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Abstract—The opacity due to water vapor in the Earth’s quasi-optical mesh filters are typically designed for ndrma
atmosphere obscures portions of the sub-THz spectrum (mmib-  incidence operation; radiation incident at oblique angtes
mm wavelengths) to ground based astronomical observatioror may leak through and load the detector. Proper operation of
maximum sensitivity, instruments operating at these wavangths - . . . .
must be designed to have spectral responses that match thequas_lopucal filters glso requires care and attention tcauk:iet_
available windows in the atmospheric transmission that oaer FOr instance, the filters need to be carefully heat sunk in
in between the strong water absorption lines. Traditionaly, the order to prevent detector loading due to radiation emitted b
spectral response of mm/sub-mm instruments has been set ogi  the filters themselves. These issues may be addressed using
optical, metal-mesh bandpass filters [1]. An alternative ménod on-chip designs for the filters. Although we chose to use

for defining the passbands, available when using supercondting . . -
detectors coupled with planar antennas, is to use on-chip, lumped-element designs, on-chip bandpass filters may @lso b

superconducting filters [2]. This paper presents the desigand iImplemented using distributed circuit elements [5]. Hoemev
testing of superconducting, lumped element, on-chip bandmss using distributed circuit elements causes the bandpasssfilt

filters (BPFs), placed inline with the microstrip connectirg the to leak at higher harmonic frequencies requiring a cascaded

antenna and the detector, covering the frequency range from . ; ; -
209 — 416 GHz. Four filters were designed with pass bands 209Iowpass filter. This adds to the complexity of the circuit and

~ 274 GHz. 265 — 315 GHz. 335 — 361 GHz and 397 — a1g@kes up extra real estate on the chip. The lowpass filter may

GHz corresponding to the atmospheric transmission windows Instead be implemented using a metal mesh filter as long
Fourier transform spectroscopy was used to verify that the as the issues mentioned above are addressed. The lumped-
spectral response of the BPFs is well predicted by the compett  element, on-chip bandpass filters presented in this paper of
simulations. Two-color operation of the pixels was demonsated 5 relatively simple and compact solution to the problem of
by connecting two detectors to a single broadband antenna . . - . .
multicolor mm/sub-mm imaging. We will how describe the

through two BPFs. Scalability of the design to multiple (fou) . . .
colors is discussed. detailed filter design and the measurement results.

Index Terms—Bandpass Filters, superconductivity, submillime-
ter camera, multi-color pixels Il. BANDPASSFILTER DESIGN

A. Lumped-Element Circuit Design
. INTRODUCTION

P d

There are various existing designs for defining the passband()j Ln Ln ) Cserl Lsercsch LserCserl ser
of mm/sub-mm astronomical cameras. Metal-mesh filters [1] C —
have been used in conjunction with IR blocking materialsisuc ——L—1— T shuni[ shunt
as teflon and fluorogold to make quasi-optical filters. This T
approach, however, has the disadvantage of preventinggmult C .. C, L K K

) . . e L b 171 N1l , C,.LccC’,LcqC, L

color pixel operation, since the enfure plxgl array is |.mnelld — o (VPN it ] ralinal INE A
by the same frequency band. Multicolor pixel operation is de L C . +C +C
sirable for upcoming camera designs [3] to increase theativer 2 2

throughput for a wide field survey by capturing more photons
in different frequency bands. This has many advantages [Ay. 1. Steps for lumped-element bandpass filter circuiigiesa) 3-pole
including more efficient use of the focal plane. Further, thRutterworth low-pass filter prototypéd.,, andC,, are normalised inductor and
capacitor, respectively. b) Bandpass filter with series b@ shunt parallel LC
resulting from the prototype low-pass filter. c) Bandpagerfilvith impedance
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TABLE | . .
CIRCUIT ELEMENT VALUES FORFIGURE 1D FOR THEBPFs (Figure 2 shown in dark grey) and lower plate of the parallel

