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Outline

• Multiplexing of superconducting sensors:  basics and taxonomy

• Traditional multiplexing for TES
• DC-SQUID serial switching (Time Divison)

• Series RF resonators (Frequency Division)

• MKID multiplexing

• Combining the best of TES and MKIDs
• RF-SQUID coupled microwave resonators for TES multiplexing

• Warm Readout electronics for microwave resonators
• FPGA+ADC/DAC for multi-channel homodyne readout

• Current and upcoming systems

• Tone tracking
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Multiplexing basics

• Share sensor bias and signal wiring across many sensors of the 
instrument

• Superconducting sensors are typically operated at subkelvin temperatures.  So 
minimize heat load from room temperature

• 100-300mK for imaging cameras (CMB, mm, sub-mm etc)

• 50-100mK for solid-state particle detectors

• Reduce system complexity and reduce integration burden

• Signals are multiplexed at or close to the temperature stage that 
houses the sensors.

• MUX factor = number of sensor signals carried per unit set of wires 
to room temperature
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BICEP3 camera AdvACT sensors
SQUID multiplexer
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Multiplexer types

• Time division and frequency division MUX are common in CMB 
cameras

4

Multiplexer types

Time division and frequency division multiplexing 
are common in CMB cameras.
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MUX basis/
Frequency regime

~RF
O(1-100) MHz

~Microwave
O(300MHz)+

Time-division 1. DC-SQUIDs 
used as switches to 
cycle through 
TESes (aka TDM) 

--

Frequency-division 1. LC resonators in 
series with TESes 
(aka dfMUX)

2. MKIDs

1. LC resonators 
inductively coupled 
to TESes (aka 
microwave MUX) 

2. MKIDs
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DC-SQUID serial switching of TES bolos (1)

• TES bolo connected to inputs. 
Inputs amplified by SQUIDs

• 64 bolos per “column”. Switch 
between “rows” serially. 

• All columns read out at once, 
but only one row at a time.

• Active feedback linearizes 
SQUID response
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SQUID multiplexer chip

Rev. Sci. Instrum. 74, 3807 (2003)
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DC-SQUID serial switching of TES bolos (2)

• MUX factor set by SQUID 
bandwidth divided by TES 
bandwidth

• Today: 64

• With R&D effort: 128-256

• R&D effort
• Bandwidth adjustments 
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SQUID multiplexer chip
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RF resonators in series with TES bolos (1)

• TES bolos are dissipative elements in ~MHz resonators at unique 
frequencies in parallel 

• 64 bolos on one frequency comb, amplified by single SQUID.

• Active feedback linearizes SQUID response
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dfMUX LC board

Rev. Sci. Instrum. 83, 073113 (2012)
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RF resonators in series with TES bolos (2)

• MUX factor set by electronics bandwidth and resonator spacing
• Today: 64

• With R&D effort: 128-256

• R&D effort
• Stray inductance control

• Increase ADC/DAC bandwidth 
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dfMUX LC board
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MKID cold multiplexing (1)

• O(100-1000) MHz resonators. Inductor is sensor

• Capacitively couple to a feedline 

• Cold amplification by LNA at ~few K
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MKID cold multiplexing (2)

• MUX factor set by electronics bandwidth and resonator spacing
• Today: 256-500

• With R&D effort: 1000+ 

• R&D effort
• System noise depending on application (eg. CMB 150GHz NEPs, 0.1-1Hz)

• Resonators — materials, Qs, packing
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Microwave resonators to multiplex TES bolos (1) 

• Combine the immense multiplexability of microwave resonators with 
the heritage and maturity of TES and SQUIDs

• TES inductively couples to RF-SQUID, which screens a GHz 
resonator

• Signal in TES changes inductance, hence frequency of resonance. No 
change in Q
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Microwave)MUX)

Frequency)domain)MUX)
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Appl. Phys. Lett. 85, 2107 (2004)
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Microwave resonators to multiplex TES bolos (2) 

• Flux modulation linearizes SQUID 
response

• Also enables bypassing of TLS noise in 
resonator capacitor 
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Microwave)MUX)

Frequency)domain)MUX)
SQUID)Modifies)transmission)line)resoance)

87

Figure 8.11: . An o↵set of the flux ramp causes a phase shift of the SQUID response.

