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Cosmology with Nanotechnology

Probing the Cosmic History of 
Star- and Galaxy-Formation

Imaging arrays → 2D projection

The 3rd dimension = redshift (time) 

Galaxies in
3D space

Time

2D projection

broadband (several 100 GHz)

spectrometer = Z-machine
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DESHIMA: Redshift (Z)-machine using MKIDs

MKID cameras under development:

>10k pixels

Enough for 10 pixels x 1000 colors

instantaneously cover 

300-950 GHz with a frequency 

resolution of f/df = 1000

e.g., C+ 1.9 THz line at redshift 1-5
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Grating Type Z-machine with MKIDs ?

1st generation grating z-machines 

with 100-1000 detectors have been 

successful (Z-spec, ZEUS)

Technology: 

big leap from a plain imaging camera

Flexibility:

spatial sampling over a 2D space?

Grating

10k pixel MKID array
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Our Home Ground Technology:
Lens-antenna Coupled NbTiN/Al MKIDs

Photon-noise limited NEP down to 

loading powers of 100 fW 

(Yates et al., APL, arXiv:1107.4330v1)

NbTiN transmission lines 

lossless up to 1.1 THz

Coherent radiation coupling 

(efficiency > 80%)

Yates et al. APL (2011)
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Integrated Filterbank (IFB): Idea
Readout

Signal

Antenna

Filter

KID

Absorber
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“That has been done 20 years ago!”

Key points

Convenient resolution: f/df = 1000

Coupled resonators provide a flat-top transmission profile

A low-cost filterbank spectrometer for submm observations in radio 
astronomy 
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We describe the design and construction of a filterbank of novel design which uses sections of 
coaxial transmission line as filter elements. This filterbank is a lower cost alternative to 
standard (solid-state) filterbank designs, and is appropriate in situations where large total 
bandwidths are required, as is the case for submillimeter observations of extragalactic objects. 

1. INTRODUCTION 
In millimeter-wave radio astronomical receiving sys- 

tems designed for spectral observations, the cost of the spec- 
trometer (or “backend”) can dominate the cost of the entire 
system. This is especially true with the advent of imaging 
arrays which require the same number of spectrometers as 
there are detectors. Thus, there is ar need to develop low-cost, 
reliable backends for these applications. 

The simplest type of spectrometer available consists of a 
bank of filters spaced in frequency by the passband of an 
individual filter. One of the major costs of these filterbanks is 
associated with the large number of local oscillator sources 
and power splitters that they utilize. These elements are 
needed because the filters are made from discrete solid-state 
devices, and operate well only at relatively low frequencies 
( < 100 MHz). As a consequence, only a few channels can be 
designed to be near each other in frequency space, and the 
number of frequency conversions necessary to crowd all the 
channels into the same frequency space grows very quickly 
with the total number of channels required. Thus, if one 
wishes to simplify this initial signal processing, it becomes 
necessary to increase the operating frequency of all channels 
in the system. 

Advances in receiver technology’ currently allow ra- 
dio-astronomical observations in the submillimeter wave- 
length range (0.1 mm </2 < 1 mm). With the increase in 
observing frequency, the total bandwidth that the backend is 
required to have in order to cover a given velocity range also 
increases. Consequently, in order to appropriately cover the 
spectral range of emission of some molecular line astronomi- 
cal sources (i.e., galaxies) a large total bandwidth is required 
( - 500 MHz or greater). This constraint also favors the in- 
crease in the operating frequency of the receiver backend. 

In this article we describe the design and construction of 
a filterbank spectrometer that was used as the backend of a 
submillimeter receiver described elsewhere.‘,’ The major 
motivation for the design of this filterbank was the desire to 
produce a low-cost backend suitable for the spectral study of 
molecular line emission from galactic molecular clouds. The 
parts cost of this filterbank, at the time of writing, is - $60 
per channel including input and output signal processing, 
which is a factor of 2 less than in most designs. 

The filterbank consists of 64 channels of 2 MHz individ- 

ual bandwidth operating between -440 and -570 MHz, 
and provides a total spectral coverage of -77 km/s at an 
observing frequency of 500 GHz. Subsequent filterbanks 
consisting of 64 channels with 5 MHz individual bandwidth 
have been built with an essentially identical design to permit 
observations of extragalactic sources. These tilterbanks are 
being used as backends for the 15 element mm array current- 
ly in operation at the Five College Radio Astronomy Obser- 
vatory.J 

In the next sections, we shall describe in more detail the 
individual filter response, the general layout of the spec- 
trometer and its major components, and finally we discuss 
the evaluation of the completed apparatus. 