CORRESPONDING TO THE ATMOSPHERIC TRANSMISSIONwINDOWS  plate capacitors (not visible in Figure 2 a) are patternethn
layer using photoresist and SHductively Coupled Plasma
(ICP) etching. Following this, a 400 nm thick Si@ielectric

Element Values BPF1 BPF2 BPF3 BPF4

209-265 274-315 335-361 396-416 layer is deposited on the bottom layer by RF magnetron

GHz GHz GHz GHz sputtering with substrate bias. Subsequently, a 200 nnk thic

Lser (pH) 75.00 1232 14691  201.04 layer of niobium is deposited using DC magnetron sputtering
Cser1 (fF) 7.37 2.48 1.50 0.79 and patterned using a B{Cl, inductively coupled plasma
Cor” () 40.23 31.36 26.97 23.10 (ICP) etch to form the wiring layer of microstrip geometry

(Figure 2, shown in light grey). The dielectric is then reradv
using a CHE/O, ICP etch. The input microstrip brings the

_ o _ ZoLn _ broadband submillimeter power from the slot antenna to the
a series combination of inductof.{ = ) and capacitor filter (Figure 8). In order to avoid having to make conducting

) wolh ~via contacts between the bottom niobium layer and the top
(€1 = ————), and shunt capacitor by a parallel combinanjobium layer, the first series capacitor is divided into two

. .0 e ZoA . C, series capacitors each having double the design capaeitanc
tion of inductor ¢, = —wo) and capacitorz = vAwy”  (Crsert = 2 Cyer1) and placed on either side of the spiral
(Figure 1b).Z, is the characteristic impedance of the filtefinductor as shown in Figure 2a. A very short microstrip line
chosen to be equal to the characteristic impedance of inhnects the second series capacitor to the shunt capacitor
microstrip transmission line which brings submillimetew®r This design is then repeated for the remaining two series
from the antenna and is equal to 20 HereA = w. —we1  capacitor-inductor sections. Finally, the output micripsiakes

is the design bandwidth of the BPF ang = ,/wawe the band-limited submillimeter power to the detector.
is the center frequency given by the geometric mean of the

3 dB cutoff frequencies of the BPFw,.; and w.o are the 4 Series Shunt  Series Shunt  Series
upper and lower cutoff frequencies of the bandpass filter, Indtictor CapzécnorIndictorCape(l:citor Inductor
s 2 s L

respectively. For the ease of fabrication of the circuitjrgh !
inductors to ground should be avoided. For sufficiently oxarr

1 Si Substrate
(Ground Plane

. ) . : 1
bandwidth (nominallyl0 — 20%), impedance inverters can Hole)
be used to replace a parallel shunt admittankg) by a MF“Putf» —7\4?;?;;
series impedanceZ() for two-port networks [7] (Figure 1c). ' <o"P P
Using the identityZ, = K?Y,, whereZ, = jwL, + —,, NbGround
]w02 Plane i i K
1 ] ] ) Series Series Ser{es
Y, = jwCy + ——, and K is the impedance inverter, we get Capacitor Capacitor Capacitor
Jwlo . . . 9 (Crsen=2Cse) (Cr5n=2Cs)  (Crgen™2Csey)
the values for” and series capacitan¢® usingK? = Ly /C5
andC} = L,Cy/L,. The impedance inverter is implemented b) Nb Wiring layer
using a two-port T network with the series branches comagini (200 nm)
capacitors—C and shunt branch containing capacifowhere Si0, (400 nm)
C = 1/woK (Figure 1c). The negative capacitance in the Nb Ground Plane
series branches can be absorbed ififoand C/, to give the Silicofoo nm)
final circuit (Figure 1d). HereL,., = L1, Cspunt = C,
CcCy ccy R N o
— — Fig. 2. SONNET layout for the bandpass filters: (a) top vieyside view.
Csera C » aNdClera C-20C The lumped circuit The top microstrip is made of niobium (light grey). Belowsta layer of SiQ@

