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ABSTRACT

We report on a 275–500 GHz heterodyne receiver system in combination with a wideband intermediate-frequency (IF) backend to re-
alize 17 GHz instantaneous bandwidth. The receiver frontend implements a heterodyne mixer module that integrates a superconductor-
insulator-superconductor (SIS) mixer chip and a cryogenic low-noise preamplifier. The SIS mixer is developed based on high-current-
density junction technologies to achieve a wideband radio frequency (RF) and IF bandwidth. The IF backend comprises an IF chain
divided into two channels for 4.0–11.5 GHz and 11.3–21.0 GHz and an analog-to-digital converter (ADC) module that is capable
of high-speed sampling at 32 Giga samples per second with 12.5 GHz bandwidth per channel and an effective number of bits of
6.5. The IF backend allows us to simultaneously cover the full 4–21 GHz IF range of the receiver frontend. The measured noise
temperature of the receiver frontend was below three times the quantum noise (h f /kB) over the entire RF band. A dual-polarization
sideband-separating receiver based on this technique could provide up to 64 GHz of instantaneous bandwidth, which demonstrates
the possibility of future wideband radio astronomical observations with advanced submillimeter-wave heterodyne receivers.

Key words. instrumentation: detectors – techniques: spectroscopic

1. Introduction

High-sensitivity ultra-wideband coherent heterodyne receivers
are highly demanded by the radio astronomy community and
considered one of the highest priorities in development plans of
major radio astronomy facilities. Receivers with a large instan-
taneous bandwidth can affect a variety of science cases. They
can make it possible to conduct deep continuum surveys with the
highest sensitivity, or blind redshift surveys and chemical spectral
scans with fewer local oscillator (LO) frequency tunings, among
others (ALMA Development Working Group 2018). Increasing
the radio frequency (RF) bandwidth reduces the total number of
receivers, which contributes to improving operability and main-
tainability and returns time used for those activities to science,
as well as to conducting scientific observations with a seamless
frequency scan, which reduces inaccuracies associated with mul-
tiple calibrations. The merits and capabilities of affecting sci-
ence fields of wideband receivers can be maximized when this
is combined with the high angular resolution and high sensitiv-
ity of radio interferometers, such as the Atacama Large Millime-
ter/submillimeter Array (ALMA)1.

Coherent receivers for millimeter and submillimeter wave
astronomy are based on superconducting mixers because their

1 http://www.almaobservatory.org/

low noise temperature approaches physical limits, the quantum
limit. The received RF signal is multiplied with a locally gen-
erated LO power and down-converted to intermediate frequency
(IF) signals in the microwave range. Several studies in recent years
have aimed to increase the current limits of RF or IF bandwidth.
Hot-electron bolometer (HEB) mixers are promising devices to
cover wide RF bandwidths at frequencies above 1 THz. The limi-
tations in RF bandwidth are related to the signal-coupling scheme
using lenses or waveguide components, and not to the HEB
mixer itself. However, it is in principle difficult to achieve IF
bandwidths greater than 10 GHz because the mixing mechanism
is fundamentally limited (Novoselov & Cherednichenko 2017).
On the other hand, receivers based on superconductor-insulator-
superconductor (SIS) mixers at submillimeter wavelengths, up
to about 1 THz, have attained quantum-limited low-noise per-
formance with an RF fractional bandwidth of 20–30%, and IF
4–8 GHz (Billade et al. 2013; Kerr & Pan 2014; Mahieu et al.
2012; Tamura et al. 2015), or 4–12 GHz (Baryshev et al. 2015;
Uzawa et al. 2015). In recent years, several studies have attempted
to increase the RF (Kojima et al. 2017) and IF (Tong 2015;
Kojima et al. 2018) bandwidth of SIS mixers independently.
This work has proven very challenging in terms of maintain-
ing current advanced noise-temperature performance because
there are some fundamental trade-offs in terms of bandwidth and
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Fig. 1. Full receiver system developed in this study. The system consists of an RF source, receiver frontend, dual-band LO system, and IF backend.
The RF noise source with blackbody loads at 295 K and 77 K is used for Y-factor measurement, while the RF comb source is used for verification
of connectivity between two channels in the IF backend.

performance of the mixing elements. This is further exacerbated
by the need to increase the bandwidth of all receiver subsys-
tems surrounding the mixer and downstream: RF components, LO
chain, analog IF circuits, and IF backend.

