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Pulsed HEMT LNA Operation for Qubit Readout
Yin Zeng , Graduate Student Member, IEEE, Jörgen Stenarson , Member, IEEE, Peter Sobis ,

and Jan Grahn , Senior Member, IEEE

Abstract—Large-scale qubit readout in quantum computing
systems requires highly sensitive amplification with minimal
power consumption to reduce the thermal load and preserve
qubit integrity. We propose a pulse-operated cryogenic low-
noise amplifier (LNA) scheme that minimizes the influence of
the LNA on qubit operation and reduces power consumption
by duty cycling. A modified commercially available cryogenic
hybrid LNA based on InP high-electron mobility transistors
(HEMTs) has been characterized to demonstrate the feasibility
of pulsed operation for qubit readout. The transient noise and
gain performance of the LNA were obtained through a cryogenic
time domain noise measurement setup with 5-ns time resolution
and a measured noise standard deviation (SD) below 0.3 K. The
time-domain noise and gain performance of the LNA in response
to a square gate voltage waveform were investigated. Through an
analysis of the LNA’s recovery limitations, we developed a fast
recovery bias strategy leading to the optimization of the gate
voltage waveform using a genetic algorithm (GA). This resulted
in a strong enhancement of transient noise and gain performance
with a recovery time of 35 ns. The drain current transients were
measured to calculate the average power consumption of the
pulse-operated LNA, which confirmed a reduction in average
power consumption proportional to the duty cycle. This work
contributes to the development of high-performance and low-
power amplifier solutions critical for large-scale qubit readout
applications.

Index Terms—Cryogenic, InP high-electron mobility transistor
(HEMT), low power, low-noise amplifier (LNA), pulsed operation,
qubit readout.

I. INTRODUCTION

SUPERCONDUCTING quantum computers show great
promise for solving complex problems beyond the

capabilities of classical computers [1]. Nowadays, noisy
mid-size superconducting quantum computers have already
outperformed traditional supercomputers in computationally
demanding problems, such as random circuit sampling [2], [3],
[4]. Following the road map to massively scale up physical
qubits and enable efficient error correction, superconducting
quantum computers are on track to unlock their full potential
[5], [6], [7], [8].
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Fig. 1. Timing diagram for qubit operation with a pulsed HEMT LNA readout
scheme. The top row depicts the qubit manipulation sequence, where U1–Un
represent arbitrary gate pulses, followed by a readout pulse represented by
the meter symbol and a qubit reset phase R. The middle row illustrates the
HEMT LNA “ON” and “OFF” states during the sequence. The bottom row
indicates the timing of the gate operation tgate, readout treadout, and reset treset
phases.

A critical component at the 4-K stage in current quan-
tum systems is the InP high-electron mobility transistor
(HEMT) low-noise amplifier (LNA), which serves as the
second-stage amplifier for qubit readout after parametric
amplification at the mK stage. The HEMT LNA plays an
essential role in qubit readout by simultaneously amplifying
around ten frequency-multiplexed signals with power levels
around −120 dBm, while introducing minimal added noise
[9], [10]. With the upscaling of quantum systems, the num-
ber of HEMT LNAs will increase, meaning a challenge in
overall thermal budget. Since amplifier back action—referring
to the undesired influence from the amplifier on the qubit
environment inducing higher energy state transitions and
readout errors—has been reported to excite two-level sys-
tems [11], [12], a higher total dc power from the HEMT
LNAs may also pose a problem for qubit integrity [13].
Consequently, bulky and lossy isolators and circulators have
to be used, which may hinder the scalability of qubit
architectures [11].

One approach to mitigate the backaction noise is by
enhancing the isolation of the first stage parametric amplifier.
Reported techniques include canceling the reciprocity through
frequency convention [14] or integrating the parametric ampli-
fier with on-chip peripheral circuitry [15]. In addition, due
to the pulsed readout nature of qubits, the implementation of
superconducting switches with parametric amplifiers to enable
time-sequential operation was explored [16]. However, several
of these amplifier solutions suffer from limited bandwidth
or require complex setups involving additional parametric
processes [17].

Recent studies have been conducted to reduce the dc power
consumption of the HEMT LNA through optimization of the
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InP HEMTs combined with advanced semiconductor modeling
and low-power microwave circuit design [18], [19], [20],
[21]. While these methods push the limits of current device
technology and microwave design, they often come at the
cost of noise and gain performance including bandwidth.
Achieving lower dc power consumption in the HEMT without
compromising its key merits has become more challenging.

To address these limitations, we propose in this work to
implement pulsed HEMT LNA operation for qubit readout.
This will leverage the pulse-readout nature of qubits, as
illustrated in Fig. 1. The HEMT LNA is activated only during
the qubit readout pulse and turned off otherwise. This strategy
reduces average power consumption through duty cycle while
maintaining the amplifier’s gain and noise performance during
the critical readout windows. By synchronizing the amplifier’s
operation with the qubit readout pulse, this approach may
also minimize the amplifier backaction interference with qubit
gate operations and reduce the thermal population of the qubit
readout resonator when idling.