— 01
element values derived using this syr12thesis method areciurt(white hatched with black lines, not visible in the top viewhen niobium
optimised using Agilent ADS [8] a circuit simulation sofive ground plane (dark grey). The series inductors and capac#e fabricated
. T . on top of the substrate (silicon or sapphire, white) disedtl holes in the
package, to give a power transmission of at most -40 dB in Stgund plane.
band, unity transmission in passband with sharpest pessibl
rolloff. These optimised values for various lumped compudse

for the four bandpass filters are listed in Table I. _
C. Component Design

1) Spiral Inductor DesignCorrect design of the inductor is
critical for the optimal performance of the bandpass filtdre

The schematic of the filter layout is shown in Figure 2. Thimductor may either be implemented using the coplanar waveg
integrated inline BPF circuit was fabricated on chip witle thuide (CPW) geometry which is simpler to design but can only
other pixel components using photolithography. The indisct provide relatively small inductance values, or a spiralrgee
were implemented using spiral geometry and the capacitorgiy, which was finally used for our design. To make the design
the parallel plate configuration. The bottom layer is 200 nehoice we calculated the length of CPW required to provide
thick niobium film deposited on the silicon substrate usinthe minimum required inductance of 75 pH, as follows. Let
DC magnetron sputtering. The ground plane, spiral indsctaZ, (= 20 Q), Z. (= 50 Q), g4 (= 10.5), f (= 250 GHz)

B. Circuit Layout and Fabrication



dowt — d; dout + d; . .
Herep = H dang = 22— I is the inductance
and ¢y, cz,oggf, anlélal are geometry dependent co-efficients

with values 1.27, 2.07, 0.18, and 0.13, respectively, fat-re
angular spiral geometryp is the filling fraction, with d;,
andd,,; the innermost and the outermost dimensions of the
inductor (Figure 3),u is the magnetic permeability, and

is the number of turns. This formula is not very accurate for
large values of/w and the final inductor geometry is obtained
by laying it out in SONNET [10], simulating its impedance,
and re-optimising the geometry to give the desired value Th
Fig. 3. Spiral inductor schematic detailing the dimensiesid in the inductor exact final dimensions of each of the inductors finally used to

design.R, is the length of the:t" arm of the spiral inductor witm = 1 for . ;
the outermost armi,.,;+ andd;,, are the outermost and innermost dimensioAmplement the BPFs are tabulated in Table II.

of the inductor, respectively. is the trace width. 2) Capacitor Design: The dimensions for the capacitor
with capacitance values tabulated in Table | can be estinate
TABLE Il using parallel plate formul@ = =ocqA4/d, whereeg is the

SPIRAL INDUCTOR DIMENSIONS FOR ALL THE BANDPASS FILTERS WITH  free space permittivitys; (= 4) is the dielectric constant of
SCHEMATIC SHOWN INFIGURE 3. ALL THE DIMENSIONS ARE IN MICRONS SIOZ' A |S area Of the para”el platesi aﬂdls the thlckness
of Si0,. The capacitor dimensions were further optimised by
BPF1 BPF2 BPF3 BPF4 lavi i tor-induct i binati i SENN
Li Ls Li Ly ILi L L Ly aying out capacitor-inductor series combinations in SC
Ri 35 25 55 50 70 170 75 75 and optimizing the dimensions of the layout so that it has a
gz %i-g 3(1)'8 gg ZS 1?2 igg 122 ig-g resonance at the same frequency as the series combination of
R, 120 100 145 145 125 125 125 125 lumped LC with values in the Table I. The final dimensions

R 45 25 80 85 130 130 125 120 of the capacitors for each of the filters are tabulated in &abl

Re 0 0 25 25 50 55 95 95 m

Ry 0 0 0 0 3.0 3.0 8.0 8.0

R 0O 0 0 0O 0O 0 35 30 TABLE Il

¢ 10 10 10 10 10 10 10 10 DIMENSIONS OF THE CAPACITORS INFIGURE 2A IN MICRONS ASSUMING

A 4000A THICK SIO2 DIELECTRIC (g4 = 4). THE DIMENSIONS OF THE
PARALLEL PLATE CAPACITORS USED TO IMPLEMENT FIRST AND THIRD
o . . SERIES CAPACITOR INFIGURE 1D ARE EXACTLY THE SAME. LENGTH
be the characteristic embedding impedance of the externabirecTion s ASSUMED TO BE THE DIRECTION OF PROPAGATION OF
circuit, characterstic impedance of CPW used to implentent t SUBMILLIMETER RADIATION