In this paper, we report on a double-sideband (DSB) receiver
system that covers an RF range of 275–500 GHz and IF range
of 4–21 GHz and achieves most advanced noise-temperature
performance. It integrates wideband RF components, an SIS-
mixer-preamplifier module, an LO system consisting of two low-
noise continuous-wave (CW) sources, and an IF backend using
a high-speed analog-to-digital converter (ADC) with 32 Giga
samples per second (Gsps) and 12.5 GHz bandwidth per chan-
nel performance. The fractional RF bandwidth of the receiver
slightly exceeds 60%, and is limited by the frequency range of
single-mode propagation in WR-2.3 (290 µm× 580 µm) rectan-
gular waveguide. The IF backend covers at least an instantaneous
bandwidth of 17 GHz, which extends the bandwidth of current
receivers at submillimeter wavelengths by a factor of a few (four
factors with respect to the current ALMA receiving system).

2. Receiver system

The wideband receiver system is based on three key subsystems:
(1) the receiver frontend, (2) the dual-band LO system, and (3)
the IF backend (see Fig. 1). The receiver frontend is capable of
receiving the RF signal across the 275–500 GHz frequency range
and output the down-converted IF signals in the 4–21 GHz range.

The cryostat in our tests uses a vacuum window with a
12.5 µm thick polyimide film and an infrared filter for the RF sig-
nal input. In the cryostat, a wideband corrugated horn antenna,
a WR-2.3 waveguide LO/RF coupler with a coupling ratio of
around 15 dB, and the SIS-mixer-preamplifier module are placed

on the 4-K stage. The design and performance of the RF com-
ponents are described in previous papers (Gonzalez et al. 2017a;
Kojima et al. 2018). The key component in the receiver frontend
is a low-noise heterodyne mixer module to achieve wide RF and
IF coverage. The detailed design is summarized in Appendix A.
We employed SIS junctions with high critical current density
(JC) based on Nb/Al/AlNx/Al/Nb trilayers. The high-JC junc-
tions yield a lower RNC product, which facilitates the broad-
band matching for both RF and IF circuits without the need
of trade-off considerations, where RN and C indicate normal
state resistance and capacitance of the SIS junction. In addi-
tion, the real part of the junction impedance in the SIS mixer
can be flexibly adjusted by selecting the appropriate junction
size. Taking advantage of these characteristics of high-JC junc-
tions, we adopted a parallel-connected twin junction (PCTJ) to
achieve both wide RF and IF bandwidth. The IF output circuity
is designed to take the IF impedance of the SIS junction and the
noise parameters and S -parameters of the cryogenic low-noise
amplifier (CLNA) into account. The CLNA, manufactured by
Low Noise Factory2, has a typical gain and noise temperature of
35 dB and 5 K over 3–22 GHz. It incorporates an input-matching
circuit optimized for 50Ω standard impedance and a bias-tee cir-
cuit for the SIS junctions (Kojima et al. 2018).

The dual-band LO injection system employs two LO sources
covering the frequency ranges of 283–365 GHz and 393–
492 GHz, and a waveguide diplexer to combine their outputs into
a single waveguide (Gonzalez 2017b). Each LO source is com-
posed of a millimeter-wave high-power source at room temper-
ature followed by a cold multiplier located on the cryostat 10 K

2 http://www.lownoisefactory.com/
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Table 1. Frequency ranges of the receiver IF and ADC input at each
channel.

