
Prospects	for	a	10x	reduction	in	the	cost	of	superconducting	sensors
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• Past	&	present	CMB	experiments	use	several	thousand	sensors
• Near	term	CMB	experiments	will	use	104	(SPT3G)	to	5×104 sensors	(Simons)
• Future	CMB	experiments	(S4)	may	use	5×105 sensors	=	300	wafers

• This	is	not	overwhelming,	but	still	desirable	to	reduce	cost	and	production	time
• Important	caution:	sensors	are	not	the	dominant	cost	of	an	instrument
• Large	improvements	in	sensor	production	rate	possible, but	instrument	costs	harder	to	bring	down

cost	fractions	(notional)

sensors readout

integration	&	test cryogenics	and	dewar
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H.	Hubmayr:	present	NIST	production	rate	
~	3	wafers/month.		x3	years,	x3	institutes	=					

300	wafers



• Good	part	yields	reduce	this	
cost

• Work	underway	on	
commercial	sensor	
fabrication.		Certain	to	
increase	production	rates,	
uncertain	to	reduce	costs

• Several	institutes	make	CMB	
detectors	(ANL,	UCB,	NIST,	
Goddard,	JPL,	…).		Some	
steps	underway	to	
coordinate	fabrication	(UCB-
NIST).		But,	process	flows	
still	separate.		Is	any	
specialization	useful?		
Example:	TES	films	from	
common	source.

Ideas	for	improving	costs	and	production	rates
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Sensors Readout Cryogenics	&	Dewar Integration	&	Test
• Good	part	yields	

best	way	to	reduce	
this	cost

• Modern	tooling	
useful:	automatic	
wirebonders,	
automatic	300K	
probe	stations,	
automatic	4K	probe	
stations,	…

• MKID	integration	
easier	than	TES	(but	
production	costs	
similar)

• Already	commercial	items
• Use	SBIR	program	to	fund	

development	of	“economical	
dilution	refrigerator”?		
Dilution	fridge	for	CMB	
different	than	fridge	for	
quantum	computing.		One	
manufacturer	has	already	
shown	that	fridges	for	sensors	
can	be	less	expensive

• Traditionally	purchased	
individually	for	each	project	
and	different	each	time.		Can	
projects	converge	on	some	
common	components	and	
purchase	together?

• Microwave	readout	for	
TESs	and	MKIDs	promises	
much	higher	multiplexing	
factors:	O(103)

• But	costs	of	new	
electronics	(SLAC,	FNL,	
Abaco)	need	to	be	
understood.		SBIRs?

• Packaging	and	cabling	
technologies	strongly	
affect	yield	and	ease	of	
integration.		Often	
overlooked	and	under-
resourced.		Many	efforts:	
>5	institutes	making	
superconducting	flex

Costing	is	complicated:	not	all	$	are	the	same,	large	tool	sets	already	exist,	institutes	make	their	own	equipment	and	R&D	
investments,	physicists	aren’t	economists … .		



Prospects	for	bringing	superconducting	sensors	to	a	scale	comparable	to	
semiconductor	devices

• CCDs	and	active	pixel	sensors	routinely	achieve	pixels	counts	of	O(106)	or	more

• Largest	instruments	with	superconducting	sensors	have	~104 pixels:	SCUBA2,	SPT3G,	optical	MKIDs,	…

• At	CMB	wavelengths,	semiconductor	sensors	aren’t	ideal	predictor	of	technological	direction:		pixel	size	~	1	mm2 so	106
pixels	occupy	~1	m2.		 Poses	unique	challenges

• Nonetheless,	some	approaches	from	semiconductor	instruments	worth	considering	such	as	hybridization	using	solder	or	
indium	bumps	to	mate	sensors	and	readout.		Good	for	scalability,	but	in	tension	with	desire	for	low	cost	and	high	
production	rates.			