Nonetheless, implementing pulsed operation for the HEMT
LNA in qubit readout introduces demanding requirements for
the LNA’s transient noise and gain response, which remains
largely uncharacterized. The qubit readout pulse duration,
which must be significantly shorter than the qubit’s deco-
herence time to ensure high-fidelity measurements, typically
ranging from tens of nanoseconds to several microseconds
depending on the design of the readout circuits [22], [23], [24],
[25], [26], [27]. In some demanding qubit readout scenarios,
such as surface code error correction protocols combined with
reset, ancilla qubits are read out at microsecond-level intervals,
with readout durations of several hundreds of nanoseconds
[7], [8], [27], [28], [29]. Hence, it is crucial that the HEMT
LNA minimizes its deadtime—the period where the amplifier
dissipates power but its noise and gain are not yet stable
enough to enable readout—to fully exploit pulsed operation
and potentially achieve a 5–10 times reduction in average
power consumption [8], [27], [28], [29].

This work addresses the noise and gain of the cryogenic
HEMT LNA in the time domain and proposes an optimized
pulsed operation scheme suitable for qubit readout. We first
assess the static performance of a cryogenic HEMT LNA
modified for pulsed operation followed by the development of
a calibrated cryogenic transient noise and gain measurement
setup with 5-ns resolution and noise standard deviation (SD)
below 0.3 K. This setup allowed us to measure the LNA’s
transient response under pulsed square-waveform gate bias. To
address the recovery limitations, we developed a fast recovery
bias strategy, optimizing the gate voltage waveform using a
genetic algorithm (GA) to ensure rapid recovery with minimal
noise. Our results show that the pulse-operated scheme reduces
power consumption proportional to the duty cycle thus con-
firming the feasibility of the proposed approach. This article
contributes to smarter LNA operation by demonstrating the
first transient noise measurement of a cryogenic HEMT LNA,
showing that state-of-the-art noise performance can be main-
tained in a pulsed bias mode. This advancement is crucial for
reducing power dissipation and minimizing qubit disturbance,
both being key factors for scalable quantum computing.

II. DEVICE UNDER TEST

The device under test (DUT) in this work was a modified
LNF-LNC4-8C [30], a commercially available InP HEMT
LNA abundant in quantum systems [3], [9], [26]. The
schematic of the DUT before and after modification is shown
in Fig. 2(a). The DUT consists of one dc bias PCB and four
RF PCBs. To enable faster transient operation, modifications
were made to the low-pass filter on the gate bias on the dc
bias PCB. The 10-kΩ series resistor was replaced with a short,
and the 1-kΩ parallel resistor was removed. In addition, the
100-nF capacitor was changed to 1 nF. The real circuit before
modification and a zoomed-in-view of the modified dc PCB
are shown in Fig. 2(b) and (c), respectively.

The static noise and gain of the DUT under cryogenic
conditions were characterized with an Agilent N8975B NFA
using the cryogenic attenuator Y-factor method, as illustrated
in Fig. 2(d) [31]. The DUT was biased with a drain voltage of
VD = 0.7 V and a drain current of ID = 15 mA, corresponding
to a dc power consumption of Pdc = 10.5 mW. The measured
average gain and noise temperature of the DUT at 4 K were
44.4 dB and 1.2 K, respectively, representing the typical
performance when the LNA is used for superconducting
qubit readout amplification. Since the transient performance
measurement was conducted at a temperature of 10.6 K, the
static gain and noise at 10.6 K were measured as a reference,
which was 44.4 dB and 1.8 K, respectively. The change in
ambient temperature mainly affected the noise temperature
whereas gain remained stable for both temperatures.

S-parameters of the DUT, as shown in Fig. 2(e), were
obtained with a Keysight N5247B PNA-X. The measured S 11
and S 22 were below −10 and −18 dB from 4 to 8 GHz,
respectively, which meant good input and output matching.
The measured S-parameters were used to calculate the Rollett
stability factors [32] plotted in Fig. 2(f). The K-factor was
larger than 1 and the |∆| was smaller than 1 from 0.1 to
45 GHz, which confirmed the unconditional stability of the
DUT.

A drawback when modifying the low-pass filter on the
gate bias for faster transient operation is reduced suppression
of supply fluctuations, which could lead to decreased gain
stability over time. The fluctuation of gain over time for
both the modified LNA and the commercial LNF-LNC4-8C
was measured for 30 s with Keysight P5008A VNA using
6-GHz CW signal under −74-dBm input power and 50-Hz
IF bandwidth, as illustrated in Fig. 2(g). The modified LNA
demonstrated higher gain fluctuation over time compared with
the LNA with an unmodified low-pass filter. While both LNAs
exhibit gain fluctuations in the same order of magnitude, the
modified LNA shows a fivefold increase in fluctuation, with
SDs of 0.020 and 0.004 dB, respectively. The tradeoff between
faster transient operation and increased gain fluctuation is
inevitable. However, this effect can be mitigated through
careful supply regulation and adjustments to the gate bias
circuitry in future design iterations.