lumped inductor, substrate (sapphire) dielectric coristaual

' . RO BPF1 BPF2
the filter center frequency, respectively. The effectivaeltric
i CLserl CLser2 Cshunt CLserl CLserZ Cshunt
constant for CPWe sy = (¢4 +1)/2 = 5.75. This may be “Tength 115 145 105 8.0 5.0 105
calculated more accurately using SONNET simulations. gsin Width 13.0 15.0 230 9.0 7.5 19.5
equations for transmission line characteristic impedaame o CBPF3 o o CBPF4 c
H H F Lserl Lser2 shunt Lserl Lser2 shunt
propagation constant we can get the inductance per unitieng Cength <5 15 115 55 ic 160
Width 6.0 7.5 17.5 5.0 5.0 10.0
BZ. _ \ersZe '
L="—=>—"— 1)
w C

wherec is the speed of light3 is the propagation constant,
andw is the frequency in radians/sec. The CPW propagation
wavelength at 250 GHz i$00 pm. Using equation (1)
the length of CPW line required to implement inductance

(L = 75) pH lumped inductor i = ———— = 187.67 um,
VeeffZe

_ . . 19
which is a significant fraction of the CPW wavelength. Hence,
a 75 pH inductor implemented using CPW with the above
Z. will behave like a distributed element. This will cause
the filter to leak at integral multiples of the transmissiorel
fundamemal mode. A s_plral geometry for the 'nd_UCtor Catlg. 4. Microscope photograph of bandpass filter. The holhénniobium
instead be used to provide the high values of the inductargeund plane showing the exposed substrate is colored ighteti shade of
needed for the bandpass filters. The rectangular spirali&ig9rey- The niobium ground plane and the wiring layer are seedark grey.

. S umbers indicate points on the image as follows: 0 is theimyriy the upper-
3) was chosen for layout convenience and .the 'n't'a_l QuesSS Kdnt corner of the layout. 2, 3, 4 and 5, 6, 7 are the lowerdetd upper-right
the geometry was determined by calculating the inductangeners, respectively, of the holes in the niobium grourahel 8, 9, 10 are

using the formulae available in the literature [9] the lower-left corners of the spiral inductor. 11, 12, 13, 18, 16 are the
' lower-left corners of series capacitaf§, series1,2,3- 17, 18 are the lower-left
corners of the two shunt capacitors. 19 is the lower-lefneprof the input

microstrip. The microstrip width i€.5 pm.

I un2daygch

B (In(cz/p) + c3p + cap?) 2



3) SONNET SimulationsThe response of each of thecorrected bandpasses (Figure 5). The optical image of the fil
circuit elements, and subsequently the entire layout, wesshown in Figure 4, and the corresponding dimensions are
simulated using SONNET [10] — a planar 3D electromagnetifiven in Table IV.
simulator. The SONNET layout of the BPF is seen in Figure
2. Initial SimUIationS assumed the niObium ground plane THE TABLE GIVESXYCOOR-I?IO\I\IBAITFIIEEI'.\(/)CATIONSOF POINTS FOR THE
and wiring layers (seen in dark and light grey, respectively opricaL IMAGE IN FIGURE 4. ALL THE DIMENSIONS ARE IN MICRONS
to be perfectly conducting 2D sheets (zero thickness) with
400 nm SiQ dielectric between them. The lumped-element BPF1 BPF2 BPF3 BPF4

; . ; 148.0, 74.0 1455, 74.0 1455, 74.0 1455, 74.0
geometrles were optimised to produce the required bandpass 85, 23.0 85 230 85,230 85, 230
filter response. 55.0,23.0 57.0,23.0 57.0,23.0 57.0, 23.0
106.0, 23.0 105.5,23.0 105.5,23.0 105.5, 23.0