• Good	reasons	to	be	optimistic	about	scalability	of	readout	technologies	for	superconducting	sensors:
- microwave	readout	for	TESs	and	MKIDs
- multiple	stages	of	multiplexing	to	use	bandwidth	most	efficiently
- other	useful	devices:	parametric	amplifiers	…
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fc¼ 55 GHz. Because the third harmonic of the pump tone at
3fp " 18 GHz is a significant fraction of fc, simulation shows
that the harmonic growth is limited by the natural phase
mismatch between the pump and third harmonic due to
the intrinsic dispersion from the low-pass cutoff limits. This
option represents an advantage of the lumped-element archi-
tecture over the CPW. Every 340 unit cells, a set of four
resonators is embedded in the transmission line. These reso-
nators have a design resonant frequency of 6 GHz and a qual-
ity factor of 70. Two resonators are embedded in parallel at
the same point symmetric about the center strip, as shown in
Fig. 2(c). This symmetry prevents the excitation of parasitic
slot-line modes. Following an additional six unit cells, equiv-
alent to one-quarter wavelength at fp, a second pair of reso-
nators is embedded. The four-resonator section serves as a
phase shifter block. Simulation shows that each block can
introduce up to 30# pump phase shift with negligible inser-
tion loss (<0.1 dB). A total of six resonator phase shifter
blocks are embedded in the 10 cm-long transmission line.
The electrical and physical lengths are approximately the
same as for the “fishbone” design.

Both amplifier designs were fabricated on a 6-in. intrin-
sic silicon wafer. A NbTiN film 20 nm thick was deposited
on the Si substrate and patterned using a CF4-O2 etch to min-
imize overetch into the Si and maintain a constant imped-
ance over the 6-inch wafer. The critical temperature of the
film was measured to be 15 K. The wafer was diced into
10 cm long and 4–10 mm wide chips with one or a few devi-
ces on each chip.

We cooled the devices to a temperature of 100 mK in a
dilution refrigerator and measured the broadband gain using
a vector network analyzer (VNA). The gain was determined
by measuring the transmission through the device with and
without the presence of the pump tone.

We first measured a single 10-cm amplifier device and
achieved a maximum gain of 9 dB in both versions. In order
to achieve our target gain of 15 dB, for both designs, we cas-
caded two amplifiers which effectively created a 20 cm-long
device.

The measurement result from the cascaded “fishbone”
amplifiers is shown in Fig. 3. The transmission through the
device with the pump off (blue) and the pump on (red) is
illustrated in Fig. 3(a). The stopband formed by the periodic
loading structure that introduces the pump dispersion falls
at 6.4 GHz, which agrees well with our circuit simulation.
We achieve broadband gain (red) by injecting a pump tone at

fp ¼ 6:22 GHz with a power of 100 lW. Fig. 3(b) demon-
strates a peak gain of 15 dB, with a 3 dB double-sided band-
width of 3 GHz (1.5 GHz on each side of the pump
frequency). There are two dips in the gain profile next to the
pump frequency. The dip above (below) the pump frequency
is due to the signal (idler) falling in the stopband. Comparable
gain and bandwidth has only been achieved with CPW ampli-
fiers having an order of magnitude greater length (2 m) and a
factor of 2 greater pump power (200 lW).17,18 The gain ripple
at peak gain, 63 dB, is also improved from the previous CPW
amplifier. We attribute this to the “engineered” 50 X charac-
teristic impedance of the artificial transmission line and the
elimination of impedance transformers. Indeed, time domain
reflectometry (TDR) measurements on the device have veri-
fied that Z0 ¼ 47X. TDR measurements also reveal that
some reflection remains at the input/output ports, likely from
wirebonds. We plan to improve the connection technique in
the future.

