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A	  brief	  history	  

•  1960:	  Frank	  Low	  develops	  cooled	  semiconductor	  (Ge)	  
bolometer	  
–  Improved	  over	  next	  40	  years	  
–  Leads	  to	  COBE,	  SCUBA,	  Planck	  HFI,	  SPIRE…	  

•  1970:	  Wilson,	  Jefferts	  &	  Penzias	  detect	  CO(1-‐0)	  
–  115	  GHz	  Scho[ky	  diode	  heterodyne	  receiver	  
–  Extended	  x40	  to	  4744	  GHz	  (O	  I	  @	  63	  µm;	  Betz)	  by	  1995	  

•  1979:	  SIS	  receivers	  demonstrated	  (Phillips,	  Richards)	  
–  Displace	  Scho[ky	  receivers	  by	  mid-‐1990s	  
–  SIS	  enables	  ALMA,	  Herschel	  HIFI	  

•  2000:	  Semiconductor	  bolometers	  superceded	  by	  
mulbplexed	  superconducbng	  arrays	  (e.g.	  SCUBA	  2)	  

•  What	  happens	  next	  ?	  



The	  next	  10-‐20	  years	  will	  bring:	  

•  Megapixel	  submm	  cameras	  
– CCAT	  FOV	  can	  approach	  1	  degree	  
– Cost	  is	  the	  key	  issue	  

•  “3D”	  redshii	  machines	  with	  R	  ~	  700	  and	  103	  
or	  more	  simultaneous	  beams	  on	  the	  sky	  
– Size	  and	  cost	  are	  key	  issues	  

•  	  10x	  sensibvity	  improvement	  for	  ALMA	  
– Need	  to	  expand	  instantaneous	  bandwidth	  
– More	  cost	  effecbve	  than	  adding	  dishes	  	  



CCAT	  
25m	  diameter	  
10	  µm	  rms	  
80%	  efficiency	  @	  350	  µm	  
3”.5	  beam	  @	  350	  µm	  
1	  deg	  FOV	  



Herschel	  ATLAS	  SDP	  
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Faint	  source	  confusion	  
~	  2	  beams	  per	  source	  
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Gain	  with	  CCAT	  



CCAT	  vs	  Herschel	  

Credit:	  J.	  Glenn/U.	  Colorado	  
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Cost	  is	  the	  overriding	  issue	  
•  SHARC	  1	  (1995)	  

– $1M	  /	  20	  detectors	  =	  $50k/detector	  

•  SHARC	  2	  (2000)	  
– $2M	  /	  400	  detectors	  =	  $5k/detector	  

•  SCUBA	  2	  (2010)	  
– $30M	  /	  10k	  detectors	  =	  $3k/detector	  

•  CCAT	  goal	  
– $10M	  /	  1M	  detectors	  =	  $10	  /	  detector	  

•  Keep	  it	  simple	  !	  



Frequency-‐mulbplexed	  superconducbng	  
microresonator	  detectors	  (MKIDs)	  
TiN	  inductor	  &	  	  
radiabon	  absorber	  capacitor	  
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Microwave dissipation: 3 pW 
Far-IR loading: 5 pW 
Tc = 2 K 
Tbath = 120 mK (goal: 350 mK) 
Qi = Qc = 800,000 (goal: 200,000) 

SCUBA-‐2	  specificabon	  @	  450	  µm	  

Sensibvity	  

Expected	  performance	  at	  350	  mK	  
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Note:	  NEP	  of	  4	  x	  10-‐19	  W	  Hz-‐1/2	  demonstrated	  
using	  smaller	  volume	  MKIDs	  



Readout	  Electronics	  
•  Generate	  sum	  of	  sine	  waves	  

–  Store	  in	  waveform	  buffer	  RAM	  
–  Play	  out	  conbnuously	  to	  DAC	  
–  Send	  to	  array	  

•  Digibze	  array	  output	  
–  	  500	  MSPS	  for	  250	  MHz	  bandwidth	  

•  Calculate	  FFT	  to	  separate	  carriers	  
– NFFT	  ~	  10	  *	  	  (f	  /	  Δf)	  *	  Q	  
–  Keep	  ~103	  carrier	  channels,	  discard	  rest	  
– Decimate	  to	  100	  –	  200	  Hz	  (complex)	  data	  rate	  
–  Stream	  to	  disk	  



Readout	  Cost	  

•  Rough	  esbmate	  
–  few	  103	  detectors	  per	  $10k	  
–  <	  $5	  per	  detector	  achievable	  today	  

www.pentek.comOne Park Way ! Upper Saddle River ! New Jersey 07458
Tel: 201.818.5900 ! Fax: 201.818.5904 ! Email: info@pentek.com
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General Information
Model 78650 is a member of the Cobalt®

family of high performance PCIe boards
based on the Xilinx Virtex-6 FPGA. A multi-
channel, high-speed data converter, it is
suitable for connection to HF or IF ports of a
communications or radar system. Its built-in
data capture and playback features offer an
ideal turnkey solution.