II. GENERAL DESCRIPTION 
The simplest possible filter structure at microwave fre- 

quencies is a transmission line resonator. We have chosen to 
base our design on a resonator which consists of a section of a 
coaxial line. The resonant frequency of this structure is de- 
termined by the length of the section (/z 1~ 2L). The Q of the 
resonance (Sf =J;,/Q; Sfis the width of the filter) is basical- 
ly determined by the shunt impedance of the equivaIent cir- 
cuit of the transmission line, i.e., by the losses in the trans- 
mission line. The shape of this filter’s response is then 
determined by the geometry of the coaxial line, and the elec- 
trical properties of the material out of which it is made. We 
have chosen to use the largest convenient diameter of stan- 
dard 50 R coaxial copper transmission line (o.d. of outer 
conductor is 8.255 mm, and the i.d. of the outer conductor is 
6.75 mm) with stranded inner conductor and polyethylene 
dielectric. The losses in the transmission line limit its Q to 
about - 300 in the frequency range we have adopted. We 
have chosen to operate the filterbank at a center frequency of 
500 MHz, as a compromise between keeping the losses rea- 
sonably low, and the physical lengths of the resonators man- 
ageably short. The inherent Q at this frequency limits the 
minimum filter bandwidth to 1.7 MHz, and causes a rapid 
increase in insertion loss below - 2 MHz. The typical inser- 
tion loss of a 2 MHz filter is - 8 dB, and the typical length of 
one half-wave resonator - 20 cm. 

The ideal filter frequency response is flat topped and 
with sharply descending skirts. In order to achieve this re- 
sponse and to be able to control the width of the filter charac- 
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teristic, we have built each filter out of two capacitively cou- 
pled, identical coaxial line resonators such as the one 
described above; in Fig. 1 we present a schematic of this 
arrangement. The combined resonator allows two coupled 
resonant modes at slightly different frequencies. The cou- 
pling capacitor becomes the means ofdetermining the width 
of the overall response of the filter. The flatness of the re- 
sponse is determined by the separation of the two resonant 
modes and their intrinsic widths. Thus, undercoupling of the 
two sections leads to a center-dipped profile, while excessive 
coupling leads to a rounded profile. 

An additional means of controlling the center frequency 
of the overall response of the filter is provided by the source 
and load impedances. In our scheme, the input power travels 
on a 50 R microstrip line and is fed to the filter via a capaci- 
tor; power travels out of the filter in a similar fashion. Thus, 
one can pull slightly the center frequency of the filter by 
varying the value of the two coupling capacitances. In prac- 
tice, however, every change in the circuit affects both the 
filter shape, its center frequency, and its insertion loss. A 
certain amount of trial and error is thus necessary to achieve 
the desired characteristics. 

The filter response shows a fairly good skirt rolloff ( > 6 
dB/MHz). This means that one can drive several filters in 
parallel without significant mutual loading, as long as the 
center frequencies of the filters are separated by more than 
twice the individual filter width (4 MHz). Thus, to fully 
sample the frequency spectrum it is necessary to have at least 
two banks of filters, arranged in such a way that the frequen- 
cy centers in one bank are located at values intermediate 
between the center frequencies ofthe other bank. In practice, 
with filters separated by 4 MHz, there is some mutual load- 
ing between adjacent filters. As a consequence, when one is 
tuning one filter there will be some change in the response of 
nearby filters; thus, the tuning process of a given bank of 
filters is an iterative one, in which several passes over the 
whole bank have to be made to achieve adequate filter shapes 
for all channels. The usual number of passes in this process is 
not large, averaging about three. Overall, the tuning process 
is a fairly labor-intensive procedure, and requires some prac- 
tice to achieve optimum performance. 

The number of filters that one can drive in parallel (i.e., 
from the same microstrip) is mainly determined by two con- 
siderations: ( 1) the amount of dispersion in the insertion 
loss of the filters that the video detectors placed at their out- 
put will tolerate (since they should all operate at roughly the 
same power level to preserve similar linearity characteris- 
tics); and (2) the fact that the cavity resonators are also 
responsive to frequencies at all harmonics of the resonant 
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FIG. I. Schematic diagram of the physical realization ofa single filter in the 
2 MHz filterbank, with typical values for the various circuit elements. 

frequency limit the practical bandwidth available. The first 
consideration dominates over the second one, and our initial 
experiments indicated that with a bank of 16 filters separated 
by 4 MHz we could achieve a total output power dispersion 
of -2 dB. Thus, our design for the 64-channel filterbank 
consists of four banks of 16 channels each; the filters in the 
two first and the two last banks are interleaved in frequency 
space (bank 1 has filters # 1,3,...,3 1; bank 2 has filters # 2, 
4 ,..., 32; bank 3 has filters # 33, 35 ,..., 63; and bank 4 has 
filters # 34, 36 ,..., 64). 