We drive the flux-ramp line with a sawtooth (Figure 8.11) that sweeps through multiple flux quanta

in the SQUIDs. The slew rate of this ramp must exceed that of any input signal. Therefore any input signal

looks like a flux o↵set during the duration of the ramp, which produces a phase shift in the SQUID response

to the ramp. This phase-modulation applies to all SQUIDs on a chip because the flux-ramp line couples to

all SQUIDs.

Low-frequency signals shift the phase of the SQUID response while low-frequency noise from I
c

fluc-

tuations vary the amplitude of the SQUID response and low-frequency noise from two-level systems in the

resonator vary the o↵set. We can therefore reject these sources of noise by extracting the phase of the SQUID

response for each ramp.

B. Mates dissertation (2011)
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Linearize response, mitigate low-frequencyTLS
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94

Figure 8.22: in its transition taken with the Microwave SQUID Multiplexer (left) and a traditional dc-SQUID

(right).

We used full flux-ramp modulation to read out the TES current and referred it to incident power

through the TES voltage bias. We measured NEP of 3 ⇥ 10�17 W/
p
Hz, precisely matching previous

measurements of the same TES using a dc-SQUID readout. The NEP is flat down to 1 Hz in contrast

to open-loop measurements like in Figure 8.10. This measurement, performed with two coaxial cables and

one twisted-pair for the flux ramp exactly as we would multiplex a large array, constitutes proof that the

Microwave SQUID Multiplexer does not degrade the sensitivity of the detector.

8.5.1 Summary

µmux10b demonstrated full flux-ramp modulation and demodulation, multiplexed SQUIDs with low-

noise and low-crosstalk, and measured NIST TESs intended for polarimetry of the cosmic microwave back-

ground without any degradation of the noise-equivalent power. These results show that the Microwave

SQUID Multiplexer is a real option for multiplexed readout of low-temperature detector arrays.

B. Mates dissertation (2011)
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Microwave resonators to multiplex TES bolos (3) 
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Microwave)MUX)

Frequency)domain)MUX)
SQUID)Modifies)transmission)line)resoance)

• MUX factor set by electronics bandwidth and resonator spacing
• Today: 64 demonstrated; 256-500 (MKID)

• With R&D effort: 1000+ 

• R&D effort
• Resonator packing

• Integration with TES

• Readout electronics
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CPW resonators on crystalline substrates, this noise is caused by TLS in a thin amorphous

dielectric surface layer that is known to exist from frequency-shift studies (72). Experi-

ments (100) have definitively shown that the noise is due to the resonator’s capacitor, not

the inductor: The noise may be reduced by a large factor by increasing the electrode

separation in the capacitor (reducing FTLS), while leaving the inductor unchanged. Parallel-

plate capacitors using single-crystal silicon dielectrics (81) may also provide a route to

reduced TLS noise. The fractional frequency perturbation dxTLS produced by this mecha-

nism enters the response equation in exactly the same way as the desired kinetic inductance

signal dx,

dS21ðnÞ ¼
1

4
wcwgQie

$2jfgzðn,oÞ

%
!
2jdxðnÞ þ 2jdxTLSðnÞ þ dQ$1ðnÞ

"
þ dSaðnÞ.

