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• RF readout applications
• FFT-based algorithm
• CORDIC-based algorithm
• RFSoC Hardware
• Integrated Analog IF Board



KID Concept

these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iq Ls also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, q Ls.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy h n . 2D are

absorbed in a superconducting film cooled to T,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hh n/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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• Incoming mmwave light
breaks Cooper pairs

• Change in Cooper pair density
changes kinetic inductance

• Resulting frequency shift is monitored
from outside the cryostat

MUX frequency-
setting capacitor

Absorber
/Inductor

Readout line
coupling capacitor

Change in IQ at
fixed frequency

- or -

Change in frequency
if tone tracking



uMUX
Readout

• “Best of both worlds”
• High multiplexing factor of KIDs
• High science+technical heritage of TESs

• Applications in mm-wave, FIR,
X-ray, …

• See other talks in this session and 
conference

Dober et al. astro-ph/1710.04326



Slide: Sam Gordon
astro-ph/1611.05400
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BLAST-TNG Readout Algorithm



Advantages/Disadvantages

• Uses FFT
• Precomputes tones and 

efficiently reads from RAM
• No control loop issues
• Soon to have high TRL from 

successful (!) balloon flight

• Tones precomputed in the CPU 
and loaded into RAM
• Can’t naturally track
• Loses lock if resonator moves 

more than a linewidth

• Further work needed to study if 
computing tones on the FPGA 
could enable tone tracking
yet remain efficient



NIKA2 Readout
Hardware

(My tourism photos from a visit to NIKA2 on the IRAM 30m)

astro-ph/1602.01288



NIKA2 Readout Algorithm



Advantages/Disadvantages

• Uses modulation to effectively 
have two tones on each resonator
• Measures Q and f0 for responsivity 

monitoring
• Almost already tone tracking

• Conceptually similar to analog 
homodyne
• “Simple” algorithm

• Currently has high TRL from 
successful deployment on IRAM30

• CORDIC takes a lot of
FPGA compute
• (SMuRF algorithm has some

elements in common?)

• Further work needed to study if 
the algorithm can be made more 
efficient on the FPGA with an FFT



Xilinx RFSoC Hardware
• RFSoC Chip =

CPU + FPGA + DAC/ADC

• Board has that chip,

lots of useful interfaces,

and SMA connectors for RF

• 8x 4GSPS 12-bit ADCs

• 8x 6.4GSPS 14-bit DACs

• Uses 25 W (!)

• Photo is from my desk,

WISCA group has experience

with earlier version of board





Naive Algorithm Scaling

• A lot of different things go into “resource use” on FPGAs, but
here let’s naively consider just the DSP slice count

• NIKA2 has 5x Kintex-7 FPGAs per 400 detectors
• Algorithm uses 166 DSP slices per FPGA
• Scaling to the 4,272 DSP slices on the RFSoC yields 2,059 detectors

• ROACH2 used in BLAST-TNG has a Virtex-6 per 512 detectors
• Algorithm uses 105 DSP slices on the FPGA
• Scaling to the 4,272 DSP slides on the RFSoC yields 20,831 detectors



Tone-Tracking Algorithm Development

• Develop interfaces with Vivado to get configuration settings in
and data out on a sensible UDP frame over ethernet
• Develop a CORDIC-based non-tracking algorithm
• Develop a FFT-based non-tracking algorithm
• Simulate if a combined FFT/CORDIC method could enable tracking of 

even more than the naive ~2000 detectors from CORDIC alone
• Develop the optimal tracking algorithm
• Open-source all of the above



ASU’s WISCA Center 
Wireless Information Systems and Computational Architectures
• Move from new concept, to new theory, to new algorithms, to implementation

• Advanced communications, radar, sensing, positioning and navigation

wisca.asu.edu
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Fluid
Protocols

• Enable next generation advanced RF system research
– Fluid radio protocols
– Interference robustness
– RF convergence

• Develop new high-performance flexible 
computational architectures
– Heterogeneous architectures
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New Chip
Architectures

Ettus
Software-Defined Radios

Semi-Custom SDRs• Perform experimental demonstrations
– Quick over-the-air examples
– Real-time experiments Experiments

Bliss
Laboratory of
Information,

Signals, and 
Systems



Integrated Analog IF Board Development

1GHz LPF Demo Board
Manufacturer: MiniCircuits

1GHz IF Amp 
Manufacturer: ASU

4-8GHz RF Filters
Manufacturer: ASU

PLL with integrated VCO 
Manufacturer: Analog Devices

IQ Mixer Board
Manufacturer: Analog Devices 

1-8GHz RF Amp Demo Board
Manufacturer : MiniCircuits Variable attenuator Board

Manufacturer : Peregrine

Eric Weeks
Hamdi Mani
…



Integrated Analog IF Board Development

Eric Weeks
Hamdi Mani
…



Conclusions

• Both the FFT and CORDIC algorithms work well and have heritage
• Combining the advantages of both, especially for tone tracking,

is worth further investigation
• Xilinx RFSoC FTW
• Commercially-available board
• Low power
• Lots of compute