Channel Receiver IF ADC input

1 4.0–11.5 GHz 4.0–11.5 GHz
2 11.3–21.0 GHz 1.8–11.5 GHz

stage. This system allows us to fully cover the 275–500 GHz RF
band in a seamless manner.

After the down-conversion and amplification of the signal in
the heterodyne module, the IF signal is further amplified with a
second CLNA, and then transmitted to the IF backend system at
room temperature. The IF backend system defines the receiver IF
bandwidth, divides the IF band into two channels for Ch.1: 4.0–
11.5 GHz and Ch.2: 11.3–21.0 GHz (see Table 1), and records
the time-dependent signals. The IF chain at room temperature
uses a low-pass filter (LPF) ( fC = 21 GHz) and a third room-
temperature LNA with 3–22 GHz range to minimize the noise
contribution from the whole IF chain. The 4–21 GHz IF band is
divided into two channels using a power divider, an LPF ( fC =
11.5 GHz), and high pass filter (HPF) ( fC = 10.5 GHz). The IF
signal at Ch. 2 is further down-converted to 1.8–12.3 GHz with a
second LO frequency of 22.8 GHz. Then, the frequency band for
Ch.2 is defined as 1.8–11.5 GHz with the LPF ( fC = 11.5 GHz)
and finally received by the ADC. Thus, the IF backend provides
a 0.2 GHz overlap between the channels at around IF 11.4 GHz.
The ADC used in this experiment is the M8131A digitizer pro-
duced by Keysight technologies (Keysight Technologies 2019).
The M8131A has two channels, and each channel is capable
of 32 Gsps sampling and 12.5 GHz analog bandwidth with 10-
bit resolution. It adopts an interleaving technique that uses two
ADCs running at 16 Gsps. Each of the 16 Gsps ADC cores is
multiplexed from a number of sub-ADCs that are running at a
lower rate and are operated by an internal clock of 8 GHz. The
effective number of bits (ENOB) of the ADC ensures above 6.5.
The signal-to-noise ratio S/N(dB) = 6.02ENOB + 1.76, which
guarantees a dynamic range of more than 40 dB with respect to
quantization noise. The digitized raw samples can be stored in
an internal acquisition memory with 2 GB or streamed over four
optical data interface (ODI) with 160 Giga bits per second for
each. The streaming capability using the ODI offers real-time
signal processing, which is required for the correlator system
in an interferometer. However, in this experiment, the internal
memory was used and then the recorded data was processed
using an external computer. Note that the M8131A for this exper-
iment is a protype demonstrator under development, and there-
fore performances may not meet the product specification. Thus,
the ADCs fully digitize the final IF band for both channels,
and the receiver system developed here enables an instantaneous
bandwidth of 17 GHz.

3. Wideband experiment

We characterized the heterodyne receiver using two types of
RF signals using a noise source and comb source. First, the
noise temperature measurement was conducted based on the
standard Y-factor method with room temperature (295 K) and
liquid-nitrogen (77 K) blackbody loads. In order to characterize
the performance of the receiver frontend, the noise temperature
was measured at the output of the third IF amplifier using a spec-
trum analyzer (SPA) and power meter. Then, the noise temper-
ature of the receiver full system including the IF backend was

compared between the SPA and the ADC for each channel.
Second, we performed the heterodyne experiment by means
of the ADC and the RF comb source. The RF comb sig-
nal source consists of a microwave comb generator and a fre-
quency up-converter. The microwave comb generator uses a
step-recovery diode and a synthesizer with a reference signal
of 100 MHz (Kiuchi et al. 1999). It outputs base-band comb
signals ranging from 100 MHz up to 25 GHz with a 100 MHz
spacing. The RF comb signal is generated by up-converting the
base-band comb signals with a commercially available WR-3.4
(432 µm× 864 µm) waveguide harmonic mixer and LO power.
This combination of using the ADC and RF comb source allows
us to effectively verify the heterodyne receiver in a very short
time, compared to the case of sweeping single-tone CW signals.