In Fig. 2 we present a schematic of the different compo- 
nents of the spectrometer. The input section carries the sig- 
nal to the four banks of filters. Each filter is followed by a 
detector stage which converts the rf power into a processable 
voltage signal; this signal is amplified and fed into a process- 
ing section. In this stage electronic circuits convert the vol- 
tage signal into a frequency, which the data-acquisition com- 
puter can read. 

The input processing section consists mainly of a wide 
(200 MHz) bandpass filter centered at 500 MHz, a power 
amplifier ( - 38 dB) that provides the necessary rf power to 
drive the four banks of filters, and a four way power splitter 
to actually feed each bank. It is the low number of elements 
in this section that provides most of the cost reduction 
achieved in this filterbank. Only one external local oscillator 
is needed to downconvert the IF signal from the receiver (at 
- 1.4 GHz) to the operating frequency of this spectrometer 
(-0.5 GHz). 

Ill. rf SECTION 
As was mentioned before, each bank of the four sections 

consists of 16 filters driven in parallel from a single 50 n 
microstrip. The signal is fed to the microstrip directly from 
the fourway splitter via semirigid coaxial cable. The micros- 
trip was etched on soft microwave substrate’ of 0.060 in. 
(1.5 mm) thickness, and is terminated by a 50 s1 resistor. 
The filters are coupled to the microstrip via a capacitor made 
from the same substrate, and roughly cut to the size needed 
to achieve the capacitance required for each filter (initially 
determined by numerical modeling of the whole circuit). 
During the tuning process the value of the capacitor is ad- 
justed by shaving its edges in situ. The capacitors are sol- 

I B-FILTER BANKS 
A 4X3-500 MHZ 
B 440-502 MHZ 
C 502-565 MHZ 
0 504-567 MHZ 

FIG. 2. General diagram of the overall layout of the filterbank. 
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dered to the microstrip and to the inner conductors of the 
coaxial resonators using low-temperature solder, both to 
prevent stripping of the copper microstrip and expansion of 
the resonator dielectric. 

The sections of coaxial transmission line are held down 
to an aluminum plate with three individual clamps. The cen- 
tral clamp covers the gap between resonator pairs which 
constitutes the coupling capacitor. Varying this gap changes 
the coupling enough to allow tuning of the filter width. The 
typical gap is - 1 mm yielding - 0.07 pF coupling capaci- 
tance between the flat ends and fringing fields of the two 
center conductors. 

The filters are coupled to the detectors via a capacitor 
similar to the one at the input, and a 50 R microstrip line 
etched on 0.030 in. (0.75 mm) soft substrate.” The substrate 
used is thinner at the output to allow narrower 50 R lines, 
which permits a more closely packed configuration of the 
detector section. The uneven filter lengths forced us to etch 
the output microstrips on a substrate section with a stepped 
profile. 

The lengths of the resonator sections were calculated 
using a numerical microwave network simulation pro- 
gram.6 Each 16 filter section was modeled independently. 
Subsequently the full bank was modeled and the filter sec- 
tions cut; in a few cases the estimated length was not ade- 
quate and the sections had to be recut. We attribute this to 
small variations in the dielectric constant characteristics of 
the coaxial lines. 

In Fig. 3 we present typical examples of the response 
characteristic of the filters as modeled on the computer and 
as realized in practice. 

IV. DETECTOR STAGE 
This section of the design is critical to the success of the 

spectrometer, because it must contribute as little noise as 
possible to the input, and its gain characteristics must be 
extremely stable over time. The diode itself has to be chosen 
carefully to provide good responsivity, large dynamic range, 
stable temperature characteristics, and a reasonably high 
video impedance (to prevent loading onto the filter and to 

I 1 I II I I- 

Frequency (MHZ) 

FIG. 3. Comparison of typical predicted (dashed line) and measured (solid 
line) filter response functions. The measured curves represent the three 
most common deviations from prediction in our set of filters, i.e., rounded, 
center-dipped, and inclined functions. Hrowever, in practice most filters 
haveshapes that conform better toexpectations than those hereshown. The 
small tickmarks are in 1 MHz and 1 dB intervals on the horizontal and 
vertical axes, respectively. 
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obtain a good match to the amplifier following it); it is also 
required that most of the diodes from a given batch have 
roughly the same properties. Cost is an important considera- 
tion ifone does not want the price of the detector to dominate 
the total per channel cost of the spectrometer, and one must 
ensure that the number of “bad” diodes in a given batch is 
low. 

