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Outline

• Motivation

• Readout of CMB quantum sensors:  basics and taxonomy

• Traditional readout techniques for TES bolometers
• DC-SQUID serial switching (Time Divison)

• In-series LC resonators (Frequency Division)

• Cold: Next-gen Microwave resonator techniques
• MKIDs

• Microwave resonators for TES readout using RF-SQUIDs

• Challenges and opportunities

• Warm: Readout electronics for microwave resonators
• FPGA+ADC/DAC for multi-channel software-defined radio

• SLAC Microresonator RF Electronics

• Challenges and opportunities
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CMB-S4

• 500,000 sensors

• 8 optical bands from 30-300 GHz

• Multiple cameras for inflation, dark relics, neutrino mass, dark energy, 
cosmological parameters 
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2.5 meter Diameter Focal Plane
with 100,000+ detectors

High-resolution Science + de-lensing:
300,000 sensors 

on 3-4 large telescopes

Low-resolution B-mode Science:
200,000 sensors 

on ~12 small telescopes
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CMB Readout basics (1)

• TES bolometers with SQUID amplifiers have provided sufficiently low 
noise and sensitivity for CMB cameras in the past decade

• SQUID has periodic response, so needs to be linearized.

• Thus end up with many wires to read out one TES bolometer
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Figure 2.1: The superconducting transition of a TES and its readout circuit. Left: The steep change
in resistance with temperature of a superconductor makes it ideal for use as the thermistor in a
bolometer. This resistance versus temperature profile was acquired for a Bicep2 titanium TES by
ramping the bath temperature of the bolometer while measuring the resistance. The transition from
the superconducting state to normal state with resistance R

n

occurs at the critical temperature T
c

.
Right: The TES bolometer is voltage-biased by a shunt resistor R

sh

that is much smaller than the
operational resistance of the TES, R

tes

. A SQUID ammeter is used to measure the change in output
current of the TES, which is inductively coupled to the magnetically sensitive SQUID. The SQUID
is linearized by a feedback servo that nulls the input flux from the TES.

a beam-forming antenna, which then directs the power to the island.

A TES bolometer capitalizes on the steep change in resistance for small changes in temperature

of a superconductor in it’s critical transition. A transition for a Bicep2 TES is shown in figure 2.1.

This characteristic makes TESs highly sensitive thermistors, with a sensitivity set by the steepness

of the transition. This is expressed by the dimensionless parameter ↵ = T

R

@log(R)
@log(T ) . The temperature

at which the TES passes from a normal state with resistance R
n

to superconducting state is the

critical temperature T
c

.

The Bicep2 bolometers are made from free-standing islands of silicon nitride (SiN) lithograph-

ically patterned on silicon wafers (§ 2.4.2.4). The island has some heat capacity C and thermal

conduction to the lower temperature bath of the silicon. The power flow to the bath (P
bath

) is given

by:

P
bath

= K(T �+1
� T �+1

bath

) =
G

(� + 1)T �

(T �+1
� T �+1

bath

) =
GT

� + 1
(1� (

T
bath

T
)�+1) (2.1)

where T is the island temperature and T
bath

is the bath temperature. The di↵erential thermal

conductance G ⌘

dP

bath

dT

= (� + 1)KT � is derived from equation 2.1 and prefactor K. The term

� is the thermal conductance exponent and is set by properties of the conducting material but is

generally 2–3 for phonon-mediated materials. The G of the bolometer is defined by the geometry of

the legs that support the released island.
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CMB Readout basics (II)

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

• TES & other quantum sensors are operated at subkelvin temperatures.  So need to 
minimize heat load from room temperature

• 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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CMB readout multiplexers

• RF time division and frequency division MUX are common in CMB 
cameras today
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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

• TES bolo connected to inputs. 
Inputs amplified by SQUIDs

• MUX Factor = 64 
• 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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LC resonators in series with TES bolos

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

• MUX factor = 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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Superconducting Microresonators

• O(0.1-10) GHz superconducting resonators 

• Pack 100s-1000s in reasonable bandwidth

• Signals can be captured in phase and/or amplitude modulation 
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Figure 8.5: . The 5.42 GHz dip is the collision of two resonances.