In summary, the modifications of the HEMT LNA for
the faster transient operation had a minor impact on RF
performance, as indicated by the static gain and noise,
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Fig. 2. (a) Bias schematic of the HEMT LNA DUT before and after modification, illustrating the dc and RF PCBs. (b) Image of the DUT circuit before
modification. (c) Closed-up view of the modified dc PCB. (d) Static noise and gain characterization of the DUT at 4 and 10.6 K. (e) Measured S-parameters
at 10.6 K. (f) Rollett stability factors based on measured S-parameters. (g) Gain fluctuation comparison over 30 s for the modified LNA and a commercial
LNF-LNC4-8C.

S-parameters, unconditional stability check, and gain fluctu-
ation measurements.

III. CRYOGENIC TIME-DOMAIN NOISE AND GAIN
MEASUREMENT: SET-UP AND VERIFICATION

Pulsed operation of the HEMT LNA for qubit readout
requires the LNA to recover its performance to below 2-K
noise temperature with a submicrosecond recovery speed.
Characterizing such a rapid recovery in noise is crucial to
enable effective pulse operation in qubit readout. To conduct
a meaningful analysis, the time resolution should be on the
nanosecond scale with noise SD below 1 K. However, to the
best of the authors’ knowledge, the transient noise behavior
of cryogenic LNAs has not yet been characterized.

Based on our previous work on time-domain noise mea-
surement methodology [33], [34], we developed a cryogenic
time-domain noise and gain measurement technique to achieve
the necessary nanosecond-level time resolution combined with
high-noise accuracy. In this approach, an oscilloscope records
the output noise signal of the DUT in both “hot” and “cold”
states of the noise source. The sampled signal is divided into
time intervals defined by the desired time resolution. The
power spectral density (PSD) for each interval is calculated
using a discrete Fourier transform (DFT). By averaging the
PSD within the targeted frequency band and applying the
Y-factor method, we extract the time-domain equivalent noise
temperature and gain of the DUT. A photograph of the

measurement setup including a schematic with calibration data
is shown in Fig. 3.

The setup contains room temperature (RT) and cryogenic
environments. Following a 20-dB cryogenic attenuator, the
DUT was placed inside the cryogenic environment maintained
at 10.6 K. Semirigid cables were used to connect the input
of the attenuator and the output of the DUT to the RT
environment. In the RT environment, a Keysight 33500B
arbitrary waveform generator (AWG) was used to provide the
dc or pulsed gate voltage bias VG. A Keysight 2902A precision
source/measure unit (SMU) served as a power supply for the
drain voltage bias VD. An HP346B noise source, biased by
the same power supply, was connected at the input of the
cryogenic DUT system. The output of the DUT was recorded
by a Keysight UXR0334A oscilloscope with a maximum of
1.56-ms memory depth when operated at 128-GSa/s sampling
speed with 33-GHz bandwidth, followed by an SMA cable
and a 3.1–8.4-GHz BPF. A Hall-effect Rohde & Schwarz
RT-ZC31 current probe with dc-to-120-MHz bandwidth, con-
nected to the oscilloscope, monitored the transient in ID. A
computer was used to enable automatic measurements through
instrument control of the power supply, the AWG, and the
oscilloscope.

The measurement system can be calibrated using the stan-
dard cryogenic attenuator noise measurement method [35], as
shown in Fig. 3(b). Excess noise ratio (ENR) of the noise
source at RT was provided as a table per frequency by
the manufacturer, around 15 dB for the targeted frequency

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



4 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 3. (a) Cryogenic time-domain noise and gain measurement setup for the HEMT LNA. The setup includes the noise source, current probe, AWG, power
supply, bandpass filter (BPF), and oscilloscope. The HEMT LNA and cryogenic attenuator are placed within a cryogenic environment maintained at 10.6 K.
A PC is used to control the AWG, the power supply, and the oscilloscope for automated measurements. The closed-up image shows the positioning of the
HEMT LNA and attenuator inside the cryo-environment. (b) Schematic of the measurement system, detailing the signal flow from the noise source through
the cryo-environment to the oscilloscope. Calibration plots for the noise source ENR, cryogenic cable loss, cryogenic attenuator, and room-temperature BPF
loss across the frequency range are presented.

range. The losses of the semirigid cables before the cryogenic
attenuator and after the DUT were assumed to be symmetric.
The total loss for the cryogenic cables was acquired by
connecting them in the cryogenic environment and measuring
S 21 using a PNA-X, resulting in −1.28 dB at 6 GHz. While
the input and output cables were not identical, sensitivity

tests indicated that a ±0.1 dB variation in input cable loss
would lead to an estimated ±0.3 K noise temperature variation
at 6 GHz, which is an acceptable margin. The input cable
temperature was assumed to be 200 K, and the attenuator
temperature, measured using an embedded sensor, was found
to be 10.6 K. The cryogenic attenuator was characterized by
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TABLE I
VERIFICATION OF CRYOGENIC TIME-DOMAIN NOISE AND GAIN MEASUREMENT SETUP (AVERAGED OVER 3000 REPETITIONS) AVG-T: AVERAGED

TIME DOMAIN; SD: STANDARD DEVIATION; AND NS: NOISE SIGNAL

a similar PNA-X setup by connecting the semirigid cables,
showing a flat 20-dB loss across the band. The loss of the
external RT SMA cable and the BPF were characterized for
compensating the extracted gain using the Y-factor method.
Ambient temperature in RT and cryogenic environment were
measured through resistance thermometers, one measuring the
RT and one mounted to the cryogenic attenuator monitored by
a Lakeshore 332 temperature controller.

