot electron traps that would alter the Rds(on)
and cause measurement error [31].

The process of characterising and modelling the dynamic
Rds(on) pertaining to power converters is outlined in Fig. 2.
Steps 3 to 6 summarize the procedure described at the be-
ginning of this section, those steps being preceded by the
determination of all test conditions to evaluate dynamic Rds(on)
under. These test conditions encompass a wide range of
stress voltages and temperatures which allow a comprehensive
voltage and temperature dependent model to be formulated in
Step 4. Considering the entire process in Fig. 2, designing and
validating the experimental setup is the first step, on which the
remainder of this paper will focus.

III. EVALUATION CIRCUIT

A dynamic Rds(on) evaluation circuit has been designed
based on the requirements of the measurement scheme in
Section II. These requirements are that the circuit must

• be able to stress the device under test (DUT) with high
voltage Vstress in the off state, where Vstress should be able
to vary over a large range (e.g., 50-400 V) to characterise
the potentially significant variation in dynamic Rds(on)
with stress voltage [31, 37].

• in the on-state, pump a known drain current Ids(on) through
the DUT and sense the on-state drain-source voltage
Vds(on) so that Rds(on) =

Vds(on)
Ids(on)

can be calculated.
• be able to keep the DUT on for long time to characterize

long-term detrapping transients, and off for a long time
during long stress intervals for off-state trapping charac-
terisation. This ’long time’ is on the order of seconds
because the duration of the transients is typically tens to
hundreds of seconds [27, 30, 31].

The dynamic Rds(on) evaluation circuit has two parts:
1) Test circuit: Stresses the DUT with high Vds when the

DUT is off and supplies constant current Ids(on) when
the DUT is on.

2) Measurement circuit: Outputs a voltage from which
Vds(on) and thereby Rds(on) can be recovered.

A. Test circuit

The proposed measurement scheme is essentially a pulsed
I-V measurement method [19] for which resistive loads are
typically used [22, 38]. A basic version of the test circuit
with a resistive load is shown in Fig. 3. Though double pulse
testing (DPT) circuits are also commonly used for dynamic
Rds(on) pulsed characterisations [38–41], they cannot measure
the long on-state detrapping transient due to the inductor.
This is because Ids(on) will change over time and become a
confounding variable that influences the dynamic Rds(on) by
hot electron trapping [28]. Furthermore, if the DUT is on for
a long time, the current in the DPT inductor will increase
until the inductor saturates, resulting in very large Ids(on) that
will cause significant self-heating of the DUT. Other circuit
topologies used in literature also contain inductors [38] and
are thus not suitable for characterising detrapping transients;
however, they are useful for measuring dynamic Rds(on) in high



1. Design and validate
the evaluation circuit

2. Formulate the
measurement protocol
(i.e., test conditions)

3. Characterise the
transients

4. Create mathematical
and simulation models

5. Simulate in a power
converter

6. Validate models
in practical power
converters

Focus of this paper

Fig. 2: Procedure of characterising and modelling the dynamic Rds(on) of GaN HEMTs in power converters.

frequency switching to validate the models obtained from the
measurement scheme. Moreover, the presence of an inductor
inherently adds complexity to the design and assembly of the
test circuit. Thus, the resistive load is the chosen solution
for implementing the proposed measurement scheme because
it enables detrapping for long periods of time with constant
Ids(on) and is also the simplest.

However, Fig. 3 has two key disadvantages. Firstly, the
power dissipation in RL will be unmanageable at high voltage
(e.g. 500V) when the DUT is on for a long time unless a very
large RL is used, but a very large RL will cause Ids(on) to be
very low and thereby make the Rds(on) difficult to accurately
measure. Secondly, Ids(on) ≈ VDC

RL
so as VDC is varied to

change the stress voltage, Ids(on) will change; this is undesired
because Ids(on) may influence the Rds(on) and hence become a
confounding variable [21]. Therefore, the circuit in Fig. 3 is
not suitable.

Fig. 3: Basic test circuit with resistive load RL for pulsed I-V
characterisations [38]

To address the disadvantages of Fig. 3, the test circuit
in Fig. 4 is proposed, where the stress voltage and Ids(on) are
independent. Here, the high voltage source (HV) controls the
stress voltage. RHV is a large resistance (100s of kΩ) which
couples HV to the drain during the off state to stress the DUT.
RLV is a resistive load (few Ω) which, in conjunction with the
low voltage source (LV), sets Ids(on). D1 is a high voltage
diode which prevents the drain from being pulled down near
LV during the off state.