44:

The spectral density STLS(n) of dxTLS is observed (73) to vary with readout power as P$1=2
g and

with temperature as T$bwith b ¼ 1.5 – 2 (see Figure 13). Unfortunately, a microscopic theory

for TLS frequency noise is not yet available; the only tool at hand is the semiempirical model of

Gao et al. (98). In this model, the fractional frequency noise is given by
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This figure illustrates two-level system (TLS) frequency noise in a 4.4-GHz Nb/Si superconducting
microresonator. The inset shows the standard IQ homodyne measurement scheme used to measure the
complex forward transmission S21 / I þ jQ. At a fixed generator frequency o ¼ or, noise fluctuations
dS21 are projected into the directions tangent and perpendicular to the resonance circle, as indicated by the
vectors A and B shown in Figure 11. The blue line shows SAA(n), the noise power spectral density (PSD) in
the frequency (tangent) direction A, and is dominated by TLS noise, rolled off above 6 kHz by the
resonator’s response function jz(n,or)j2. The red line shows SBB(n), the noise in the dissipation direction B,
and is limited by amplifier noise. The dark yellow line shows the measured rotation angle between the major
principal axis of the noise ellipse and the dissipation direction B. The fractional frequency noise PSD is given
by STLSðnÞ ¼ SAAðnÞQ2

c=4Q
4
r ;Qr ¼ Qc ¼ 3.5 % 105 for this example. Reprinted with permission from

Reference 79. Copyright 2007, American Institute of Physics. Abbreviation: HEMT, high electron mobility
field-effect transistors.
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Warm readout electronics for microwave schemes

• Warm (300 K) electronics synthesize 
input microwave tones to drive the 
resonators and to channelize and 
demodulate the output microwave 
tones

• ADC, DACs

• FPGAs

• Homodyne scheme
• Synthesized signal split into a reference 

arm and measurement arm and mixed 
after measurement

• ADCs and DACs operate in a 
baseband (~MHz) and are up-/down- 
mixed for signal band 

15
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ROACH-2 (256-512 channels) 
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NIKA system (NIKEL ~256), McGill system (ICE ~128)
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Figure 1. Overview of one array readout electronics crate. It is equipped with 4 (or 8) readout boards
lodged in Advanced Mezzanine Card slots (NIKEL_AMC), one central and clocking and synchronization
board (CCSB) mounted on the MicroTCA Carrier Hub (MCH) and one 600 W power supply. The crate
allocated to the 150 GHz channel uses 4 NIKEL_AMC while the others use 8 NIKEL_AMC boards.

The MCH, which hosts the CCSB, plays a central role. As required by the microTCA spec-
ification [14], it is in charge of managing the crate (slot activation for hot-plug, power supply
monitoring, fan speed controlling, sensors monitoring) and hosts a Gigabit Ethernet (GbE) hub
function for communicating with each slot and the MCH extension. This latter functionality is
used for configuring and reading-out the NIKEL_AMC and the CCSB.

Each NIKEL_AMC includes the digital electronics as well as the Radio-Frequency (RF)
chains required to instrument one feed-line of up to 400 KID. The KID excitation signal is provided
through the excitation output (EXC), passed through the feed-line hosted by the KID array located
in the cryostat and returned to the measurement input (MEAS). The Local Oscillator (LO) used
to up and down-convert the frequency comb is generated by Aeroflex/IFR/Marconi 2024 signal
generator, dedicated to the crate. Its output is distributed to each NIKEL_AMC, thanks to a passive
commercial RF splitter. To minimize the RF phase noise and avoid long-term shifts, the synthesizer
is also referenced by CLK. A key point in operating with LEKID is to convert the observed in phase
(I(t)) and in quadrature (Q(t)) signal to absorbed optical power. For ground-based experiments, the
resonance frequency of each KID may change substantially during an observation as a result of
variations in the sky emission, which impacts photometric reproducibility. As described in [17],
we deal with this issue by incorporating a system by imposing a several kHz modulation on the
local oscillator frequency; this modulation is synchronous with the FPGA readout.