Measured data generated by the calibrated setup were
verified by comparing the time-domain noise and gain per-
formance to reference results obtained by the NFA when the
DUT was under static dc bias [34]. The time resolution of
the measurement was selected to 5 ns based on a tradeoff

between computational efficiency and measurement accuracy
[34]. The average frequency band was 1 GHz, spanning from
3 to 9 GHz in 1-GHz steps. The 3000 groups of repeated
measurements were used for averaging in order to reduce
the measured noise variance. The measured time-domain gain
and noise under static bias are shown in Fig. 4(a). Despite
the fluctuations over the measured period, the gain and noise
remain stable for each frequency. The averaged time-domain
gain and noise over time are summarized in Table I and plotted
together with the NFA measured reference in the frequency
domain, see Fig. 4(b). The mean values for time-domain gain
and noise acquired by the calibrated cryogenic time-domain
gain and noise measurement system from 3 to 8 GHz agree
well with the NFA-measured reference data thus verifying
the accuracy of the time-domain measurement. The 9-GHz
data point is slightly off the reference value, mostly due to
frequency averaging at the steep slope of the DUT band edge
for both gain and noise performance, as presented in Fig. 2(d).

The fluctuations observed in the measured time-domain
noise can be quantified by extracting the SD over time for
each frequency, see summary in Table I. For the in-band
frequencies from 4 to 8 GHz, measured noise SDs (Te SD)
are below 0.3 K. The measured noise SD for band-edge
frequencies at 3 and 9 GHz are slightly higher, likely due to
the HEMT’s increased matching sensitivity to bias condition
fluctuations at the band edges where noise resistance is higher.
The theoretical noise SD caused by the noise signal after
averaging (NS Te SD) can be calculated using the noise
source ENR, calibrated loss, averaging parameters, and NFA
measured noise and gain of DUT via equations in [34].
The NS Te SD numbers in Table I are smaller than the Te

SD, pointing to additional fluctuations captured by the time-
domain noise characterization method. These could include
residual fluctuations in the bias voltage, oscilloscope stability,

and small variations in the thermal stability of the cryogenic
environment.

In this section, we described a cryogenic time-domain
gain and noise measurement setup tailored for high-precision
characterization of the HEMT LNA under pulsed operation.
The system achieves nanosecond-level time resolution and
consistent accuracy, as verified against reference measure-
ments under static bias. Noise fluctuations below 0.3-K enable
precise observation of the DUT’s transient noise response
under pulsed conditions.

IV. TRANSIENT NOISE AND GAIN UNDER
SQUARE-WAVEFORM PULSE

The transient noise and gain performance of the HEMT
LNA were investigated using square waveform VG pulses to
evaluate its recovery behavior. The pulsewidth of VG was set to
500 ns, with a pulse period of 5 µs. In OFF-state, the DUT was
biased below the threshold voltage at 100 mV, then switched
on to 243 mV, corresponding to a ID of 15 mA under static
bias conditions, with VD fixed by the power supply in voltage
source mode. The rising time of the square waveform produced
by the AWG including transmission delay was 15 ns. This
delay was negligible compared with the pulsewidth and the
DUT’s recovery time.

Fig. 5 shows the first 1 µs of the VG waveform along with
the corresponding output voltage recorded by the oscilloscope
and the averaged output power Pout of the DUT for “cold”
and “hot” noise source inputs. The Pout values were calculated
by averaging the DUT’s output voltage over 3000 repetitions.
For both noise source inputs, Pout begins to rise sharply above
the oscilloscope noise floor around 130 ns after the switch-on
of VG. The recovery slope gradually becomes less steep and
eventually reaches a steady state around 250 ns. This recovery
pattern aligns approximately with the expected behavior of a
low-pass filter transfer function. When VG switches off, Pout
drops from the −40 dBm steady state to the noise floor within
10 ns. A small peak appears after the switch-off lasting until
550 ns, likely caused by ringing due to parasitic components
in the AWG and power supply.