The µmux10b couplers targeted Q
c

⇡ 16, 000, but measured Q
c

and Q
i

varied significantly across

the chip (Figure 8.6), although less than in previous designs. Time-domain reflectometry measurements

showed significant reflection at the microwave launch. Reflections at the microwave launches could produce

a standing wave on the feedline and change Q
c

by changing the e↵ective impedance the feedline presents to

the coupling capacitor. The variation in Q is small enough that all resonances are useful for readout.

Figure 8.6: Internal and coupling quality factors for the resonances on a µmux10b chip.

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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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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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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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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AðoÞ ¼ $or
@S21
@or

¼ þor
@S21
@o

¼ 2jQc½1$ S21ðoÞ'2 30:

and

BðoÞ ¼ @S21
@Q$1

i

¼ 1

2j
AðoÞ. 31:

The directions of A(o) and B(o) are tangent and normal, respectively, to the resonance circle, as

illustrated in Figure 11. Thus, for adiabatic perturbations dx(t) and dQ$1
i ðtÞ of the resonator

detuning and internal dissipation, we may write

dS21ðtÞ ¼ AðoÞdxðtÞ þ BðoÞdQ$1
i ðtÞ. 32:

A calculation of the response to more rapid variations of the resonator properties requires that

the ring-down response of the resonator be considered. This response is most easily represented

as a frequency-domain transfer function,

zðn,oÞ ¼ 1$ S21ðoþ 2pnÞ
1$ S21ðoÞ

, 33:

which relates the Fourier transforms of the time-domain quantities,

dS21ðnÞ ¼
!
AðoÞdxðnÞ þ BðoÞdQ$1

i ðnÞ
"
zðn,oÞ. 34:

For zero detuning, the resonator transfer function is just a low-pass filter,

zðn,o ¼ orÞ ¼
1

1þ j2Qrn=nr
, 35:

showing that the response rolls off for signal frequencies above the resonator bandwidth, n> nr /
2Qr. Although z is retained in the equations that follow, we usually examine only the adiabatic

limit, z ! 1, which is valid when n << nr/2Qr.

It is convenient to express the adiabatic response coefficients in terms of their maximum

values for zero detuning and optimum coupling Qc ¼ Qi ¼ 2Qr. We introduce the phase angle,

Im S21 

Re S21 

11–Qr /Qc

A(ωg) 

ωr

B(ωg) 

*

Z0

Z0Vg C1 L1 R1 C2 L2 R2 Cn Ln Rn

Cc Cc Cc

Port 1 Port 2

ba

Figure 11

(a) A frequency-multiplexed array of shunt-coupled microwave kinetic inductance detectors (MKIDs) is represented by an array of LC
resonators with frequencies o1 ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffi
L1C1

p
, . . . ,on ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffi
LnCn

p
. The straight lines between the resonators represent transmission line

sections, and the MKIDs are coupled to this feedline via small capacitances Cc. All MKIDs are driven simultaneously using a
multifrequency generator attached to port 1; after propagating past the array, the carriers arrive at port 2 and enter an amplifier
represented by the input impedance Z0. (b) For a single resonator, and after compensating for cable delay, the trajectory of the forward
scattering amplitude S21 as a function of frequency follows a circle in the complex plane. The directions tangent and normal to the
resonance circle at a frequency og are represented by the complex numbers A(og) and B(og).
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MKID multiplexing

• Resonator inductor is sensor for 
photons or coupled optical power 

• Cold amplification by LNA at ~few K

• MUX factor: ~1000
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Microwave resonators to multiplex TES bolos (1) 

• Use microwave resonators to multiplex TES

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

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

12

Microwave)MUX)

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

Irwin & Lehnert, Appl. Phys. Lett. 85, 2107 (2004)

79

Figure 8.1: , each slightly di↵erent in length.

To fit the roughly 5 mm long resonators on the 3 mm wide chip we routed the resonators like trombones

(Figure 8.1) changing the slider length by 3 µm between adjacent resonators so that �l = 6µm and the

frequency spacing is close to 6 MHz. We also reverted to CPWs with 10 µm center strips and 6 µm gaps.