B. Measurement circuit

Measuring Ids(on) is straightforward because with the pro-
posed test circuit, Ids(on) is DC and can be measured with
a multimeter while the DUT is held on. However, measur-
ing Vds(on) is difficult because the high off-state Vds must
be blocked to protect downstream circuitry and prevent the
oscilloscope from saturating and being damaged [46, 56].
Moreover, the measurement circuit must not only accurately
measure the low on-state Vds but also respond as quickly as

Fig. 4: Dynamic Rds(on) test circuit with independent control
of stress voltage and Ids(on)

possible to the DUT turn-on so that the Rds(on) can be sampled
as soon after the turn-on as possible.

In literature, three types of dynamic Rds(on) measurement
circuits have been used [Fig. 5]. vclamp is the output of the
measurement circuit which corresponds to Vds(on). Though
the literature surveyed usually includes additional components
(e.g. Zener diodes [15, 40]) which vary between authors, those
additional components do not change the essence of how the
measurement circuit functions. Measurement circuits using a
blocking diode [Fig. 5a] are simple, but require calibration for
the I-V characteristics of the diode at the specific operating
temperature due to the forward voltage drop [15, 40, 42, 44,
45]. This may introduce error due to temperature variation [24]
and fast transients during measurement [51], and the errors are
exacerbated when measuring the much lower Rds(on) at CT.

The clamping diode measurement circuit [Fig. 5c] is a
solution to the forward voltage drop issue. However, it is still
not suitable because when the DUT is off (Vds = Vstress),
the instantaneous power in Rblk is approximately P =

V 2
stress
Rblk

which results in very high power dissipation at high stress
voltages. For example, if Vstress = 500V and Rblk = 100 kΩ,
P = 2.5W, a power dissipation that becomes significant
when the DUT is off for a large portion of the time as
in off-state transient measurements. This demonstrates the
necessity of using a large Rblk in this circuit, but such a
large resistance forms a long RC time constant with the
diode capacitance Cj which slows the measurement circuit
down [43, 52] and increases the error due to current iM
flowing into the measurement device (e.g. oscilloscope) which



(a) [15, 40–45] (b) [32, 46–52] (c) [53–55]

Fig. 5: Measurement circuits used in literature: (a) Blocking diode, (b) blocking switch and (c) clamping diode. Parasitic
capacitances are drawn in red.

has finite input impedance. Though a resistor can be placed
in parallel with Dclamp to reduce the RC time constant and
impact of iM , it divides down the measured voltage and
reduces the measurement accuracy. Therefore, the blocking
switch measurement circuit [Fig. 5b] is preferred because there
is negligible voltage drop between the DUT and vclamp, there
are no large RC time constants slowing it down, and there is
low power dissipation [51, 52].

C. Complete circuit

Fig. 6: Schematic of the complete dynamic Rds(on) evaluation
circuit

The complete evaluation circuit is shown in Fig. 6. Qblk is
switched synchronously with the DUT so that the high off-
state Vds is blocked while the on-state Vds is passed to vi
(i.e., vclamp in Fig. 5b). Due to the significantly lower Rds(on)
of GaN HEMTs at CT [11, 15, 24], an amplifier is used to
amplify vi to a level which the oscilloscope can accurately
measure. Though a high Ids(on) could theoretically be chosen to
achieve a larger vi which is accurately measurable without an
amplifier, such high currents will cause significant self-heating
of the DUT, RLV, and D1 during detrapping transients which
causes inaccurate DUT temperature and drifts in Ids(on). When
testing low Rds(on) devices with low Ids(on) (e.g., 1A), Vds(on)
is quite small even at RT, so vo1 = G1vi is used to measure
Rds(on) at RT and vo2 = G1G2vi is used to measure the much
lower Rds(on) at CT. RPD ensures that the amplifier input is not
floating when Qblk is off and enables the DUT’s soft switching.
For this purpose, Rds(on), Qblk << RPD << RHV where
Rds(on), Qblk is the on-resistance of Qblk, so that approximate
ZVS can be achieved while not significantly dividing down the
measured Vds; a value in the 10s or 100s of Ω is thus suitable.
An extra function of RPD is to act as a low impedance path to

ground for the Coss current of Qblk during switching instants,
suppressing voltage spikes on vi.

In our implementation, Qblk is driven by an isolated gate
drive and not with automatic switching as done by several
authors [32, 46, 47, 50, 57]. This is because in the evaluation
circuit, HV is coupled to the drain via large resistance RHV so
Qblk would clamp the drain to a low voltage, preventing the
DUT from being stressed, if it was automatically switched.
Moreover, this permits soft switching which is required for
the measurement scheme, whereby Qblk is turned on slightly
prior to the DUT to pull Vds low and approximately achieve
zero-voltage switching (ZVS); only hard switching is possible
with automatic switching. With the isolated gate drive, hard
switching can still be achieved by turning Qblk on slightly after
the DUT.