Pout is a rough estimation for the recovery without
frequency resolution. Utilizing the transient gain and noise
measurement methodology described in Section III, gain
and noise transients, both with 5-ns time resolution and
1-GHz frequency resolution can be acquired to provide
a more detailed analysis of the recovery dynamics. A
3-D plot of the transient gain for the DUT using a
square-waveform VG bias is presented in Fig. 6(a) as
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Fig. 4. Time-domain noise and gain of the LNA under dc bias at 10.6 K. (a) Noise and gain for each frequency over time. (b) Mean value of time-domain
noise (blue solid line) and gain (red solid line) for each frequency over time compared with noise (blue dot) and gain (red square) obtained by NFA for each
frequency.

Fig. 5. Square-waveform VG pulse (top). Time-domain LNA output signal
waveform for the noise source in the “hot” and “cold” states (middle).
Averaged transient Pout response corresponding to the VG waveform for the
noise source in the “hot” and “cold” states (bottom).

a function of time and frequency. In Fig. 6(b) and (c),
the time-domain projection for frequencies from
3 to 9 GHz, in steps of 1 GHz, and the frequency-

domain projection for each time step from 0.125 to 0.250 µs,
in steps of 5 ns, are shown. In the time domain, as indicated
from the Pout recovery, the transient gain for each frequency is
detectable after 130 ns and recovers to its steady performance
at around 250 ns. When VG switches off, the DUT gain
drops rapidly below 10 within 10 ns. The peak in Pout
results in a gain peak after switching off until 550 ns. The
rising edge gain transient projected to the frequency domain
shows that the recovery of DUT’s gain for each frequency is
uniform.

Fig. 7(a) presents the 3-D plot of the transient noise of
the DUT under square-waveform VG bias, with correspond-
ing time-domain and frequency-domain projections shown
in Fig. 7(b) and (c), respectively. From the time-domain
projection, we observe that the transient noise of the DUT
for each frequency drops below 50 K approximately 140 ns
after VG is switched on. The noise level at in-band fre-
quencies attains stable values below 2.0 K after 200 ns.
In the frequency-domain projection, the noise transient at
in-band frequencies displays a faster recovery rate com-
pared with the band-edge frequencies. This suggests that
the noise bandwidth is narrower at the beginning of the
DUT’s recovery, likely due to a combination of poor matching
conditions at the band edges in the circuit design and a
relatively high-noise resistance of the HEMT at low-power
bias [19].

The recovery pattern of the HEMT LNA under square-
waveform VG pulse is revealed by Figs. 6 and 7. The initial
130 ns delay after switch-on is attributed to the low ID

associated with the low gain at subthreshold bias, effectively
keeping the HEMT LNA in a low-power, OFF-state during this
period. The actual recovery time (defined as the period when
transient gain and noise become detectable and stabilized) is
120 ns, following this delay. Time-domain analysis shows that
gain recovers between 130 and 250 ns, whereas noise stabilizes
slightly faster, reaching steady state within 200 ns with a noise
fluctuation below 0.3 K. In the frequency-domain analysis,

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



ZENG et al.: PULSED HEMT LNA OPERATION FOR QUBIT READOUT 7

Fig. 6. Time-domain gain of LNA under square waveform VG bias. (a) 3-D surface plot. (b) Transient gain for each frequency projected to the time domain.
(c) Transient gain at each time projected to the frequency domain.

gain recovery is uniform for all frequencies. However noise
has slower recovery at the frequency band edges. Overall, the
HEMT LNA achieves a 120-ns effective recovery time with a
130-ns delay.

V. OPTIMIZED PULSE WAVEFORM FOR FAST RECOVERY

As quantum computing progresses toward faster readout
and reset times [24], [36], the demand for rapid recovery of
the HEMT LNA becomes increasingly important for efficient
pulse operation. In this section, we start with analyzing the
factors limiting the recovery speed of the HEMT LNA and
explore alternative biasing strategies to improve recovery
times. A real-time optimization setup utilizing a GA is devel-
oped to search for an optimal bias pulse waveform for fast
recovery. Finally, we characterize the HEMT LNA’s recovery

performance under the optimized pulse waveform and measure
the average power consumption.

A. Recovery Time Analysis

The primary limiting factor for the recovery time of the
HEMT LNA is not the intrinsic delay of the InP HEMT itself.
The InP HEMT, with parasitic capacitance at the femtofarad
level [19], has an intrinsic transient response time below a
picosecond [21]. In comparison, the decoupling capacitance
in the gate bias of the DUT is 1 nF, as shown in Fig. 2(a),
with an experimentally confirmed recovery time exceeding
200 ns in Section IV. Since the HEMT has a much shorter
time constant compared with the gate bias low-pass filter, it
can be approximated as an instant current source reacting
to the voltage applied on its gate electrode Vgi. Hence the
dominant limiting factor is the low-pass filter in the gate bias
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Fig. 7. Time-domain noise of LNA under square waveform VG bias. (a) 3-D surface plot. (b) Transient noise for each frequency is projected to the time
domain. (c) Transient noise at each time is projected to the frequency domain.

line, which includes the parallel capacitance shown in Fig. 2(a)
and the output resistance of the AWG after removing the series
resistor on the HEMT LNA’s dc bias PCB. In addition, the
low-pass filter stabilizes the bias conditions and suppresses
fluctuations so it cannot be completely removed, as shown
in Fig. 2(g).