8.1.2 Resonator-Feedline Coupling

Figure 8.2: Photo of the elbow coupler in µmux10b.
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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

• MUX factor: ~1000 

13

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)



Zeeshan Ahmed Workshop on Quantum Sensing for HEP 2017

Noise performance of microwave-multiplexed TES bolos

14

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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FIG. 3. Cumulative set of µmux current noise measurements. The average of 35 open input channels
(black, solid line) demonstrates a 29 pA/

p
Hz readout noise floor. A spectrum of a TES-coupled

channel in the superconducting state (solid, blue) matches predictions (dashed, blue) described in
the text. Noise measured for a detector biased into the superconducting transition is shown in
teal for raw data (dot-dashed curve) and post common-mode subtraction (solid), which removes
temperature drifts. The noise level matches expectations from fundamental thermal fluctuation
noise in the bolometer (dashed teal line), and exhibits a white spectrum at 100 mHz. For illustration
purposes, we show that the expected level of photon noise from a 7.6 pW thermal source at 150 GHz
is a factor of 8 above the readout noise floor. Spikes near 10 kHz are due to the warm readout
electronics and are well understood.

After common mode subtraction, the measured low frequency noise performance of this
readout system compares favorably with the anticipated needs of near-term CMB polar-
ization experiments. The detector noise as read out by the µmux is white at frequencies
above 100 mHz. Stability on long-time scales enables access to larger patches of the sky,
which is required for some of the CMB inflationary science goals. For example the inflation-
ary recombination bump peaks at ⇠ 2� angular scales. The stability requirement is more
stringent for a large-aperture telescope, which produces a small beam and has limited scan
speed due to the telescope mass. Nevertheless, the Atacama Cosmology Telescope (ACT)
scan strategy21 (1.5 deg/s azimuth scans at a mean elevation of 50�), places the peak of
the recombination bump at audio frequencies a factor of 7 above the 1/f knee presented in
Fig. 3.

Channel-to-channel crosstalk is an important systematic e↵ect that ultimately limits the
measurement sensitivity to cosmological parameters. Recent work using time-division mul-
tiplexing shows that 0.3 % cross-talk in pair-di↵erenced, polarization-sensitive detectors
produces a false detection of the tensor-to-scalar ratio (r)– the determination of which is
a major goal of the CMB field–to ⇠ 20 times below the current best upper limits.22 Since
the goal of future CMB instruments is to constrain r to . 10�3, signal crosstalk due to the
readout must be <0.3 % at a minimum, and likely lower than this value.

An expected source of channel crosstalk in the µmux is due to the overlapping tails of
adjacent resonator Lorentzian profiles. When using flux-ramp demodulation, this crosstalk
is proportional to (2⇡ ⇥ 16n2)�1, where n is the resonator spacing in number of resonator
bandwidths.15 For our current spacing of n = 20, this amounts to a crosstalk level of
0.025 % for nearest frequency neighbor channels, and is negligible for channels separated

Dober et al, arXiv:1710.04326 (2017)
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Challenges & opportunities for next-gen cold readout

• Can go to extremely large MUX factors and cryogenic arrays with 
superconducting microresonators

• Resonator fabrication
• Frequency placement

• Quality factors/bandwidths or df/f

• Materials, geometry
• For MKIDs, suitable band gaps for optical bands of interest

• Resonator noise (TLS, g-r etc.)
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frequency band for which the device is sensitive is 
independent of the microwave readout frequency. 

The Q factor of an MKID, is determined by the losses 
caused by the radiation power absorbed in the detector. For a 
sub-mm camera operating from the ground, these losses are 
determined under nominal operation by the background 
loading power due to the warm atmosphere, which is of the 
order of 10–100 pW. This results in Q ~ 10 000–50 000.  

For spectrometer applications or space based imaging 
instruments, the power per pixel is much lower: 0.01–1 pW, 
resulting in much higher Q factors. This allows higher 
multiplexing ratios as shown in Fig. 1c.  

