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Future instrumentation for FIR astronomy
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Type F/ΔF Frequency 
Range

Power per pixel NEPph 
(W/√Hz)

# pixels

single dish camera, ground  3 50-950 GHz 10-50 pW >3·10-16 105

single dish spectrometer, ground 1000 100-950 GHz 10-100 fW >1·10-17 >105

CMB observatory, space 3 50-500 GHz ~100 fW 4·10-18 103

single dish camera, space 3 1-10 THz 30-300 aW >2·10-19 104

single dish spectrometer, space 1000 0.8-10 THz 0.05-0.5 aW >0.5·10-20 104



MKID principle of operation
Superconducting microwave resonance circuit
Capable of coupling to radiation

• Q ~104 -106  

• F ~0.1-8 GHz

Day et al., Nature 425 817 (2002)



MKID principle of operation
Radiation absorption

• Changes σ
• Changes resonance feature

Can be read out using 1 frequency tone

Dark
Light



Frequency Domain Multiplexing

Readout 
tones



1: Quasiparticle fluctuations 
• White noise spectrum
• T dependent roll-off (qp recombination)

Noise signatures: Fundamental
P.J. de Visser et al.,  Nature Communications, 3130, (2014) DOI: 10.1038/

ncomms4130



2: Photon fluctuations 
• White noise spectrum
• T dependent roll-off (qp recombination)

Noise signatures: Fundamental
P.J. de Visser et al.,  Nature Communications, 3130, (2014) DOI: 10.1038/

ncomms4130



Background limitedKID limited
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P. J. de Visser, et al.,  Nature Communications, vol. 5, pp. 3130 (2014)

NEP ~ 3.8·10-19 W/√Hz
We can see the fundamental limits
Good enough for most applications 

aluminium MKID Sensitivity limit



• excess phase noise
• TLS fluctuations

• Amplitude noise 
• due to readout

Gao et al, Appl. Phys. Lett, 90 105507 (2007)

A

θ

Excess noise sources
• Phase readout

• Larger response
• Monotonic in P



SpaceKID project (2012-2016)

Lab demonstrator system
• 961 pixels
• 1 readout chain

For a future imaging system in space (Safari, OST)
• 5 m class, cryogenically cooled telescope (4K)

The following generic requirements:

Future Space instrumentation with MKIDs



961 pixel, 850 GHz demonstrator array

5.5 cm



CPW Read
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λ/4 CPW resonator
5mm ~ 6 GHz

250 µm
NbTiN MKID
Fgap = 1.2 GHz

Al absorber
V≃100µm3

Fgap = 90 GHz

shorted 
end

open ended 
coupler

Antenna

Substrate

Hybrid antena coupled MKID
• Aluminium sensitivity
• high optical efficiency
• phase readout



Implementation
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250 µm

zero loss groundplane
NbTiN

MKID design

Sapphire substrate 
• high yield

Sapphire Silicon Wide NbTiN section
• reduces TLS noise

1 mm long, 2µm wide Al line
• absorbs all power
• high response
• negligible radiation loss



Implementation
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250 µm

Lens-	antenna	
Radiation	coupling

1 lens per antenna

1 mm

Lens

antenna

Radiation coupling



iden3cal	Antennas

1	readout	line

2 mm

Array Design

Resonators	with	different	lengths

monolithic	lens	array

2 mm



Stray light absorber

chip

lens array

β-Ta	Stray	light	absorber	



Frequency encoding

Fres	=	F0	+M·dF

2 mm



SpaceKIDs Readout System: 2 GHz bandwidth, ≤4000 MKIDs
J. Van Rantwijk, et al. IEEE Trans. Microw. Theory Tech., 2016.

1 LNA
5 mW @ 4K

~20 mW/pixel @ 300K

1 line
961 pixels



SpaceKIDs Readout System: 2 GHz bandwidth, ≤4000 MKIDs
J. Van Rantwijk, et al. IEEE Trans. Microw. Theory Tech., 2016.

1124 tones

LNA

MUX
(theory)

System

System
1124 tones

selector reduces the output data rate to 21 Mbit/s or 167 Mbit/s 
for the 159 and 1272 Hz output frame rates respectively. 