For an ideal low-pass filter with a parallel capacitance C and
series resistance R, illustrated in Fig. 8(a), the output response
of the Vgi on the HEMT to input VG applied by the AWG
output port can be modeled in the time domain. Assuming
that the VG switch-on acts as a step function, the Vgi recovery
can be expressed by

Vgi (t) = Vq +
�
V f − Vq

� �
1 − e−t/τ� (1)

where V f is the final voltage, Vq is the initial quiescent voltage,
and τ = RC is the time constant of the low-pass filter.

Fig. 8(b) illustrates the Vgi response over time for different
V f and Vq bias levels. Since the RF performance does not
linearly depend on Vgi and has a threshold voltage determined
by the HEMT’s large-signal response, combined with the
oscilloscope’s noise floor, there exists a detectable threshold
voltage for Vgi, represented as Va/2 in Fig. 8(b). The recovery
phase during which Vgi remains below the detectable threshold
is the delay period where no recovery curve is observed above
the oscilloscope noise floor. For the target voltage Vt assumed
to be Va, we define recovery to 99% of Vt when approaching
steady state, see Fig. 8(b). The time between Vgi reaching the
detectable threshold and reaching 99% of Vt is thus defined
as the recovery time. Notably from (1), the slope of Vgi
recovery gradually decreases as t increases, aligning with the
experimental observations in Section IV. This recovery pattern
of the low-pass filter also explains the rapid turn-off transient,

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



ZENG et al.: PULSED HEMT LNA OPERATION FOR QUBIT READOUT 9

Fig. 8. (a) Ideal RC low-pass filter bias circuit. (b) Ideal response of low-
pass filter with different quiescent bias and final bias. The top plot shows
step function input VG with different quiescent bias levels. The red triangle
line represents a transition from −Va to 3Va/2, the yellow square line from
0 to Va, the blue circle line from Va/2 to Va, and the green diamond line
from Va/2 to 3Va/2. The bottom plot illustrates the corresponding filtered
response Vgi.

where the initial fast decay quickly drops Vgi below the HEMT
threshold voltage, with less effect from the low-pass filter’s
slow final recovery phase.

The Vgi response to the step function VG with different Vq

and V f levels is shown in Fig. 8(b). The switch-on situations
between the green diamond line to the red triangle line and
the blue circle line to the yellow square line demonstrates

Algorithm 1 GA for VG Waveform Optimization
1: 1. Reference Setup:
2: Measure noise floor and desired power level at static bias.
3: Define the ideal step response Pideal(t) (noise floor →

desired level).
4: 2. Initialization:
5: Define gene vector:

X = [v1, . . . , vn, t1, . . . , tn−1] ,

where vi are voltage levels and t j are time durations.
6: Set GA parameters (population size, bounds, etc.).
7: 3. GA Optimization:
8: while generation < Nmax gen do
9: for each individual x do

10: Build VG waveform in AWG from x.
11: Measure LNA output by oscilloscope for Pout(t).
12: Compute fitness:

fitness (x) = W1 · rise time + W2 ·mean error
+ W3 ·max error

where errors are relative to the Pideal(t).
13: end for
14: Update population via selection, crossover, and muta-

tion (with elitism).
15: end while
16: 4. Output: Return the optimal solution:

x∗ = arg min
x

fitness (x) , Pout (t) at x∗

that with the same V f , the deeper quiescent Vq will only lead
to longer delay before Vgi reaches the detectable threshold
without affecting the recovery time from the threshold to 99%
of Vt. The switch-on situations between the green diamond
line to the blue circle line shows that by initially setting V f

to a higher voltage, such as 3Va/2, the recovery time to reach
99% Vt can be significantly shortened, from 3.9 to 0.67τ in
this case. This suggests a fast recovery bias strategy to reach
target bias by using a higher initial bias to speed up recovery
followed by a dynamic adjustment to return to the target Vt.

B. GA Optimization

While an ideal low-pass filter analysis suggests that control
theory could be used to precompensate the transfer function
of the HEMT LNA recovery response with VG(t) as input,
practical limitations can make an analytical solution for the
optimal recovery VG waveform challenging. First, the neces-
sary accurate extraction of the cryogenic large-signal noise
model for the HEMT is difficult and not straightforward.
Second, changing to different AWG or power supply models
introduces variability in output impedance and internal current
regulation, which are often not revealed by manufacturers and
may significantly alter the transfer function. Third, the large-
bypass capacitor, necessary to stabilize the bias, often suffers
from high-tolerance deviations [37], which complicates precise
analytical modeling. Finally, the influence of parasitic com-
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Fig. 9. Setup schematic of real-time GA optimization based on an oscilloscope, AWG, and a signal generator.

Fig. 10. Optimized fast recovery VG pulse (top). Time-domain LNA output
signal waveform for the noise source in the “hot” and “cold” states (middle).
Averaged transient Pout response corresponding to the VG waveform for the
noise source in the “hot” and “cold” states (bottom).

ponents, such as capacitances and resistances on PCBs, adds
further complexity that is impractical to quantify accurately.