III. SYSTEM REQUIREMENTS AND ARCHITECTURE 
The system described in this paper is envisioned for 

Aluminium based MKIDs. As such, it must fulfill the 
following basic requirements: 
1) Operating in a 4–8 GHz band; 
2) Readout noise below −91 dBc/Hz, i.e. significantly less 

than the intrinsic MKID output phase noise [5][8]; 
3) A large bandwidth, which we have chosen to be 2 GHz 

due to availability of commercial electronic parts with the 
required noise performance; 

4) Ability to read-out more than 1000 MKIDs without 
degradation of the intrinsic MKID sensitivity; 

5) Ability to read-out high-Q resonators (Q ~ 100 000) 
suitable for future ground- and space based systems. 

The architecture of our readout system is illustrated in 
Fig. 2. A pair of digital-to-analog converters (DACs) generate 

a complex in-phase/quadrature-phase (I/Q) signal in an 
intermediate frequency (IF) band from −1 to +1 GHz. The IF 
signal is converted to the readout frequency (RF) by I/Q-
mixing with a reference signal from a local oscillator (LO); 
effectively shifting the tones to a 2 GHz band centered around 
the LO frequency.  This band can be placed anywhere in the 
4–8 GHz range by an appropriate choice of LO frequency 
between 5–7 GHz. The RF tones, each tuned to the resonance 
frequency of a single detector, pass through the common 
feedline of the MKID array. Each MKID modulates the 
amplitude and phase of its designated carrier tone depending 
on the amount of absorbed radiation. The modulated carriers 
are then converted back to IF by a second mixer, operating at 
the same LO reference. The resulting complex I/Q signal is 
sampled by a pair of analog-to-digital converters (ADCs), and 
the amplitude/phase modulation of the carrier tones are 
extracted through digital signal processing. 

Programmable attenuators in the RF path make it possible 
to adjust the signal power at the MKID array while still using 
the full dynamic range of the DACs and ADCs 

The homodyne nature of our system, mixing up and down 
with a common LO, makes it less sensitive to correlated noise 
caused by phase- or amplitude noise in the LO signal. This is 
especially important because we are recording a narrow 
bandwidth around each carrier; any mismatch between the two 
mixers would complicate the task of demodulating the 
attenuated carriers. 

The high-level system requirements translate to design 
parameters: 2 GHz bandwidth corresponds to a sample rate of 
2 GS/s for each DAC/ADC. The noise requirement drives the 
dynamic range specification of the DAC and ADC. The need 
to tune carrier frequencies to high-Q resonators implies high 
frequency resolution, which drives the length of waveform 
memories in the digital part of the system. The following 
sections present a detailed design. 

IV. DIGITAL ELECTRONICS 
This section describes the digital part of the readout system. 

Its main components are a DAC board for carrier generation, 
an ADC board for data acquisition, and a fast Fourier 
transform engine (FFT) for demodulation.  

A. Carrier Generation 
Carriers are generated in the form of a complex IQ signal in 

the IF band from −1 to +1 GHz. The carrier generator is 
composed of a Virtex-7 FPGA board and an FMC daughter 
board equipped with two AD9129 14-bit DACs clocked at 2 
GS/s. The two DACs represent the in-phase and quadrature 
components of the IF signal. 

The I and Q waveforms are created by placing a set of 
carriers on a grid of 219 frequency bins and subsequently 
computing an inverse fast Fourier transform. This method 
supports an individual choice of amplitude for each carrier, 
which is desirable because the MKIDs in an array may require 
slightly different readout power levels. The resulting 
waveforms are cyclic with a period of 219 samples. These are 
stored in internal RAM in the FPGA. The length of the 

Fig. 1.  MKID array readout concept. (a) Transmission of a large array of 
MKIDs. Each  resonance feature corresponds to a different MKID. The inset 
shows 2 MKID detectors from the mask design of the lens array in [17]. The 
detectors have different resonance frequencies, set by their length. (b) Detail 
of panel a where we show the effect of increasing sub-mm power falling on 
the detectors: The resonances get broader and shallower and move to lower 
frequencies. The black lines indicate the placement of readout tones. (c) Low 
Q MKID, similar as in panel a and b, as used for ground based imaging 
system. The much narrower high Q resonance is typical for spectrometer 
applications on the ground or imaging from space, and allows for much more 
pixels per unit of bandwidth.  
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Warm readout electronics for microwave resonators