3. KID readout board

3.1 Hardware description

The NIKEL_AMC reuse with some improvements the digital architecture that was developed for
the previous readout electronics [7]. NIKEL_AMC is able to manage up to 400 resonators over
a bandwidth of 500 MHz in frequency domain ranging from 1 GHz to 3 GHz (limited by the RF
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Figure 3. NIKEL_AMC board picture. It has dimensions of 18⇥15⇥3cm3.

backplane.
An additional slow speed 12 bit DAC (AD5311), driven by the ‘split’ FPGA, is implemented

in order to generate the ⇠500 Hz signal that is used to modulate the frequency of the microwave
synthesizer associated with the MTCA crate. Its output is amplified and shifted to cover the -2.5 V-
+2.5 V range.

A Phase Locked Loop (PLL) (LMK03033) uses the 10 MHz reference clock provided via the
backplane to generate the 250 MHz system acquisition clocks (for DAC and FPGA) and the 1 GHz
clock used by the ADC.

The slow control and the data acquisition is done by a modified version of the IPBUS [19], that
allows the Dynamic Host Configuration Protocol (DHCP). The standard User Datagram Protocol
(UDP) protocol [20], which is a very simple Ethernet protocol, is unreliable by definition. Conse-
quently, the IPBUS was designed as a UDP enhancement aimed at adding a reliability mechanism.
As the IPBUS protocol is simple, it can be implemented directly in FPGA, without the need of
having a Central Processing Unit. The clocking for control and the data readout is generated by
dedicated PLL referenced by an embedded oscillator. As required by the standard [14], the board
features a Module Management Controller (MMC). The MMC solution used is a modified version
of the one distributed by CERN [21]. It is composed of a micro-controller that hosts an application
customized firmware.

The six FPGA used are from the same vendor: Xilinx. The ‘split’ FPGA is a XC7K70T-2FBG676C
and the ‘proc’ are XC7K70T-2FBG484C. It must be noted that each FPGA is connected to a flash

– 5 –
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arXiv: 1602.01288

arXiv: 1608.06262
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SRON system (~1000 channels)

18

waveforms determines the frequency resolution: all carrier 

frequencies in our system are multiples of 3.8 kHz 

(2 GHz sample rate divided by 2
19

 samples). As an advantage 

of the limited frequency resolution, any distortion products at 

the DAC output can only exist at discrete frequencies, not 

inside the signal bandwidth around the carriers. Note that the 

bandwidth of a Q=100 000 resonator at 4 GHz is 40 kHz, i.e. 

we can place a readout tone with a precision given by the 

resonator bandwidth divided by 10. 

An analog reconstruction filter is typically needed to 

remove high-frequency components that could alias during 

data acquisition. The AD9129 DAC is capable of running at 

twice the nominal conversion rate while applying an internal 

digital interpolation filter. The filter provides 40dB attenuation 

above the Nyquist frequency and thus relaxes the requirements 

on the reconstruction filter without sacrificing useful 

bandwidth. 

To maximize the signal-to-noise ratio (SNR) of the 

waveform, it is necessary to use the largest possible carrier 

amplitude without exceeding the range of the DAC. This 

implies that the crest factor (the ratio between peak amplitude 

and RMS amplitude of the signal) must be as low as possible. 

We currently assign random initial phases, resulting in crest 

factors between 12 dB and 14 dB for waveforms with up to 

4000 carriers. For this system this is the most practical 

solution: Since the system SNR is limited by the ADC (see 

Table I), and the MKIDs add a quasi-random phase to the 

readout tones, it is virtually impossible to get better crest 

factors, event with advanced techniques such as presented in 

[13][14]. 

B. Data Acquisition and Demodulation 
The IF carrier signal is upconverted to RF, passed through 

the MKIDs, then downconverted back to a complex I/Q signal 

in IF (see section V below). The resulting IF signal contains 

the same carriers as generated by the DACs, except the 

amplitude and phase of each carrier are now modulated by the 

response of a MKID. The I and Q components are sampled by 

a dual-channel, 10-bit ADC clocked at 2 GS/s. We use an 

EV10AQ190 ADC, located on an FMC daughter board and 

attached to a Virtex-7 FPGA board. 