If one calculates the output rms noise from a 2 MHz 
filter in a typical 30 s integration period, 
( AP/P) = 2.6 x 10 - 4, it becomes clear that the temperature 
stability of the diode must be very high in order for the drift 
not to dominate the response. We evaluated a number of 
diodes from different manufacturers, and opted for a germa- 
nium back diode manufactured by Custom Components.’ 
We tested the responsivity of these diodes to be - 1 mV/W, 
and operate them at - 10 mV, in which region they present 
good linearity over a dynamic range of at least 10 dB, which 
is sufiicient for most radio-astronomical spectral line stud- 
ies. At this operating point we measured a temperature drift 
characteristic of 0.14%/Y, which requires the diode tem- 
perature drift to be smaller than -0.18 “C over a 30 s inte- 
gration time period. 

The assembly of the detector stage reflects the need to 
equalize as much as possible the temperature drifts of the 
diodes. The diode anodes were soldered by pairs as close as 
possible to each other, and to other pairs, on copper ribbons 
which were then heat sunk with brass screws to the alumi- 
num plate. The cathodes were then contacted to the rf mi- 
crostrips by means of thin silver wire and a chip capacitor to 
prevent dc coupling. A 50 fi matching resistor on the rf side 
and a low-pass inductor on the dc side complete the detector 
circuit. 

The amplifier stage is also critical to the stable operation 
of the filterbank. Since high-quality (low-noise, low-drift) 
operational ampiifiers are fairly expensive, we decided to use 
a single-stage amplifier; this implies that the gain of the stage 
has to be very high to step from a few mV on the detector side 
to the level required by the V/Fconverters ( - 1 V). If rhe 
gain is very high, it will be very sensitive to the value of the 
feedback and input impedances; thus, we used only metal 
film (1%) resistors throughout. The noise contributed by 
the feedback resistors also becomes important, so we used 
precision, low-temperature coefficient resistors. These con- 
siderations of course increase the total per channel cost of 
the spectrometer. The active elements used were the OP-07’ 
low-noise, low-drift operational amplifiers in a standard in- 
verting configuration. All 16 amplifiers were built into a sin- 
gle PC board; the 16 op-amps were solidly heat sunk to a 
common aluminum bar, again with the purpose of equaliz- 
ing their temperature drifts. A variable offset was added to 
this stage to allow the zero-signa voltage level to be set. 

V. ELECTRONICS 
This section consists of two parts: the first is a voltage to 

frequency conversion scheme; the second is the logic which 
enables the data-acquisition computer to count the frequen- 
cy signal from each channel through a multiplexer. The V/F 
path for each channel consists of a short time constant inte- 
grator, followed by a XR/RV-415 l4 voltage to frequency 
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Yes, but at a frequency 1/1000 lower..
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Replacing Coax filters with CPWs
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Simulated Transmission (by Sonnet)

628 629 630 631 632−30

−25

−20

−15

−10

−5

0

Frequency (GHz)

S 31
 (d

B)

 

 

double
single

695 695.5 696 696.5 697−30

−25

−20

−15

−10

−5

0

Frequency (GHz)

S 31
 (d

B)

 

 

1 µm
3 µm
6 µm

1 v.s. 2 Resonators Coupling Strength

PEC
Si

G

Singal Input Line MKID shorted end

Lres Lc

1

2 3



610 611
10

8

6

4

2

0

Frequency (GHz)

S n1
 (d

B)

 

 

Cosmology with Nanotechnology

Network Model of 68 Filters

Coupling efficiency η stays constant 

over the entire bandwidth

η > −3 dB

Stronger than for a single isolated filter: 

ηpeak = −4dB
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DESHIMA on a 4-inch Si Wafer

antenna x 9

920 color filterbanks
(320-475 and 600-950 GHz) readout ports
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Advantages of the IFB Approach

Compact

Interchangeable with imaging arrays

Flexible

2D spatial sampling

Arbitrary sampling in an extremely broad 

frequency space

Many applications other than Z-machines
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Variety of New Astronomical 
Observing Modes that the IFB Could Offer

1000 colors × 10 pixels (DESHIMA)

Broadband multi-pixel Z-machine

100 colors × 100 pixels (DESHMA-II)

Blind survey of high-redshift, low-metallicity objects

(A+B+C) colors × ∼50 pixels (DESHIMA-III, -IV, etc.)