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

• ADC, DACs, FPGAs

• ADCs, DACs not sufficiently high bandwidth today 
• Operate in baseband (DC-MHz/GHz) and up-/downmix for signal band

• Optionally use IQ scheme 

• Industry-driven fast-paced growth in FPGA/ADC/DAC capability
16
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ROACH-2 + 500 MHz ADC/DACs
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SRON system (2 GHz bandwidth)

• zoter
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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).  
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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. 
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Fermilab: ROACH-2 + 4 GHz bandwidth

19

Fermilab DAQ: this is the most advanced electronics today

10 K pixels crate

10/10/20177

ROACH2

Fermilab
electronics

Gustavo Cancelo | Scalable 10 to 20 Kilo-pixel MKID Signal Generation and DAQ for Cosmology

RF out

IF in

RF in

IF out

LO
To MKID

from MKID

Up conversion, 
amplification, 
attenuation and 
filtering

Down conversion, 
amplification, 
attenuation and 
filtering

To MKID

from MKID
To/from ROACH2

MKIDs for optical require a detector 
with a  BW of  ~250 KHz.
CMB ~100Hz. (More channels per 
ADC and more resolution).

Gustavo Cancelo, CPAD 2017 slides
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SLAC Microresonator RF Electronics (4 GHz bandwidth) 

Carrier card:  FPGA, memory, backplane connections

AMC cards: (double-wide full height) ADCs, DACs, high performance front end electronics

RTM: General purpose IO, extra networks, miscellaneous  

20

1: Carrier Card (Xilinx KU060, 2.7K slices) 
2: Crate (ATCA, 1-14 slot available) 
3: RTM
Each carrier supports 2 AMC application cards

Special application of SLAC’s RCE “common platform” 
used in particle and neutrino physics, and in cosmology  



Zeeshan Ahmed Workshop on Quantum Sensing for HEP 201721

SLAC Microresonator RF Electronics (4 GHz bandwidth) 
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Digital IQ vs. Analog IQ

22

Analog I/Q scheme used for 
many systems

Digital I/Q scheme used in 
SMuRF

• For a single band, analog I/Q provides more efficient use of ADC.
• Continuous calibration of I/Q mixer require to reject out of band signals

• For multiple bands, channel splitting filters eliminate ADC efficiency 
advantage. 

• Single 4GHz band beyond current ADC / DAC state of the art

• Digital I/Q chosen for SLAC electronics to eliminate calibration 
complexity
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Noise and dynamic range

23

 

 

    

Signal band

~N3 3rd order terms! 
20003 is a big number! 
Looks like broadband noise

• LNA (HEMT) noise, 2-4K, ultimate limit

• For large MUX systems, dynamic range is the problem
• Limited by linearity, intermodulation products can mimic broadband noise!
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DAC and Upmix system

• Generating 1000 lines in 2GHz bandwidth from 4-6GHz
• Gaussian random frequency errors added

• Note: Gaps are put in spectrum for noise testing.

• This is after the last active device and filter in the system. Combining with 6-8 
GHz is not expected to add spectral distortion or non-linearity

• Final system will add equalizers to level overall spectrum

24
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Signal generation noise in detection band

• Measurement shows >100dBc/Hz
• LO noise, nonlinearity etc. all included

• Measurement done with 2000 lines generated (not equally spaced, 
obviously!)

• Tests with real SC resonators now in progress!

25

-104dBc/Hz noise between lines
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Full Loopback test: DAC + upmix + downmix + ADC

• Single 500MHz block,  5.5-6GHz shown. 
• 2000 lines being generated and received

• Gap is used for noise calibration

• Full SMuRF system, everything except the cryogenic system

26
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Maximizing Dynamic Range — HEMT, tone tracking

27

• HEMT is normally the limit to system dynamic range 
• Replace HEMT with low gain modification and add 50K amplifier stage

• Dynamically track resonance dips to reduce power in HEMT an 
additional ~10-15dB without degrading signal to noise

• Line tracking reduces dynamic range requirement in ADCs (but not DACs).  