Our data acquisition system effectively provides a time 
series of the complex amplitude of each carrier at a readout 
rate of 159 Hz. An alternative configuration is supported 
where the frame size is 216 points with a readout rate of 
1272 Hz. That configuration makes it possible to measure the 
KID signals with a larger bandwidth, at the cost of limiting the 
choice of carrier frequencies to multiples of 30.5 kHz. The 
increased readout rate enables observing interactions between 
cosmic rays and the MKID array, given the intrinsic lifetime 
of ~ 1 ms for aluminium KIDs. 

 Table I shows the specified performance of the DAC and 
ADC. It can be seen that the ADC is a dominant noise source, 
producing a noise spectral density of −98 dBc/Hz for 1000 
carriers. 

C. Digital Readout Integration 
The DAC and ADC boards both require a 2 GHz sample 

clock. We use a custom clock distribution board to generate a 
single 2 GHz signal and distribute it to both converters. The 
use of a common sample clock ensures that the DAC and 
ADC convert at the exact same sample rate, which is 
necessary to align each carrier with a single FFT bin. In 
addition, close-in phase noise in the clock source will be 
highly correlated between the DAC and ADC clocks. The 
correlated part of the noise will thus be canceled in the final 
demodulated signal. 

The clock board is based on an AD9520 clock generator 
with a separate on-board voltage-controlled oscillator, which 
achieves lower phase noise than the internal oscillator in the 
AD9520. The clock runs in phase-locked loop with an external 
10 MHz reference derived from the LO. White phase noise in 
the sample clock is the major contributor to the total RMS 
jitter. In a system with single carrier frequency ωc and jitter σt 
the SNR determined by the clock alone equals 20×log10(ωc σt). 
In our multicarrier system we can make a worst case estimate 
for the total allowed jitter by assuming a carrier frequency of 
1 GHz and a minimum SNR of 54 dB for the clock alone, 
which results in a maximum jitter of 300 fsrms. Combined with 
the clock source of 2 GHz, the white phase noise in the clock 
signal should be below 148 dBc/Hz. Close-in phase noise will 
be attenuated because it correlates between DAC and ADC. 
However, high-Q filters or MKIDs in the signal path can 
reduce this correlation. Simulations of the MKID transfer 
function indicate that close-in phase noise must be less than 
−50 dBc/Hz at 1 kHz in order to stay below the intrinsic phase 
noise of the KID. This is easy to obtain from a 10 MHz 
reference source; our system has −80 dBc/Hz phase noise at 
1 kHz offset from the carrier, i.e. 30 dB margin. 

The two FPGA boards with DAC and ADC daughter 
boards, as well as the clock distribution board are mounted in 
a 3U 19-inch subrack. The rack also contains power supplies 
and forced air cooling. The sample clock is distributed from 
clock board to the converters via short semi-rigid coax cables. 
The FPGA firmware is controlled by software running on a 
Linux PC. The boards communicate with the PC via Ethernet, 

using an application-specific protocol based on raw packets. 
An Ethernet switch board is mounted in the rack to provide a 
1 Gbit fiber link to the controlling PC and 1 Gbit backplane 
links to the two FPGA boards. The PC is responsible for 
further analysis and visualization of data, as well as 
monitoring of temperatures and voltages in the electronics. 

V. RF ELECTRONICS 
The RF electronics consist of an upconverter chain, 

connected between the DAC ouput and MKID cryostat input, 
and a downconverter chain connected between the MKID 
cryostat output and the ADC. The system enables tuning of the 
carrier power at the MKID level by 30 dB, to support readout 
of the MKIDs at their optimal level. The entire RF system is 
implemented on a single card with RF drop-in components on 
the card surface and all control and bias wiring in one of the 7 
buried device layers. Large copper thermalisation structures 
are used to efficiently cool the card. The final board is shown 
in Fig. 3, a block diagram is shown in Fig. 2. 