415,51.0 395 510 395 51.0 39.5, 51.0
92.5,51.0 88.0,51.0 88.0,51.0 88.0, 51.0
139.0,51.0 136.5,51.0 136.5 51.0 136.5, 51.0

D. Effect of Superconductivity on the Filter Response

Niobium, which is used to fabricate the bandpass filters,
superconducts at the pixel operating temperatures (moBju ég:g: ggg éi:g: gg:g éi:g: gg:g éi:g: gg:g
=9.2 K, Typ = 220 mK). Superconductors have a finite surface 10 108.0, 255 109.5,29.5 109.5, 29.5 109.5, 30.0
impedance at microwave and submillimeter wavelengths, [11] 11 155,305 150,325 160,340 195, 345
and simulating them as 2D planar films of perfect conductors i% ég'g' gg'g 22'8’ ggg ZZ'S‘ gjg g;g gi'g
can lead to significant errors in the bandpass filter response 14 760295 765,320  76.0.340  76.0 345
calculation. SONNET can be used to accurately simulate ig Egg gg-g Egg ggg Ei 2’ 22-8 Egg gj-g
the bandpass filter response by incorporating the effects of 3 430,255 430, 27.0 430 285 435, 325
superconductivity and finite conductor thickness. This ban 18 940,255 915,275 91.0,29.0  92.0, 32.0
done by replacing a single perfectly conducting zero thick- 19 00,360 00,360 00,360 0.0 360
ness planar sheet with multiple zero thickness planar sheet
of a given surface impedancey), different from the the
actual surface impedance{) of the superconducting film, 1. M EASUREMENTS ANDRESULTS
as a model for a thick superconducting film [12], [13]. For
AL ~ t, where A\ is the London penetration depth anc 4
t the superconductor film thickness, a two-sheet model
sufficient [13]. In the local limit, at temperature well belo
T. and frequency well below the gap frequency, assumir
Zy(= 377Q) >> wpoAr(= 0.14 Q) where Z,, is the free
space impedance, apg is free space permeability, the surfact
impedance of the superconducting film is given by [13]:

©OoO~NOOUODWNPR

o
o

o
B

Transmission

ZS :jqu/\L COth(t/)\L). (3)

The impedance seen by a TEM mode traveling along a trar 0.2}
mission line is essentially the same as the surface impeda
seen by an EM wave normally incident upon a conductor [1< 0

Using this result, ift is much smaller than the wavelength o L . ] : 4
submillimeter radiation an inductor with a value aft can be 150 200 250 300 350

used to represent the impedance due to magnetic field ene Frequency (GHz)
stored between the sheets. This leads to a simple equwalent _ _ ,
circuit model for two zero-thickness sheets separated by tlﬁg 5. Normalised measured and predicted bandpass filsgonses.

. ; . . . nes with dots are the actual data measured using a Four@msform
distancet [13]. Equating the input impedancg;, of this spectrometer normalised by the maximum transmission Vialuhat filter.

equiva|ent circuit to the actual surface impedalﬂ;eof the The lines without dots are the normalised response prediggeng SONNET
finite-thickness superconducting film allows us to solvetfar Smulations.
required impedancég, of the zero-thickness sheets:

Figure 5 shows the predicted and measured responses of
Z, " 2 the bandpass filters. The measurement was performed using
&) + \/ + Wg(t/)\) (4) a Fourier Transform Spectrometer (FTS). Details of the FTS
L L construction are given in [15]. There is reasonable agreéme
Dividing Z, and Z, by w gives us a surface inductanck,] between simulated and measured BPF responses for all 4
of 88.5 fH/O and a modified surface inductancé.,} of bandpass filters, especially considering the numerousrtact
116.6 fH/O. The above changes in geometry and materitiat affect the measurement other than the filter response,
properties were incorporated in the SONNET simulationsedosuch as the optical transmission of the cryostat window and
earlier with single perfectly conducting sheets. The digiems infrared-blocking filters, the response of the antenna &nd i
of the bandpass filter layout were re-optimized to give thmombining network, etc. Note that the upper and the lower