The measured performance of the cascaded “leaf”
amplifiers using resonator phase shifters is shown in Fig. 4.
The transmission through the device with the pump off
(blue) and the pump on (red) is illustrated in Fig. 4(a). As
indicated by the pump-off transmission, the resonant fre-
quency of the embedded resonators falls at approximately
6.2 GHz. By injecting a pump tone at 5.92 GHz with 60 lW
of power, we achieve a peak gain of 15 dB, with a 3 dB
double-sided bandwidth of 1 GHz as shown in Fig. 4(c). The
bandwidth is smaller than the periodically-loaded amplifier.
While the cause is under investigation, we speculate it may
be related to two factors. First, the stopband near the pump
is wider (300 MHz for the “leaf” amplifier vs. 160 MHz for
the “fishbone” amplifier), which consumes wider bandwidth.
Second, because the cutoff frequency is lower (55 GHz
vs. 318 GHz), the intrinsic low-pass dispersion introduces a
greater phase mismatch, which reduces the gain at a fre-
quency detuned from the pump. We also notice a dip at
5.3 GHz in the pump-off transmission of Fig. 4(a). The unex-
pected dip is likely due to a parasitic mode, and we believe it
is not intrinsic to the design. The gain ripple at the top of the
gain curve, about 62 dB, is similar to the “fishbone” design.

It is useful to compare the artificial transmission line
amplifier design with the conventional CPW design.18 The
key aspect is the large interdigitated capacitors introduced in
the artificial transmission line architectures, which has effec-
tively increased the capacitance per unit length by a factor of
16 as compared to the distributed capacitance in the CPW

FIG. 3. Gain-bandwidth measurements from two cascaded “fishbone”
amplifiers with periodic impedance loadings. (a) Transmission jS21j2 with
the pump off (blue) and the pump on (red). (b) Gain profile. The measured
gain curve is shown in blue, while a smoothed gain curve is shown in red.

FIG. 4. Gain-bandwidth measurements from two cascaded “leaf” amplifiers
with embedded resonators. (a) Transmission jS21j2 with the pump off (blue)
and the pump on (red). (b) Gain profile. The measured gain curve is shown
in blue, while a smoothed gain curve is shown in red.
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lumped-element inductors and capacitors instead of the dis-
tributed inductances and capacitances in a conventional trans-
mission line.25 A lumped-element transmission line with
inductance L and capacitance C per unit cell possesses a char-
acteristic impedance Z0 ¼

ffiffiffiffiffiffiffiffiffi
L=C

p
and a low-pass cutoff fre-

quency fc ¼ 1=p
ffiffiffiffiffiffi
LC
p

. At frequencies far below fc, an
artificial transmission line behaves like a conventional trans-
mission line with the same characteristic impedance Z0. A
50 X artificial transmission line may readily be made by
appropriately tuning the unit-cell inductance and capacitance,
eliminating the need for impedance transformers used in the
CPW design. The intrinsic low-pass characteristic also natu-
rally suppresses any pump harmonics above fc.

We present two amplifier designs implementing different
phase-matching architectures: the periodic impedance load-
ing scheme and the resonator phase shifter scheme. The two
designs also use different harmonic suppression methods.

The design with periodic impedance loadings is shown in
Fig. 1. We place 2 lm interdigitated capacitor (IDC) fingers
on both sides of the 2 lm center strip, forming a “fishbone”
pattern as shown in Figs. 1(b) and 1(c). The inductance and
capacitance per unit cell (8 lm long) are 50 pH and 20 fF,
respectively, yielding a characteristic impedance of 50 X and
a cutoff frequency of fc¼ 318 GHz.