Tone tracking demo with SLAC electronics

Kernasovskiy et al. LTD-17, submitted 
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• FPGAs, ADCs, DACs will become more and more capable 
• RFSoCs (RF System on Chip) will combine these components 

• Fully digital systems without analog mixing around the corner!
• ADC/DAC bandwidth increasing

• Component costs are dropping

• Linearity is a challenge for large MUX factors for CMB-S4
• LNA linearity improvements might be possible if trade off with noise

• Tone tracking, feed forward, chirped readout etc. 

28

Challenges & opportunities for next-gen warm readout
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Conclusions

• Traditional cold & warm readout has served 2 generations of CMB 
cameras, but no more!

• Microwave resonators will enable larger camera sensor counts
• TES, MKIDs are starting to take advantage

• MUX ~1000 being achieved, several 1000 around the corner

• Warm readout 
• ADC, DAC and FPGA technology advancing quickly to take advantage of 

superconducting resonators 

• CMB-S4 and next-generation CMB experiments will take advantage of 
this progress in cold and warm readout technology for quantum 
sensors.

29
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SLAC Microresonator RF Electronics (4 GHz)

• 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

• Full hardware prototype now being tested 

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

31

ATCA shelf and cards

Carrier cards
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Linearity:

• If the system bandwidth includes 
an octave or more bandwidth, 
2nd order non-linear products are 
important (f1-f2) is in-band. 

• Otherwise the first important 
nonlinear terms are 3rd order 
(f1+f2-f3) which are typically 
smaller. 
• This can still work but requires 

careful design. 
• Signal levels need to trade off 

noise vs nonlinearity throughout 
the design 
• Generally implies low gain 

amplifier stages 
• SMuRF uses a low gain HEMT 

and 50K amplifier 
• SMuRF design avoids octave 

bandwidths.

With randomly spaced lines, the intermodulation 
products look like broadband noise

With evenly spaced lines the intermodulation 
products are “hidden” underneath the main 
lines, invisible but still there

Linearity needs to be tested with random line spacing
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Cold MUX tests: Flux Ramp Tracking Demonstration

• All lines operational, single line frequency vs time shown. 
• Performance good for 5KHz flux ramp  
• For faster flux ramp will need feed-forward 

• Electronics and algorithm latency limit bandwidth 
• Already in development for 1MHz X-ray sensor 
• For CMB, physics signal is small (icy blackness of space) 
• Flux ramp very reproducible -> feed forward should work easily!

Response time test: 5KHz square wave flux ramp Flux ramp 2Φ0 ramp, 5KHz ramp, 10KHz Φ0 
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Full loopback test: noise measurement

• Noise measurements on all 4 blocks.

• Receive requirements 85dBc/Hz, 15dB below transmit requirements 
due to line tracking  
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4-4.5GHz 
100dBc/Hz

4.5-5GHz 
96dBc/Hz

5-5.5GHz 
96dBc/Hz

5.5-6GHz 
94dBc/Hz

• Noise measured in 1MHz 
band around “missing line” 

• Full 2GHz bandwidth 
operating for each 
measurement



Zeeshan Ahmed Workshop on Quantum Sensing for HEP 2017

Results: Improved HEMT linearity

• HEMT has low noise noise (-194dBc/Hz) but poor linearity: -44.1dBm input IP3
• Low Gain HEMT: HEMT IP3 is limited by the output stage, so by removing 

one stage (out of 3 total) and get 13dB less gain, 13dB higher input IP3 and 
the same noise.   -29.5dBm input IP3 

• Line tracking reduces signal by ~15dB due to resonance dips

• For 2000, -70dBm input lines, reduced to -85dBm by line tracking:
• Original HEMT:  83dBc/Hz  (want total system >85dBc/Hz on receiver)

• Low gain HEMT: 113dBc/Hz – no longer limiting!
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High Gain, IIP3 = -44.1dBm Low Gain, IIP3 = -29.5dBm