Due to these challenges, analytical methods are difficult
to implement effectively. Instead, a nonlinear optimization

approach offers a more robust solution by adapting to
uncertainties and complexities without relying on detailed
component modeling. In this work, we apply GA to search
for a fast recovery bias waveform, primarily to validate the
effectiveness of the fast recovery bias strategy. While GA
was chosen for its accessibility, other optimization algorithms
could be used in future work to further refine and improve
recovery performance.

The GA described in Algorithm 1 was implemented in a
real-time measurement setup to search for an optimal recovery
bias waveform, as shown in Fig. 9. In this setup, the noise
source from the cryogenic time-domain noise characterization
is replaced by a Keysight 83620B signal generator which
injects a −60-dBm CW signal at 6 GHz into the cryogenic
system. The PC generates initial populations of VG waveforms
with varying parameters and sends them to the AWG, which
pulses the DUT accordingly. The DUT’s output voltage is
recorded by the oscilloscope and relayed back to the PC to
calculate the Pout transient, serving as a preliminary indicator
for the HEMT LNA’s recovery.

The Pout transient is evaluated in the fitness function based
on its recovery time and flatness after recovery. Here, the
recovery time is defined specifically for the optimization
process as the time taken for Pout to rise from the noise
floor to 99% of the target steady-state power, calibrated
from the dc bias. The GA then applies genetic selection,
using crossover and mutation operations to evolve waveform
parameters toward minimizing recovery time and achieving a
stable postrecovery state. Each successive generation refines
the waveform, progressively enhancing the speed and stability
of the DUT’s recovery performance.

For efficient GA optimization, the 500-ns waveform pulse
is divided into seven stages, each with adjustable duration
and voltage amplitude as parameters. Including the quiescent
amplitude, there are a total of 15 parameters for optimization.
With a population size of 20 per generation and an optimiza-
tion run of 20 generations, the GA produced the optimized
VG waveform for fast recovery, along with the resulting
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Fig. 11. Time-domain gain of LNA under optimized fast-recovery waveform VG bias. (a) 3-D surface plot. (b) Transient gain for each frequency projected
to the time domain. (c) Transient gain at each time projected to the frequency domain.

time-domain output voltage and Pout transient, as illustrated
in Fig. 10.

The optimized VG waveform features multiple amplitude
steps. The initial high step of 94 ns quickly raises Vgi above
the threshold voltage, facilitating a rapid transition to the
active state. Subsequent steps then progressively lower the gate
voltage, maintaining recovery momentum and suppressing the
transient peak induced by the initial high-step voltage. The
quiescent voltage of −500 mV, well below the HEMT thresh-
old voltage, ensures a fast switch-off with minimal peaks,
which might otherwise arise from power supply regulator
circuits.

In the resulting Pout transient for both “hot” and “cold” noise
source states, recovery begins at 145 ns and reaches a steady
state by 180 ns without any overshoot. A gradual decrease
of approximately 0.45 dB is observed over the subsequent

300 ns, likely due to the power supply regulator. While this
slight slope is suboptimal, it remains within acceptable limits
for the current study and does not impact the primary focus
on the recovery performance. Future improvements, such as
using a more stable power supply or further refining the
optimization, could be implemented to enhance flatness at a
steady state.

C. Transient Performance Characterization

The transient gain of the LNA with the optimized fast-
recovery VG waveform is illustrated in Fig. 11. The 3-D plot
in Fig. 11(a) illustrates the gain as a function of time and
frequency, demonstrating a faster response compared with
the square waveform VG configuration. In the time-domain
projection, shown in Fig. 11(b), the gain transient begins to
recover after a 145-ns delay, reaching steady state across all
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Fig. 12. Time-domain noise of LNA under optimized fast-recovery waveform VG bias. (a) 3-D surface plot. (b) Transient noise for each frequency is projected
to the time domain. (c) Transient noise at each time projected to the frequency domain.

frequencies by 180 ns. Compared with the square-waveform
pulse, the optimized waveform achieves gain recovery 85 ns
faster although with 15 ns longer delay before recovery
begins. Following this steady state, the gain transient shows
a gradual 0.5 dB decrease over the next 300 ns, which aligns
with the Pout transient under the optimized fast-recovery VG

waveform. When switching off, the gain transient returns to
the quiescent state within 20 ns after VG is switched, with no
peaks detected. In the frequency-domain projection, the gain
recovery is uniform across frequencies, indicating consistent
performance throughout the operational bandwidth.

Fig. 12 shows the transient noise behavior using the
optimized waveform. Compared with the gain recovery, the
noise recovery is even faster, with effective noise temperature
stabilizing below 2 K for in-band frequencies within 20 after
145-ns delay. Unlike the gain transient, no tilting is observed

in the noise transient with noise SD below 0.3 K. The
turn-off transient is within 10 ns and exhibits no peak. The
frequency-domain projection in Fig. 12(c) reveals an initial
slower recovery at frequency band edges but a quick return to
steady-state across all frequencies. The optimized fast-recover
VG waveform reduces the overall recovery time to around
35 ns, which is one order of magnitude below typical
qubit readout times, making it suitable for qubit readout
applications.