 It includes two A/Ds, one DUC (Digital
Upconverter), two D/As, and four banks
of memory. In addition to supporting PCI
Express Gen. 2 as a native interface, the
Model 78650 includes optional general-
purpose and gigabit serial card connectors
for application specific I/O protocols.

The Cobalt Architecture
The Pentek Cobalt architecture features

a Virtex-6 FPGA. All of the board’s data and
control paths are accessible by the FPGA,
enabling factory installed functions includ-
ing data multiplexing, channel selection,
data packing, gating, triggering and memory
control. The Cobalt architecture organizes
the FPGA as a container for data processing
applications where each function exists as
an intellectual property (IP) module.

Each member of the Cobalt family is
delivered with factory installed applications
ideally matched to the board’s analog inter-
faces. The 78650 factory-installed functions
include two A/D acquisition and one D/A
waveform playback IP modules. In addition,
IP modules for either DDR3 or QDRII+
memories, a controller for all data clocking
and synchronization functions, a test signal
generator and a PCIe interface complete

the factory-installed functions and enable
the 78650 to operate as a complete turnkey
solution, without the need to develop any
FPGA IP.

Extendable IP Design
For applications that require specialized

functions, users can install their own custom
IP for data processing. Pentek GateFlow
FPGA Design Kits include all of the factory
installed modules as documented source code.
Developers can integrate their own IP with
the Pentek factory-installed functions or use
the GateFlow Design Kit to completely replace
the Pentek IP with their own.

Xilinx Virtex-6 FPGA
The Virtex-6 FPGA can be populated

with a variety of different FPGAs to match
the specific requirements of the processing
task. Supported FPGAs include: LX130T,
LX240T, LX365T, SX315T, or SX475T. The
SXT parts feature up to 2016 DSP48E slices
and are ideal for modulation/demodulation,
encoding/decoding, encryption/decryption,
and channelization of the signals between
transmission and reception. For applications
not requiring large DSP resources, one of
the lower-cost LXT FPGAs can be installed.

Option -104 connects 20 pairs of LVDS
signals from the FPGA on PMC P14 to a
68-pin DIL ribbon-cable header on the PCIe
board for custom I/O.

Option -105 connects two 4X gigabit
serial links from the FPGA on XMC P16 to
two 4X gigabit serial connectors along the
top edge of the PCIe board.  "

Features
# Complete radar and software

radio interface solution
# Supports Xilinx Virtex-6

LXT and SXT FPGAs
# Two 500 MHz 12-bit A/Ds
# One digital upconverter
# Two 800 MHz 16-bit D/As
# Up to 2 GB of DDR3 SDRAM

or 32 MB of QDRII+ SRAM
# Sample clock synchronization

to an external system reference
# LVPECL clock/sync bus for

multiboard synchronization
# PCI Express (Gen. 2)

interface up to x8
# LVDS connections to the

Virtex-6 FPGA for custom I/O

New
!

New
!

New
!

New
!

New
!

ROACH	  2	  +	  custom	  ADC,	  DAC	  
1U	  server	  +	  GPU	  +	  PCIe	  ADC/DAC	  



Evolubon	  of	  the	  Z-‐spec	  concept	  

APM 08279+5255 Water Spectrum 3

Fig. 1.— Z-Spec spectrum of APM 08279+5255. Dashed vertical lines show all transitions of CO and H2O with upper-level energies
below 700 K which lie in the band. The position of the [NII] 205 µm transition is also noted. Diamonds show continuum measurements
from (in increasing frequency): Plateau de Bure (W07), SCUBA (Lewis et al. 1998), CARMA (this work), CARMA (this work), and the
SMA (average of two sidebands—horizontal and vertical bars indicate bandwidth and uncertainty) (Krips et al. 2007). The lower spectrum
shows the data with a fit to the continuum and CO lines subtracted.
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Fig. 2.— CARMA spectrum of the 32,1→31,2 H2O transition.
The velocity scales refers to z = 3.9119. The plotted spectra are
not corrected for the atmospheric decorrelation, though the entries
in Table 1 are.