The inset in the graph in Fig. 2 (left) shows the measured
current voltage (I − V) characteristics of an Nb/Al/AlNx/Al/Nb-
based twin junction, fabricated at the National Astronomi-
cal Observatory of Japan. The critical current density JC and
subgap-to-normal state resistance ratio Rsg/RN of the twin junc-
tion were 31 kA cm−2 and 15. The figure also presents the I − V
curve pumped by LO power at 355 GHz and the total IF output
power for the blackbody sources measured with the power meter.
DSB noise temperature averaged over the IF band as a function
of LO frequency is shown in Fig. 2 (left). The result shows a
noise temperature as low as two to three times the quantum noise
(h f /kB) across the entire LO frequency range. Figure 2 (right)
shows the noise temperature and IF output power of the receiver
frontend for 295 K blackbody radiation as a function of IF fre-
quency, measured with the SPA and at the LO frequencies of
315, 400, and 460 GHz. The IF output power is recorded under
the condition in a resolution bandwidth of 8 MHz and video
bandwidth of 100 Hz and is averaged over three measurements.
It takes 33 s per single sweep across this IF range. The receiver
IF band can be defined by roughly 4–21 GHz from the mea-
sured IF power. A relatively large peak-to-peak gain slope of
around 9 dB was measured, which comes from the SIS-mixer-
preamplifier module because of the impedance-matching condi-
tions between the SIS junctions and the monolithic microwave
integrated circuit (MMIC) in the CLNA. The measured noise
temperature shows reasonable flatness and good performance
across the full 4–21 GHz IF band. The noise ripple features agree
well with simulations, as discribed in Appendix A. The noise
increment at around IF 10, 15.5 and 21 GHz, and the LO fre-
quency of 460 GHz is slightly higher than measurements at the
lower LO frequencies. This is a result of the higher IF noise
contribution to the receiver noise temperature, which is due to
the lower mixer gain at the higher end of the LO frequency
range. However, overall noise performance is comparable with
modern SIS receivers with much narrower IF bands, such as
4–8 GHz. These results indicate that the full receiver frontend sys-
tem, including both the RF and IF components developed here and
the LO chain, works as expected. This is the first demonstration
of a low-noise receiver frontend with wide RF (∼60% fractional
bandwidth) and wide IF (4–21 GHz) performance.

Figure 3 shows the comparison of noise temperature at the
LO frequency of 355 GHz, which is recorded with the SPA and
ADC at each channel. For the ADC, the time-dependent volt-
age was recorded for a total of 256 µs with the sampling inter-
val of 31.25 ps (32 Gsps) as a single data set because the inter-
nal memory in the ADC module is limited. A total of 16 data
sets were individually acquired and combined as a single data
set with a length of 4.1 ms in total. Afterward, the 4.1 ms data
set was divided into a total of 32 000 time frames with a length
of 128 ns each. Fast Fourier transforms were applied to each of

L9, page 3 of 6



A&A 640, L9 (2020)

0

25

50

75

100

125

150

175

200

275 300 325 350 375 400 425 450 475 500

D
S

B
 n

oi
se

 te
m

pe
ra

tu
re

 (
K

)

LO Frequency (GHz)

-40

-35

-30

-25

-20

0

100

200

300

400

500

0 1 2 3 4

IF
 output (dB

m
)C

ur
re

nt
 [μ

A
]

Voltage [mV]
3hv/kB

2hv/kB

-70

-65

-60

-55

-50

-45

-40

-35

0

25

50

75

100

125

150

175

200

2 4 6 8 10 12 14 16 18 20 22

IF
 output pow

er (dB
m

)

D
S

B
 n

oi
se

 te
m

pe
ra

tu
re

 (
K

)
Intermediate Frequency (GHz)

315 GHz
400 GHz
460 GHz

hot

cold

Fig. 2. Left: DSB receiver noise temperature measured with a power meter as a function of LO frequency. The inset indicates the current-voltage
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Fig. 3. Comparison of receiver noise temperature measured at the LO
frequency of 355 GHz with the SPA and the ADC. The peaks at 8.0 GHz
and 14.8 GHz correspond to the frequency of the sampling clock.