IV. CIRCUIT VALIDATION

A diagram of the complete system for evaluating dynamic
Rds(on) is shown in Fig. 7. The PCB with the DUT resides
in an environment at the testing temperature (e.g. RT, liquid
nitrogen, or vacuum chamber) while the other circuitry may
remain outside that environment. Note that the DUT PCB
is identical to the GaN half-bridge PCB validated to work
at 77 K in [17], except with top-side instead of bottom-side
cooled GaN HEMTs, so the DUT PCB will work at CT. A
C2000 microcontroller (MCU) is used to control the switches
and measure the amplifier outputs. To cross-check the MCU’s
measurements, an oscilloscope is used to monitor the amplifier
outputs in parallel. A computer controls and logs data from
both the MCU and oscilloscope via USB and supplies power
for the gate drives. To minimize noise on the amplifier signals,
batteries are used to supply a clean DC voltage to the amplifier.

Fig. 8 shows the physical implementation of the evaluation
circuit. Power for the gate drives, microcontroller and amplifier
are supplied through two RJ45 connectors. Key component
values and parameters are specified in Table I. The ampli-
fiers utilize the AD8656 OpAmp and have a bandwidth of
approximately 3 MHz. Soft switching of the DUT is enacted
by turning Qblk on 200 ns before the DUT.



Fig. 7: Diagram of the dynamic Rds(on) evaluation system

Fig. 8: The assembled evaluation circuit with a coaxial shunt
for validation tests

Fig. 9: Waveforms for amplifier validation using the coaxial
shunt at Ids(on) = 1A at both RT and CT (77 K). The amplifier
signals have the corresponding gains removed for comparison
with the shunt signal.

To validate the operation of the evaluation circuit, a 20mΩ
coaxial shunt resistor (1M-1 from T&M [58]) was placed
in series with the DUT. The output signal of the shunt,
proportional to Ids, is measured by the oscilloscope and fed
into the measurement circuit (i.e. instead of measuring Vds,
the measurement circuit measures the shunt signal) to verify
the accuracy of the measurement circuit. Measurements were
performed on the measurement circuit and MCU at both RT
and CT (77 K), because in actual cryogenic experiments, those

TABLE I: Parameters of the evaluation circuit

Component Value
DUT GS66508T
Qblk GS66508T
RLV 5Ω
RHV 390 kΩ
D1 IDL04G65C5
RPD 11Ω
G1 9.52
G2 9.45

components may be exposed to cryogenic temperatures due to
their close proximity to the DUT. Results in Fig. 9 demonstrate
that at RT vo1 and vo2 converge to the shunt signal within
approximately 500 ns and 900 ns after the turn-on respectively.
At CT, the measurement circuit functions correctly but is
slower, whereby vo1 and vo2 converging to the shunt signal
within approximately 900 ns and 2 µs respectively. Therefore,
for CT measurements, the Rds(on) will need to be sampled a
longer time after the DUT turn-on than for RT measurements.

The coaxial shunt signal confirms that Ids(on) is DC as
theorized in Section III-B. There is, however, a small ripple on
Ids(on) which can be eliminated by additional bulk decoupling
capacitors on LV. Furthermore, the DC steady state errors are
due to tolerances in the amplifier gain and the OpAmp input
offset voltages which can be calibrated out prior to executing
dynamic Rds(on) measurements. Note that the test circuit may
also be exposed to cryogenic temperaturess and works at CT
because it is composed of only passive components and diodes
which work at CT [24].

V. CONCLUSION

A measurement scheme utilizing on-the-fly measurements
has been proposed to characterise the off-state trapping tran-
sients in GaN HEMTs. Based on requirements derived from
the measurement scheme, a dynamic Rds(on) evaluation circuit
suitable for measurements at CT has been designed and
validated. The evaluation circuit consists of (a) a novel test
circuit using a resistive load with independent control of stress
voltage and device current and (b) a clamping circuit utilizing
a blocking switch, which was selected after a comprehensive
analysis of clamping circuits in the literature. A high speed
amplifier was designed to amplify the output of the measure-
ment circuit so that the low Rds(on) at CT can be accurately
measured. The evaluation circuit was demonstrated to success-
fully measure the dynamic Rds(on) 500 ns after the DUT turn-
on for RT measurements and 2 us after the DUT turn-on for
CT measurements. Dynamic Rds(on) characterisations are thus
ready to be performed in future work.
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