The loading scheme in Figs. 1(a) and 1(b) is analogous
to that used in CPW-based NbTiN amplifiers.17,18 The char-
acteristic impedance of the transmission line is modified
every one-sixth of a wavelength at a frequency slightly above
the pump frequency fp to form a wide stopband at 3fp. In addi-
tion, every third loading is modified in length (longer or
shorter relative to the first two) to create a narrow stopband
near fp. Placed just below this narrow stopband, the pump
tone picks up additional phase shift to fulfill the phase-
matching condition, while its third harmonic is suppressed
by the 3fp stopband. As a result, exponential gain can be
achieved over a broad bandwidth of more than one-half the
pump frequency.17,20

We create periodic impedance loadings by reducing the
length of the IDC fingers in the loaded sections. As shown in
Fig. 1(c), every 22 unit cells (corresponding to one-sixth of a
wavelength at "6 GHz), the IDC finger length—and thus,
the capacitance—is reduced by a factor of 5. This effectively
increases the characteristic impedance from 50 X to 111 X.
The reduced capacitance occurs for two consecutive unit
cells. In every third loading, the number of unit cells with
reduced capacitance is doubled to four. The cutoff frequency
of 318 GHz is sufficiently high that it does not interfere with
the loading stopbands for the pump and third harmonic. The
electrical length of the amplifier is approximately 70 wave-
lengths at the pump frequency of "6 GHz, and the physical
length is 10 cm.

Fig. 2(a) shows an alternative phase-matching scheme
based on resonator phase shifters embedded along the trans-
mission line. This technique was demonstrated earlier for
traveling-wave Josephson parametric amplifiers in Ref. 24.
To correct the nonlinearity-induced phase mismatch, we peri-
odically place resonators, with resonant frequency slightly
above the desired pump fr ! fp, along the transmission line.
The resonator phase shifts, but does not reflect, the pump tone
while leaving the phase of the signal and idler far detuned
from the resonator unchanged (see Fig. 2(b)). In this manner,
the phase mismatch accumulated along each section of non-
linear transmission line is countered by the phase shift intro-
duced by the resonator. For a sufficient number of resonators,
the structure approximates a transmission line with continu-
ous dispersion, and phase-matched gain may be achieved.24

In our design in Figs. 2(c) and 2(d), which resembles the
shape of a leaf, the inductance and capacitance in each unit
cell of the lumped-element transmission line (displayed
schematically in Fig. 2(a)) are 290 pH and 116 fF, yielding a
characteristic impedance of 50 X and a cutoff frequency of

FIG. 1. Design of the periodically-loaded NbTiN “fishbone” parametric
amplifier. (a) The schematic circuit model for a periodic loading section in an
artificial transmission line, in which the capacitance is reduced from C to C0.
(b) Micrograph of the periodically loaded artificial transmission line showing
one period of the loading section (bottom) and a cartoon showing its trans-
mission line model (top). (c) A zoomed-in view highlighting an LC unit cell
in the loaded section. In both (b) and (c), light color represents areas covered
by NbTiN, and dark color represents gap areas with NbTiN etched off.

FIG. 2. Design of the LC resonator-embedded NbTiN “leaf” parametric
amplifier. (a) The schematic circuit model for the resonator embedding in an
artificial transmission line. (b) Phase shift through a resonator. The resonator
introduces a frequency-dependent phase shift which acts mainly on the
pump tone. (c) Micrograph of a section of the device showing a 4-resonator
phase shifter block embedded in the transmission line. (d) A zoom-in view
highlighting a symmetric resonator pair and a unit cell. In both (c) and (d),
light color represents areas covered by NbTiN, and dark color represents
gap areas with NbTiN etched off.
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1. Fabricating	300	wafers	of	sensors	for	CMB	S4	is	a	large	challenge,	but	not	an	overwhelming	one.		
Existing	production	rates	X	3	years	X	3	institutes	can	meet	demand.

2. Cost	and	difficulty	for	integration	&	test,	readout,	and	cryogenics	&	dewars are	comparable	to	sensor	
production.		For	example,	sensor	testing	may	take	longer	than	sensor	production.		These	project	
elements	should	not	be	ignored.	

3. There	are	numerous	ways	to	increase	production	rates,	lower	costs,	and	add	technical	capability	(but	
none	are	truly	blue	sky).

Conclusions