(van der Werf et al. 2010). In any case, our CARMA
measurement is consistent with Z-Spec in both the line
flux and continuum to better than the statistical uncer-
tainties.
CO J = 10 → 9 is clearly blended with the H2O

31,2→22,1 transition; the two transitions are separated
by 297 km s−1, about 1/3 of a Z-Spec channel. We fit

the two simultaneously, but only their sum is meaningful.
We estimate the flux of CO J =10→9 as the geometric
mean of the J = 9→ 8 and J = 11→ 10 intensities in
temperature units, and then subtract this value from the
fitted flux of the CO+water blend to arrive at an esti-
mate of the flux for the water line. We find that the water
and CO fluxes are comparable, though the formal SNR
for each is modest (∼ 2.0) as the errors are propagated
in this estimate.
Figure 1 and Table 1 show all eight H2O transitions in

the band with upper level energies less than 700 K. Of
these, we detect four in emission with >2.3σ significance.
While less than the customary 3σ, 2.3σ corresponds to
a likelihood of only (1 − erf(SNR/

√
2))/2 = 1.0% that

the transition is not real with positive flux, if the noise is
Gaussian. In addition to 31,2→22,1 described above (2σ
is only 2.2% likely to be false), we tentatively identify
two additional transitions in emission at lower signifi-
cance (11,1→00,0 and 22,0→21,1) and estimate fluxes and
upper limits. 20,2→11,1 can only offer an upper limit.
In Figure 3, we plot 2σ upper limits, corresponding to a
98% confidence level.
The ground-state fine-structure transition of [NII]

(3P1 →3P0, λrest=205.18 µm) is identified as tentatively
in emission at low significance (1.4σ). The value is consis-
tent with the lower limit obtained by Krips et al. (2007)
with the SMA (3σ < 9 Jy km s−1 in a single beam beam,
3σ < 16 Jy km s−1 if scaled to the continuum source size
(Ferkinhoff et al. 2010)).

Bradford	  et	  al	  2011	  

0.6	  m	  



Superconducbng	  mm-‐wave	  spectrometer,	  revisited	  
(G.	  Rebeiz:	  cochlea-‐inspired	  channelizing	  filter)	  
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A.	  Kovacs	  &	  J.	  Zmuidzinas,	  2010	  
SuperSpec:	  +	  P.	  Barry,	  M.	  Bradford,	  G.	  
Cha[opadhyay,	  N.	  Llombart,	  H.	  G.	  LeDuc,	  D.	  
Marrone,	  P.	  Mauskopf,	  S.	  Padin,	  E.	  Shirokoff	  

Atotal < 1 cm2 for R = 700, λ = 1 mm
Will	  enable	  MOS/MBS	  with	  N~103.	  
Science:	  see	  Visbal	  &	  Loeb	  2010,	  2011;	  
also	  Gong,	  Cooray	  et	  al	  2011	  

input	  

Also:	  DESHIMA/SRON,	  A.	  Endo	  et	  al.	  



Traveling-‐wave	  KI	  Amplifier	  
•  Amplify	  350	  and	  450	  µm	  

windows	  simultaneously	  
•  Requires	  ~1	  mW	  pump	  at	  

500	  GHz	  
•  Quantum-‐limited	  noise	  

predicted	  
–  J.	  R.	  Tucker	  &	  D.	  F.	  Walls	  

1969,	  Phys.	  Rev.	  178,	  2036	  
–  Measured	  losses	  are	  

extremely	  low	  (Q	  ~	  107)	  
•  Area	  ~	  1	  mm2	  for	  

600-‐900	  GHz	  device	  
•  Use	  wideband	  Scho[ky	  

mixers	  for	  
downconversion	  

•  Microwave	  prototype	  
producing	  10	  dB	  gain	  
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J.	  Zmuidzinas	  &	  P.	  K.	  Day,	  2010	  



Wideband	  amplifier	  gain	  profile:	  
450	  &	  350	  µm	  windows	  

Ultra-‐wideband	  coherent	  receivers	  
(Atmosphere:	  Marrone	  et	  al	  2005,	  93	  µm	  PWV)	  



Summary	  

•  Superconducbng	  devices	  under	  development	  
will	  enable:	  
– Megapixel	  submm	  cameras	  
– “3D”	  spectroscopic	  imagers:	  1000	  x	  Zspec++	  
– Coherent	  submm	  receivers	  with	  200+	  GHz	  
instantaneous	  bandwidth	  

•  Enabled	  by	  the	  amazing	  properbes	  of	  
superconducbng	  nitrides	  (TiN,	  NbTiN,	  …)	  

•  The	  fun	  is	  just	  beginning	  !	  
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For	  more	  detail:	  
(Annual	  Reviews	  of	  Condensed	  Ma[er	  Physics,	  2011)	  

Superconducting Microresonators 1

Superconducting Microresonators: Physics

and Applications

Jonas Zmuidzinas

California Institute of Technology, Division of Physics, Mathematics, and

Astronomy, 301-17, Pasadena CA 91125

Key Words Superconductivity, microwaves, resonators, superconducting de-
tectors, two-level systems

Abstract Interest in superconducting microresonators has grown dramatically over the past

decade. Resonator performance has improved by several orders of magnitude through the use of

improved geometries and materials as well as a better understanding of the underlying physics.

These advances have led to the adoption of superconducting microresonators in a large number

of low-temperature experiments and applications. This review outlines these developments, with

particular attention given to the use of superconducting microresonators as detectors.
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