Simultaneous mapping of local objects in multiple emission lines
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Boundary Conditions and Potential Difficulties

inter-channel crosstalk

Signal line length = 50 mm

Length step: 50 nm

∼20k channels on a 4-inch 

diameter wafer
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First Chip for Lab Demonstration
Designed for the 650 GHz band

Fabrication uses the same technology 

as MKID imaging arrays

Electron beam lithography and 

dry etching for the filters

NbTiN/Al 
MKIDs

NbTiN

Si

NbTiN Filter

Antenna
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Conclusion

DESHIMA is a z-machine using MKIDs

Advantages of the IFB solution

Reduced size and complexity

Interchangeable with imaging arrays

2D spatial sampling

Broad and flexible frequency sampling

Experimental demonstration is under 

preparation

For details: arXiv:1107.3333v1 [astro-ph.IM]

http://arxiv.org/abs/1107.3333v1
http://arxiv.org/abs/1107.3333v1
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Photon-noise Limited NEP at 100 fW
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FIG. 2. (Color online) (a) Optical spectral density (in
W/Hz1/2) in MKID radius readout under black body illumi-
nation. Higher curves are at higher power. The quasiparticle
roll-off is visible above 1 kHz, below which this is identical
to the NEP . The higher dotted curve is the highest power
optical NEP including the quasiparticle roll-off. The lower
dotted curve is the LNA noise floor for the lowest power. (b)
500Hz NEP value versus black body power. The stars are
the measured 500Hz NEP and the diamonds NEPdet which
are also indicated in (a). The dotted line is the photon and
g-r noise contribution, while the solid line is the fit to the
measured data for the detector optical efficiency, plotted for
η=0.8.

rate direct measurement of the lifetime (∼150 µs) using a
decay response to a LED pulse9,11. Fig. 2b) (black stars)
shows the measured optical NEP versus power, taken at
500 Hz to avoid 1/f noise due to the readout chain and
drift in the blackbody temperature. The measured NEP
has a

√
P dependence at high power which in combina-

tion with the spectral shape of the noise is the signature
of photon noise limited performance. Under a loading of
P ∼ 2 fW the optical NEP ∼ 5 ×10−18W/Hz1/2, dom-
inated by the LNA. The photon and g-r noise dominate
at P > 100 fW up to P=20 pW22. Sky loading power
for ground based imaging arrays is typically of the order
of 1. . . 20 pW, hence the measured array is photon noise
limited for these applications except at low modulation
frequencies due to 1/f noise contributions.

The measured optical NEP can be described by:

NEP 2 = NEP 2
det + (NEP 2

g−r +NEP 2
photon)/η (5)

Here η is the optical efficiency of the detector, defined
as the ratio of the power in front of the lens and the
power detected23,24. NEPdet is the extra contribution

from the detector or readout. For MKID amplitude read-
out NEPdet is determined by the noise contribution from
the LNA, shown in Fig. 2a) by the lower dotted line as
being independent of frequency. At modulation frequen-
cies f � 1/(2πτ) then SR is equal to the LNA noise
floor. Hence NEPdet at all modulation frequencies is
given by the value of SR.[∂R/∂P ]−1 at 200 kHz. There-
fore Eq. 5 enables us to find η using the measuredNEPdet

and the numerically calculated values of NEPphoton and
NEPg−r. We find η= 0.8±0.2 for a single polariza-
tion25. Other experiments using different arrays, bath
temperatures and loading powers give reproducible re-
sults. The measured optical efficiency is in agreement
with both a direct 3D electromagnetic simulation26 of
the lens-antenna used in the experiment and older, more
general calculations13.
In conclusion, we have demonstrated high optical effi-

ciency photon noise limited detection with a lens-antenna
coupled MKID array made of Al and NbTiN at loading
powers above 100 fW. This opens the way to the plan-
ning and building of the next generation of very large
cameras for sub-mm astronomy based on MKIDs. We
also demonstrate that the devices can be calibrated using
a measurement of the photon noise. This is relevant for
MKIDs as they are not direct power meters like bolome-
ters.
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