them, and then, the 32 000 frequency-domain sets were aver-
aged. This procedure improves the S/N in the derived noise
temperature, but reduces the frequency resolution. The noise
temperatures for both channels are represented as a function of
IF frequency in Fig. 3. The peaks at IF 8.0 GHz and 14.8 GHz
are contamination from the 8 GHz sampling clock that is inter-
nally provided in the ADC. The noise temperatures measured
between the SPA and ADC agreed well. In addition, the noise
temperature measured with both the SPA and ADC are smoothly
connected at the cross-over frequencies. These measurements
and their comparison were conducted at each LO frequency.
These results guarantee the validity of the noise temperature
measurement using the ADC within the IF power range and rip-
ple levels provided by the receiver system frontend and analog IF
circuitry.

We further characterized the full receiver system by means
of the ADC and an RF comb source at around 290 GHz. For

the harmonic mixer, we selected the harmonic number of 10 and
an LO frequency of 29 GHz. Thus, the RF comb signal can be
widely distributed over 265–315 GHz band with the 100 MHz
spacing. The receiver was set at the LO frequency of 315 GHz,
and thus the RF comb signal mostly spread in the lower side-
band for the receiver LO frequency. The RF comb signal may
exist on the upper sideband of the receiver because no LPF was
used in the microwave comb signal. However, these signals are
just received as a DSB signal. Figure 4a represents the ampli-
tude of the comb signal analyzed for the time frame of 256 µs,
which corresponds to a frequency resolution of 3.9 kHz. The
measured IF spectrum is corrected for the receiver baseline with
the following procedure. The IF signal received at the ADC is
given by

PIF = Grx

(
Psig + Phot + Prx

)
, (1)

where Psig, Phot, Prx, and Grx indicate the input power of the RF
comb signal, the radiation power from the blackbody load, the
equivalent receiver noise power, and the receiver gain, respec-
tively. Thus, the input power Psig can be estimated by correct-
ing for all the other parameters, which are recorded through
the Y-factor measurement. The comb signal spreads across the
wide IF range, and the frequency spacing of the comb signal
is precisely 100 MHz. Figures 4b and c indicate the portion
of the two IF signals around the cross-over frequency and the
enlarged view of the IF signal at 11.4 GHz, respectively. The IF
signal at 11.4 GHz shows good consistency in the two channels
with respect to amplitude and frequency. The root-mean-square
amplitude difference between two channels is 0.8 dB in the
11.4 ± 0.3 GHz range. The IF signals received at both channels
in the cross-over frequency range must originate from the same
RF signal. Thus, these results secure the connection between
two channels. This verification cannot be made using a noise
source because it is difficult to identify the exact frequencies.
This method based on the RF comb source can also be extended
to verify the phase connectivity between the channels, which
must be confirmed for interferometric observations, such as with
ALMA.
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Fig. 4. Analyzed result of IF output signals for the broadband RF comb signal injection with a 100 MHz spacing at cross-over frequencies around
11.4 GHz. The LO frequency for the receiver frontend is 315 GHz.

4. Conclusions

We have reported on a 275–500 GHz wide RF full receiver sys-
tem with an instantaneous bandwidth of 17 GHz. The receiver
noise temperature was below three times the quantum noise
across the RF range. The characterization of the full receiver
system using an ADC and RF comb source guarantees general
heterodyne operation and the connectivity between two chan-
nels. The wideband low-noise receiver and associated technolo-
gies demonstrated in this study are ready to be applied for
next-generation instrumentation for millimeter- and sub-
millimeter-wave telescopes.
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Appendix A: SIS mixer design

