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Microwave cavity haloscopes are among the most sensitive direct detection experiments searching for dark
matter axions via their coupling to photons. The power of the expected microwave signal due to axion-photon
conversion is on the order of 10−24 W, so having the ability to inject synthetic axion signals is helpful. Here we
present a method based on frequency hopping spread spectrum for synthesizing axion signals in a microwave
cavity haloscope experiment. It allows us to generate a narrow and asymmetric shape in frequency space that
mimics an axion’s spectral distribution, which is derived from a Maxwell-Boltzmann distribution. In addition,
we show that the synthetic axion’s power can be calibrated with reference to the system noise. Compared to
the synthetic axion injection in HAYSTAC phase I, we demonstrated synthetic signal injection with a more
realistic lineshape and calibrated power.

I. INTRODUCTION

The axion is a well-motivated solution to the strong
charge–parity problem in quantum chromodynamics and
is also a dark matter candidate1–4. The most sensi-
tive direct detection experiments by far are based on
the microwave cavity haloscope technique5. In a halo-
scope experiment, the axions would convert into pho-
tons of equal energy inside a resonant microwave cavity
permeated by a strong magnetic field. The energy of
each axion-converted photon would be equal to the ax-
ion’s total energy—the sum of its rest-mass energy ma

and kinetic energy. Therefore, the lineshape of the re-
sulting microwave signal appearing in a haloscope ex-
periment would inherit the axion’s kinetic energy dis-
tribution. Suppose νa = ma/(2π) is the axion mass
in SI-frequency units, we denote the spectral distribu-
tion of an axion with mass ma as fνa(ν). The distri-
bution fνa(ν) encodes axion’s properties derived from
the pseudo-isothermal halo model6, and accounts for the
modulation due to the Earth’s rotation around the center
of the galaxy7,8. Here we describe a method to synthesize
a microwave signal whose lineshape resembles that from
an expected axion signal. Injecting such synthesized sig-
nals into the detector allows us to characterize the detec-
tor’s response, validate the analysis procedure8–10, and
perform a blind analysis11.

Our method for synthesizing axion signals is inspired
by a patent for radio frequency (rf) hopping by Markey
and Antheil12; it is related to the frequency hopping
spread spectrum (FHSS) technique, which has been ap-
plied in military and wireless communication to prevent
interception and reduce interference. In our experiment,
this technique allows us to generate an axion’s spectrum
by hopping between a large number of random rf tones
sampled from the axion’s spectral distribution. This way

we can produce the spectral spread associated with the
axion’s kinetic energy distribution. As will become more
apparent later, the axion’s lineshape function is asym-
metric and narrow. The frequency hopping method al-
lows us to overcome the technical difficulties associated
with signal shaping in the frequency domain. In princi-
ple, this technique can be used to synthesize any generic
spectral shapes. It is also a realistic simulation: each ax-
ion’s energy is a random variable that follows fνa(ν) and
the observed lineshape is an ensemble-averaged result.

In this note, we describe the methods involved in signal
injection in Sec. II and provide a summary and outlook
in Sec. III.

II. METHODS

The synthetic axion signal is injected as a transmis-
sion (tx) input through the weak port of the cavity and
subsequently coupled out from the receiver’s port. Fig. 1
shows the schematic of synthetic signal injection. The
main device that synthesizes axion signals is an ana-
log signal generator (model: Agilent E8257D), labeled as
PSG2. In between PSG2 and the cavity’s weak port, an
rf switch (model: ZFSWA2-63DR+) and a power split-
ter/combiner (model: ZX10-2-71-S+) are added in this
order. The rf switch allows us to interrupt signal injec-
tion from PC1 via a USB DAC (model: USB-6009-NI).
For instance, the injection signals are blocked during cal-
ibration measurements between axion datasets, as they
would bias the noise measurement. The power splitter
allows us to simultaneously send in a weak tone near
the JPA resonance as a way to monitor and stabilize the
JPA gain9. The variable temperature stage (VTS) al-
lows us to carry out in situ noise calibration8 as part
of the power calibration for the axion signal injected.
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FIG. 1: Schematic. New components added for hardware injection are shown as gray nodes; the rest already exists
as part of the experiment. Blue arrows and black dashed arrows indicate analog and digital signals respectively.
PC2 controls PSG2 to inject a number of rf tones whose frequencies are sampled from fνa(ν) to simulate axions with
mass νa. The synthetic axion signals are injected through the weak port of the cavity and then measured and
amplified by the receiver chain consisting of two amplifiers (AMPs): a JPA followed by a High-electron-mobility
transistor. Subsequently, the amplified signals are down-converted, mixed with the local oscillator (LO) signal
provided by PSG1, and then filtered by the low-pass filter (LPF). The time-series signal collected by the
Analog/Digital Converter (ADC) is then Fourier transformed into an intermediate-frequency (IF) spectrum. The
VTS helps us characterize the system’s total noise by comparing the cavity’s spectrum to blackbody spectra at
controlled temperatures. The signal from the VTS is only coupled in during a calibration measurement, indicated by
the dotted blue arrows.