The HEMT LNA with optimized fast recovery VG was
tested under a realistic scenario for qubit readout pulse-
operation, with a 500-ns VG pulsewidth repeated every 5 µs.
The gain and noise transients in two cycles are presented in
Fig. 13. Excluding the initial delay and recovery time, the
amplifier maintains 320 ns of stable recovered performance
for qubit readout during each cycle. The gain and noise
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Fig. 13. Gain and noise transient of DUT with optimized fast recovery VG
waveform in two 5-µs period with 500-ns pulsewidth.

Fig. 14. (a) ID current transient comparison between VG of dc bias, square
waveform with different pulse widths, and optimized fast recovery waveform.
(b) Averaged power consumption percentage compared with static VG bias
for square waveform and optimized fast recovery waveform both with 0.5-µs
pulsewidth and 5-µs pulse period.

transients remain consistent across cycles, indicating reliable
performance between pulses.

The ID transient under different VG configurations, including
the dc bias, square waveforms of various pulsewidths, and the
optimized fast-recovery waveform, are compared in Fig. 14(a).
Note that the ID transient probe was positioned at the power
supply port outside the cryogenic environment, as shown in
Fig. 3(a). As a result, the recorded ID transient does not reflect
the actual drain current inside the HEMT but rather the current
after the 100-nF drain-side capacitor.

When the power supply operates in voltage mode, the
HEMT functions as a current source controlled by VG with a
very short delay. Due to the presence of the drain capacitor, the
ID transient shows a much longer charge and discharge time
compared with the actual HEMT LNA’s transient response.
Importantly, this means that the ID transient, even if it does not
drop to zero, does not influence the HEMT LNA’s switching
state. The HEMT LNA itself can turn on or off swiftly with
low time constant, ensuring that no channel power dissipation
occurs when the amplifier is switched off, thereby mitigating
potential interferences with the qubits.

For VG square waveforms with pulse widths greater than
1.5 µs, which allow sufficient charge and discharge time
for the drain capacitor, the ID transient returns to the dc
bias amplitude. The slow decrease slope observed before VG

switch-off can be attributed to the internal regulator of the
power supply. With shorter pulse widths, the ID transient
shows a reduced peak amplitude due to insufficient charge
time. Thanks to the initial high-voltage step in the optimized
fast recovery waveform, its ID transient reaches a higher peak
more rapidly compared to a square-waveform pulse with the
same pulsewidth of 0.5 µs.

Although the ID transient does not reflect the transient
performance of the HEMT LNA, it can be used to calculate
the average power consumption in the cryogenic system. The
average power consumption can be acquired by integrating the
ID transients for one period. The average power consumption
per period of 0.5 µs with 10% duty cycle of the HEMT LNA
under square-waveform pulse and optimized fast-recovery
waveform is compared to static dc bias in Fig. 14(b). Pulsed
operation for both waveform configurations reduces the power
consumption approximately to the duty cycle. The optimized
fast recovery waveform, however, has a faster recovery time
compared with the square waveform pulse at a slightly higher
average power consumption of 13.9%.

In summary, the optimized fast-recovery waveform out-
performs the square waveform configuration in achieving a
recovery time of approximately 35 ns hence meeting the
requirement for qubit readout. This improvement in transient
response, combined with reduced power dissipation, enables
the pulsed operation of the HEMT LNA as a potential solution
for qubit readout.

VI. CONCLUSION

This work presented pulsed operation of the cryogenic
HEMT LNA aimed for qubit readout at very low-dc power
in large-scale quantum computing systems. We demonstrated
that the LNA power dissipation can be significantly reduced
without compromising critical performance by implementing
pulsed operation. A modified HEMT LNA for fast recovery
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was characterized using a customized cryogenic time-domain
noise and gain measurement setup with a time resolution of
5 ns and noise SD below 0.3 K. Analysis of the transient
performance revealed distinct recovery behaviors in both time
and frequency domains: In the time domain, noise stabilized
faster than gain; in the frequency domain, noise recovery
showed an initial slower recovery at frequency band edges
before converging to a stable state, whereas gain recovery was
uniform across all frequencies. Further analysis identified the
low-pass filter in the gate bias line as the primary limiting
factor for fast recovery. Using a GA, we optimized the gate
voltage waveform, achieving a 35-ns recovery time. When
tested under a qubit readout scenario with a 500-ns pulsewidth
and 5-µs period, the pulse-operated LNA demonstrated stable,
repeatable performance between pulses. The optimized pulse
operation showed an average power consumption reduction
to 13.9% of static dc bias power consumption, aligning
with the duty cycle of the experiment. This study offers
a promising path forward for efficient, low-power ampli-
fication solutions essential for large-scale quantum readout
applications.
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