The SIS-mixer-preamplifier module used in this study is com-
posed of four parts: (1) the main metal body, which provides sup-
port for the other parts and a WR-2.3 waveguide interface for the
RF signal input, (2) a superconducting magnetic coil, (3) a drop-
in-type CLNA with a 4–21 GHz IF output, and (4) the SIS mixer
chip. The basic design concepts of the RF and IF circuitries are
similar to the design previously described in Kojima et al. (2018)
and Kojima et al. (2017), respectively, while the IF-matching
circuit in the SIS mixer chip is optimized to maximize the IF
bandwidth of the module. The SIS mixer chip is mounted onto
the mixer chip slot inside the main body, and is directly con-
nected with the CLNA by bonding wires. It contains a single-
side waveguide probe to couple the signal coming from the main
body RF input to the chip, and integrates an RF matching circuit,
SIS junctions, and IF output circuity, as shown in Fig. A.1 (top).
We adopted a PCTJ employing high-JC SIS junctions based on
Nb/Al/AlNx/Al/Nb trilayers to achieve both wide RF and IF
bandwidth.

In this design, we assume that the RF resistance RRF ∼

RN/2 = 4.3Ω and the IF resistance RIF ∼ aRN/2 (8 < a <
16) for the SIS junction that has a diameter of 0.9 µm and
JC = 40 kA cm−2. The RF probe is designed to have impedance
around 35Ω over the full 275–500 GHz range, and a two-section
impedance transformer made of Nb/SiO2/Nb (200/400/650 nm)
microstrip lines between the RF probe and the PCTJ. The vari-
ation in the IF resistance RIF, from 33 to 67Ω, is empirically
given by the LO frequency-dependent dynamic resistance of
the SIS junction. The IF output circuity is designed taking the
IF impedance of the SIS junction and the noise parameters
and S -parameters of the CLNA into account. It consists of an
LPF section, a capacitor implemented by a low characteristic
impedance line, and a bonding pad. The LPF is designed to sup-
press the RF signal leakage and to output the IF signal with
low loss. The geometric topology of the LPF uses a combina-
tion of alternating microstrip and coplanar waveguides as low
(∼20Ω) and high (∼90Ω) characteristic impedance lines, respec-
tively. The capacitor is placed at the end of the LPF section. In
this configuration, the LPF and the capacitor form a Π-type net-
work in combination with the parasitic capacitances associated
with the RF matching circuit, including the SIS junction and the
microstrip line (Kooi et al. 2007). The area of the capacitor was
adjusted to optimize the IF performance in terms of noise tem-
perature and bandwidth.

Figure A.1 (bottom) shows the result of a simplified cal-
culation of the receiver noise temperature for the designed IF
circuit. The CLNA performance for the IF resistance RIF (33–
67Ω) is just calculated on the basis of the designed IF circuit
and the CLNA S -parameters and noise parameters. We assumed
DSB mixer gain of 0 dB and mixer noise temperature of 38 K
(= 2h f /kB at 400 GHz), which are constant to the variation of
the IF resistance RIF. The calculated receiver noise temperature
is approximately 50 K on average over 4–21 GHz and with a rip-
ple of ±8 K. This ripple appears because of the noise-matching
conditions between the SIS junctions and the MMIC in the
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Fig. A.1. Top: photograph of the mixer chip and inside of the SIS-mixer-
preamplifier module. Bottom: schematic of the equivalent circuit used in
this calculation and calculated receiver noise temperature for different
IF resistance values of the SIS junctions.

CLNA. The DSB noise temperature of about 50 K is compa-
rable with the current receiver performance in this frequency
range and with 4–8 GHz IF bandwidth, such as the ALMA
band 8 (RF: 385–500 GHz) receiver (Tamura et al. 2015). There-
fore, a significant continuum sensitivity improvement by the
larger bandwidth can be expected without degrading spectral
line sensitivity. The averaged noise temperature deteriorates as
the IF resistance increases, while the IF bandwidth becomes
slightly wider at the lower frequency. However, because higher
IF resistance yields larger mixer gain, the additional gain reduces
the effect of the additional noise in the overall receiver noise
temperature.
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