The FPGA firmware takes the I and Q sample streams from 

the ADC and accumulates frames of 2
19

 samples in separate 

overlap-add buffers. Each new frame is added, sample-by-

sample, to the intermediate values in the buffer until 24 frames 

have been processed. The accumulated frame is then sent to 

the FFT engine and the overlap-add process restarts from zero. 

The overlap-add buffer is located in internal RAM in the 

FPGA. Double buffering must be used to allow accumulation 

of a new frame while the previous frame is being transferred 

to the FFT engine, at a rate corresponding to 24 frames of 2
19

 

points at 2 Gsample/s, i.e. 159 frames/s. We calculate a 

2
19

-point complex Fast Fourier Transform (FFT) for each 

accumulated frame. A mixed-radix algorithm is used to 

compute the 2
19

-point FFT as a series of 2
9
-point FFTs, 

followed by phase rotations, a 2
9
×2

10
 matrix transposition and 

finally a series of 2
10

-point FFTs [15]. The small FFTs are 

implemented as standard blocks from the Xilinx library. The 

phase rotation is implemented as a Xilinx CORDIC block. 

Transposing a frame of 2
19

 elements requires more RAM than 

is available inside the FPGA, hence an on-board QDR2 

SRAM memory bank is used to store the frame during the 

transpose step. The FFT logic is clocked at 125 MHz. Internal 

calculations use 24-bit fixed point numbers, with a 

configurable scaling schedule in the FFT blocks to avoid 

numeric overflow.  

The output of the FFT engine consists of frames of 2
19

 

complex bins at a rate of 159 frame/s. Only a subset of the 

bins corresponds to carrier tones. We implement a bin selector 

to extract only those bins (configurable up to 4096 bins) and 

discards the rest of the bins. The selected bins are truncated to 

16-bit signed numbers and sent to the PC via Ethernet. The bin 

selector reduces the output data rate to 21 Mbit/s. 

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 2
16

 points with a readout rate of 

 
Fig. 2.  System architecture including digital electronics (blue), RF electronics (red) and cryostat with MKID array (grey).  

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TMTT.2016.2544303

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

variable attenuator to tune the readout signal to the required 
power level for the MKIDs. The maximum PEP at the 
upconverter output is +15 dBm and can be attenuated in 0.5 
dB steps down to −15 dBm. For 1000 tones this corresponds 
to −40 to −70 dBm single tone power (assuming crest factor 
C=14 dB).  

B. Cryostat 
MKIDs are typically operated at 100 mK using a cryogenic 

system equipped with a low noise amplifier (LNA) at a 
temperature of 4 K to create the lowest possible system noise. 
Such an amplifier has an input noise temperature of ~4 K [18] 
and a gain of ~40 dB. The phase and amplitude noise power 
spectral density (PSD) of the cryogenic system are thus both 
identical and determined by the LNA noise temperature. The  
readout signal power for each MKID is typically between −75 
and −105 dBm, resulting in a PSD in between −116 and −87 
dBc/Hz. To reach these noise levels, the output noise of the 
upconverter chain must be low enough, which can only be 
achieved if we use ~30 dB of cold attenuation before the 
MKID chip to eliminate 300 K thermal noise. It is important 
to realize that a typical cryogenic LNA has an input 1 dB 
compression point P1dB ~ −40 dBm. A 1000 tone readout 
signal with a single tone power of −90 dBm results in PEP= 
Ptone×ntones×Ccrest=−46 dBm (with Ccrest=14 dB). This illustrates 
that the LNA and array design must be an integral part of the 
system design. Note that the transmission of the cryostat is 
between 0 and −10 dB, including LNA, 30 dB attenuation and 
cable losses. This is taken as a design parameter for the 
downconverter. 