HAYSTAC has been using squeezed-state receivers since
202113: the squeezing JPA (SQZ) is also included in this
diagram, as it affects the total noise, even though the in-
jected signal does not go through it; the full scheme with
additional details for the squeezed-state receiver chain
can be found in Refs.13,14.

To synthesize the microwave signal for injection, we
use the “Step (digital) sweep” mode of PSG2 by provid-
ing it with a list of frequencies, amplitudes, and dwell
times. In aggregate, the list of rf tones would reproduce
the axion’s lineshape. In this experiment, by default, we
fix the amplitude and dwell time and only change the
frequency of each point. The frequency precision is set
to 0.1 kHz or 8 significant digits for a GHz frequency,
chosen based on the precision of data acquisition. Due
to the device’s output-byte limit during transmission, the
maximum length for such a list is about n8=35. For sub-
kHz frequency precision, N ≫2,000 samples are needed
to reveal the shape of the sampling distribution. There-
fore, to iterate through a list with N ≫ n8 rf tones, it
is necessary to transmit ⌈N/n8⌉ sublists. To begin, we
establish the connection between PSG2 and PC2 via vir-
tual instrument software architecture (VISA) and enable
the rf output on PSG2. The steps for sending N rf tones
are as follows:

1. Send n8 frequencies, dwell time τd, and amplitude
Psyn to PSG2 from PC2 in one command.

2. Wait for τw before sending another command to
PSG2. Here τw = n8τd + τr includes the time re-
quired for the sweep n8τd and an additional uni-
formly random delay between 2 and 5 seconds
τr ∼ U(2, 5) required for VISA communication.

3. Check PSG2’s status to confirm that the sweep
completed. If not, generate an error message re-
porting PSG2’s status (settling or sweeping) and
wait 2 more seconds before checking the status
again.

4. Repeat steps 1-3 until all N items are iterated over.

Based on the timing parameters, we can derive the av-
erage duty cycle of this signal injection routine as η̄ =
n8τd/τ̄w, after averaging over ⌈N/n8⌉ ≫1 repetitions.
By default, the dwell time is τd = 5 ms, resulting in
η =4.8%± 1%

⌈N/n8⌉
. In step 2, τr is randomized to avoid

introducing any additional frequency patterns into the
signal.
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A. Rejection sampling

To generate a list of random frequencies for signal in-
jection, the probability density function of the sampling
distribution is the axion’s spectral function

fνa(ν) =
2√
π

(

√

3

2

1

r

1

νa 〈β2〉

)

sinh

(

3r

√

2(ν − νa)

νa 〈β2〉

)

e
−

3(ν−νa)

νa〈β2〉
−3r2/2

, (II.1)

where
√

〈v2〉 ≈270 km/s is the virial velocity, 〈β2〉 =
〈v2〉 /c2 ≈ 8 × 10−7 (c is the speed of light), vs ≈ 220
km/s the orbital velocity of the solar system about the

center of the galaxy, and r = vs/
√

〈v2〉 ≈
√

2/38.
Given the function form of fνa , it can be seen that ap-
plying inverse transform sampling to sample from it is
not obviously trivial. Here we use rejection sampling15

as an alternative. To apply it, we find another distri-
bution whose probability density function y(ν) satisfies
ξ · y(ν) > fνa(ν) ∀ν for some ξ >0. In our case, the
Cauchy distribution

y(ν) =
1

σπ

1

1 + ((ν − µ)/σ)2
(II.2)

with µ =νa+1 kHz and σ=3 kHz, is sufficient because as
ν → ∞, fνa/y → 0. Furthermore, the cumulative func-
tion of a Cauchy distribution is invertible; therefore it is
straightforward to apply inverse transform sampling to
sample from y. Let us consider rejection sampling as an
iterative process. In each iteration, we sample a random
number from y, noting it as ν′, and then decide whether
to reject or accept it based on another random number,
u, chosen from the uniform random distribution between
0 and 1. If u ≤ fνa(ν

′)/(ξ · y(ν′)), we accept ν′; oth-
erwise reject. This iteration continues until we have N
samples. Fig. 2 shows the outcome of this method when
the sampling distribution is fνa with νa=4.7216300 GHz
as an example. It can be seen that the overall accep-
tance rate depends on the ratio of

∫

dνfνa to
∫

dν ξ · y,
i.e. the ratio of areas under fνa and ξ · y; with ξ =3,
∫

dνfνa/
∫

dν ξ · y ≈ 0.3.