A. Upconverter 
The upconverter is based upon an IQ mixer (Hitite 

HMC525LC4), where the I and Q port are each connected to a 
single DAC. We use low pass filters (Mini-Circuits LFCN-
1000) to reject spurious from the DAC. We make the 
connection to the mixer I and Q port using a 100 nF capacitor 
in parallel with a 49.9 Ω resistor to ground. This ensures AC 
coupling and a good IF match since the IF ports of the mixer 
are not matched to 50 Ω. The advantage of using an IQ 
modulator is that it enables the correction of the phase and 
amplitude imbalances of RF hybrid inside the mixer by 
changing the phase of the I and Q input signal (see section VI) 
The LO signal is generated by a commercial, low noise 
synthesizer (Agilent E8257D) and is split between the up- and 
downconverter channel using a 3dB power divider (GP2X1). 
We use a gain block (HMC619LP5) to reach +17 dBm LO 
power required for maximum gain flatness over the entire 
frequency band. After the mixer we us a gain block consisting 

 
Fig. 3.  RF upconverter/downconverter electronics board. 



Phase readout superior

Measurement on MKID



Array Analysis
• Frequency range 3.67 – 5.3 GHz
• # resonators: 896 (93%) 



Sensitivity measurements
Array in box-in-box stray light shield
Lens-antenna beams couple partially to black body

•Calculations from antenna-lens model:
•ηopt = ηrad ηSO  = 0.61 (setup)
•ηAp = ηrad ηTap  = 0.58 (generic, limit = 0.8)
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Lens - antenna coupling
Twin slot antenna + Si lens (850 GHz)

• Sapphire C plane substrate 
• Si lens
• Thick superconductors

Excellent agreement model - measurements
• Validates ηSO= 0.82 (setup)
• Validates ηTap= 0.78 (generic)

Now we need to measure ηRad
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Background limited performance @ relevant sky load

Sensitivity vs. FIR illumination (1 pixel)

Readout tones tuned to MKID Fres



For a photon noise limited detector:

So we can obtain the optical efficiency using the calculated source power Ps
• if ηSO is known from the beam pattern

Determining ηopt = ηrad ·ηso

Poisson Bunching Recombination

Poisson

Bunching

Recombination

measured  
NEP



Optical coupling to radiator = calculation: ηopt = 0.61
So we confirm our model calculation:

•ηap = ηrad ηtap  = 0.58 (72%)

Optical efficiency: Ps = 50 fW



Limiting optical NEP

NEP = 3 · 10-19 W/√Hz @ detector
• referred to Pabs = ηopt Ps

spectra white for 
• P >10 fW
• F>0.5 Hz



Electrical NEP

<Electrical NEP> = 2.8 ± 0.8 · 10-19 W/√Hz
identical to optical NEP

Dark measurement where we use dT in stead of dP



Cosmic Rays (K. Karatsu)
55x55x0.35 mm chip of Si 
Ground: CRY (http://nuclear.llnl.gov/simulation/)
L2: http://www.sciencedirect.com/science/article/pii/S0168900212005554
Energy deposition simulation (incl. cryostats/shields etc): GEANT4

• https://geant4.web.cern.ch/geant4/

Ground
247 counts/m2/sec

L2
3.8·104 counts/m2/sec

http://nuclear.llnl.gov/simulation/


Cosmic Rays - lab tests
Single glitches with time constant ~ 1 msec
1.3 events/sec. on the chip (425 sec-1m-2)

• fractional dead time (all data > 5σ): 3.2·10-4 
• array without Ta backside: 14·10-4 

L2 estimation (5·104 sec-1m-2): 4%

No effects on integration: Catalano, A.,et al. 2016, A&A, 592, A26

See Karatsu et al., 
Poster PA-7



Dynamic Range (typical pixel)
fixed readout tone
background limited: 0.1 fW<Pabs<40fW

• factor 400
PSaturation/NEPlimit = 1 x 105 



System yield

Yield = 83% using:
•NEP < 5 ·10-19 W/√Hz
•cross talk < -30 dB

- overlapping resonators
•Cosmic ray dataloss <10%

cross talk

Dark NEP
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171

173
172

173



961 350 1.35 3·10-19 0.58	
=73% 105 4% -34	dB 0.5	-	1 83%

Concluding Remarks

We have made a ‘space’ ready demonstrator
• 850 Hz, 961 pixel array
• MUX readout 
• reach the sensitivity for STO/Safari like imaging system

• Low cosmic ray dead time, high yield, high dynamic range, good coupling 
efficiency

http://arxiv.org/abs/1609.01952 
Baselmans, J. J. A. et al., A&A 601, A89 (2017)

http://arxiv.org/abs/1609.01952