C.  Downconverter 
We use two gain blocks (HMC619LP5) with a step 

attenuator (HMC425LP3) in between to create a variable gain 
amplifier as indicated in Fig. 2. We use an additional low 
noise gain block (HMC772LC4) that can be switched in or out 
of the signal path using two switches (HMC232LP4). The 
extra LNA is needed to create 10 dB extra dynamic range 

compared to the upconverter to compensate for frequency 
dependent losses in the RF cabling.  The result is that we drive 
the IF input ports of the IQ mixer always with the same power 
which makes system calibration easier. The mixer 
(HMC525LC4) is the same as the upconverter and also 
connected to the LO and IF signals in the same way. The only 
addition is that we use amplifiers (HMC470LP3) in the IF 
lines to the I and Q ports of the ADC to be able to reach the 
full input power range of the ADC.  

VI. PERFORMANCE MEASUREMENTS 
We discuss three performance aspects of our readout 

system: sideband rejection, intrinsic noise of the readout 
electronics with RF loopback, and noise of the full system 
with cryostat and MKID array. All measurements are done 
with the integrated readout system, consisting of digital 
electronics as described in section IV and RF electronics as 
described in section V. 

A. Sideband Rejection 
To represent a single complex carrier as an IQ signal, the I 

and Q components must have exactly equal amplitude and 90 
degrees phase separation. Any mismatch in amplitude or phase 
causes sideband leakage. This is problematic because the 
leaked power passes through the cryostat, unaffected by any 
MKID resonance, then gets partially demodulated with the 
carrier. We suppress sideband leakage by adjusting the 
amplitude and phase of the DAC waveforms to compensate 
for mismatches in the IF path and RF hybrid in the IQ mixer. 
We use a specific calibration procedure to find near-optimal 
gain/phase adjustments in a small number of steps, faster than 
the method presented in [16]. Calibration starts with an initial 
estimate of the amplitude mismatch, obtained by measuring 
the gain from the digital I waveform to the RF output and 
separately the gain from the digital Q waveform to the RF 
output. Compensation for the initial amplitude mismatches are 
then applied to the 1000 carriers and an adjusted IQ waveform 
is sent to the DAC. We subsequently measure the sideband 

 
Fig. 3.  Integrated digital readout (bottom) and RF electronics (top) mounted 
in a 19" rack. IF signals are connected via semi-rigid coax cables.  

Fig. 4.  RF upconverter/downconverter electronics board. 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TMTT.2016.2544303

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

SRON Electronics crate RF board

arXiv: 1507.04151
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SLAC: tone-tracking readout (1000+)

• Frequency of probe tones is actively 
adjusted to track resonance.  

• Enables packing more resonances in a given 
RF power budget.  

• Direct digital synthesis and demod (no IQ)

• Being built for LCLS-II based on existing 
ATCA heritage at SLAC for particle physics 
and RF engineering in LCLS-I.

• A carrier card provides 
• 4GHz bandwidth

• Upto 4000 channels

• Electronics / RF design nearing completion, 
full hardware prototype in late 2016. 

• Plans to make this general purpose and 
serve TES/MKID applications

19

ATCA shelf and cards

Carrier cards

	   J.	  Frisch,	  S.	  Smith,	  D.	  Van	  Winkle,	  R.	  Herbst,	  TID-‐AIR	  	  	  
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Warm readout R&D effort

• Higher bandwidth ADC/DACs without sacrificing readout noise

• Take advantage of increasing FPGA capacity

• Low-frequency noise control — monitoring tones to characterize 
correlated electronic noise

• System linearity (end-to-end)

• Common development for microwave-interrogated techniques

20
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Conclusions

• Traditional MUXing in TES
• MUX ~64

• With appropriate R&D, expect to go to 128-256 

• Will serve our short-term instrumentation needs (~2-3 years)

• Microwave resonators
• MUX ~256 

• With appropriate R&D expect to go to ~1000, likely 1000++

• TES MUXing on equal footing with MKIDs with GHz resonator-coupled schemes

• Will serve our medium-term (5+ years) and longer instrumentation needs

• Warm readout
• ADC, DAC and FPGA technology advancing quickly

• With appropriate R&D can capitalize and make high-density readout systems

• Ideas for MUX ~O(10,000) are being considered for 10+ yr needs

21