B. Power calibration

Though the power of each rf tone injected can be pro-
grammed on PSG2, neither the weak port’s coupling effi-
ciency nor the transmission line loss is known, so it is nec-
essary to carry out a power calibration measurement to
determine the time-averaged power of a synthetic axion
signal. At fixed cavity frequency, suppose we inject ax-
ions, each with power Psyn, near the cavity resonance for
duration τint. The observed signal-to-noise ratio (SNR)

FIG. 2: Applying rejection sampling to create a list of
N=40, 000 random frequencies from an axion’s spectral
distribution with νa=4.7216300 GHz. The envelope
distribution (dash-dotted gray line) for the sampling
distribution fνa (solid gray line) is obtained by scaling
the Cauchy distribution y by ξ =3. The histogram
(blue) shows the samples obtained using this method
conform to the sampling distribution fνa .

depends on the system noise power at the injected ax-
ion’s detuning with respect to the cavity frequency νc,
hνcNsys(|νa − νc|) (h is the Planck constant), Psyn, τint,
η, and the measurement bandwidth which is chosen to
match the axion linewidth ∆νa ∼ νa/10

6. This then
allows us to estimate Psyn from a standard axion mea-
surement

Psyn = SNR · (hνcNsys(|νa − νc|)) ·
√

∆νa
ητint

. (II.3)

As an example, Fig. 3 shows some results from a 12-hour
measurement with the cavity and JPA at fixed frequen-
cies. From this dataset, SNR and Nsys are derived fol-
lowing the analysis routine outlined in Ref.8. Each raw
spectrum is first normalized by dividing out the average
baseline. This step allows us to identify bins contam-
inated by IF noise. After removing contaminated bins
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FIG. 3: (a) Power excess in a rescaled spectrum
overlaid with fνa (dashed line). (b) Expected signal
power PKSVZ (gray) and system noise hνcNsys

integrated over an analysis binwidth ∆νb (orange) at
fixed cavity frequency νc as functions of detuning
|ν − νc|. The green dashed line indicates the frequency
of the injected signal. The cavity presents a noise
source to the receiver that is frequency dependent and
varies with |ν − νc|. The response to an axion signal has
a different frequency dependence that is more sharply
peaked at the cavity resonance. The plot shows the
detuning-dependent variation of the axion signal and
system noise.

from the first normalized spectrum, the spectrum is nor-
malized again by dividing out the Savitzky-Golay fit to
itself and subtracting 1. Then the resulting spectrum
is rescaled to account for the detuning-dependent sensi-
tivity, producing the rescaled spectrum in Fig. 3a. To
derive the SNR of the injected signal, we find the to-
tal power of the injected signal by convolving the spec-
trum with the axion lineshape function fνa . In this
case, the resulting SNR is about 17.6. The scale fac-
tor used in producing the rescaled spectrum is the ratio
between the noise power per analysis bin ∆νb=100 Hz
and expected signal power, both of which are plotted in
Fig. 3b. At detuning |νa − νc| ∼390 kHz, the power of
an axion-converted microwave signal is expected to be
PKSVZ = 5.6(1) × 10−25 W, assuming the axion-photon
coupling strength gaγγ (appearing in the axion-photon
Lagrangian) in the Kim-Shifman-Vainshtein-Zakharov

(KSVZ) model16,17, gKSVZ
aγγ =(−3.70× 10−7/MeV

2
) ·ma

nominally9. This is calculated from various experimen-
tal parameters, including the magnetic field strength and
cavity volume13,18. The system noise in units of photon
numbers Nsys(|νa − νc|)=0.26(2) is derived from in situ

calibration measurements13,14. Evaluating Eq. II.3 with
these values, we find Psyn=2.2(2)×10−23 W, and that the
injected axions have a coupling strength at 6.2(5) gKSVZ

aγγ

level.

III. SUMMARY

We demonstrated synthetic axion injection using the
rf hopping method. The injected axion has the spectral
distribution of a cold dark matter axion and its power
is calibrated using the total noise power as a reference.
This is a more realistic synthetic signal, in terms of
spectral shape and power, as compared to the prior
demonstration in HAYSTAC Phase I (cf. Appendix F
in Ref.8). The code for implementing synthetic axion
injection is made available as an open-source project at
https://github.com/yuqizhuyqz/syntheticaxioninjection.git.
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