Z T 2\, coth



0.2"LDPE 2x0.002" 0.06"  0.002" Quartz

Dewar 05"  Black 14icm 039" 2x0.022" Black Black 18icm 14icm | AR the microstrip Combining network used for the antenna would

Window | PTFE Poly LPF | PTFE F PTFE Po Y LPF  LPF |coating

‘ ‘ become lossy and reduce pixel responsivity drasticallye Th
4K

Lab P simulations predict that the filters should show a low-level

transmission peak (at a level around -20 dB), possibly their
second harmonic due to inductor self-resonance. Howehvier, t
220mk effect is not clearly visible over the out of band baseline
fluctuations in the measured filter responses.

Fig. 6. The optical chain mounted on the dewar windows withperatures
and thicknesses of various IR blockers and metal-meshsfilter

AV

300K 220 mK

Room 77K
Temperature

IV. MULTI-COLORPIXEL DESIGN

a)
cutoff frequencies are quite close to their design valués T Multi-slot Antenna
filters also have sharp turn-ons and turn-offs, and the deslig Bi &

. ) . inary Tree Network
bandwidths match the measured values closely. The fringing
seen in the passband of the filter response may be occuring
due to the standing waves in the optics (see Fig. 6).

1

e
=]
T

0.6
b) ~—
Single Sub-mm
é 0 4 B o output microstrip
To Detector 1 —To Detector 2
0.21- i
BPF Split Microstrip BPE3
Parallel Connection
0

100 150 200 250 300 350 400 450 Fig. 8. a) A schematic of the layout for a two-color pixel shgva

Frequency (GHZ) single broadband, multi-slot antenna, single microstrigiciv splits in two
and connects to BPF1 and BPF3 in parallel. The outputs oetbhesdpass
Fig. 7. Normalised measured response of pixel with no intiaedpass filter filters are connected to different MKIDs made using resasatd different
between the antenna and the detector. The measurement K@sneel using resonance frequency, and readout using a single feedline
an FTS. The response turns on at 90 GHz and turns off againCaG#.

] o ~_ One of the primary advantages of fabricating an on-chip
We further confirm that the fringing is not a characteristigandpass filter is the ability to make multi-color pixels.igTh

of the filter passband by comparing the passband respoggg pe done by connecting two (or more) filters of different
of a pixel which does not have an inline filter between thgequency passbands in parallel to the microstrip comiogfr
antenna and the detector (Figure 7). Fringing is seen in th&;ngle broadband antenna using very short microstrigs line
response of the bare pixel as well, and the fringe maxima apde Section 1V-B). The output microstrips from each of ¢hes
minima are located at the same frequencies in the respoRgrs couples power to different detectors allowing eaixtelp

of the pixels containing the filters and ones without theny, gee multiple bands, using a single broad-band antenna and
Furthermore, the electrical delays implied by the rapidding multiple BPFs and detectors.

are much too long to be explained by the physical length of the

filter. The exact source of the passband fringing is curyentl ]

under investigation. Figure 7 also shows that the respohse’d TWo—Color Design and Results

the pixel without a bandpass filter is limited by the detector ~ Figure 8 shows the layout for a two-color pixel. For proper
the low-frequency side. Since energy gap for superconuigictioperation of the multi-color pixel it is essential that thigefis
aluminum is 90 GHz, on-chip microwave kinetic inductanceonnected in parallel present each other with high impeglanc
photon detector ([4], [16], [17]) is unresponsive to raiiat outside their bands and don't load each other [4]. We have
below 90 GHz. On the high-frequency side, the FTS responssted two different two-color pixels, with passband of the
is limited by the two 420 GHz (14 icm) filters in the opticalfirst type of pixel defined by BPFs 1 and 2 and that of the
chain (Fig. 6). In the absence of these filters it would b&econd type of pixel by BPFs 1 and 3. Results of the response
limited by the high-frequency cutoff frequency of the multiof the first type of pixel are plotted in Figure 9. It shows
slot antenna [4] - beyond the niobium bandgap at 700 GHhat the response of filters connected in parallel is close to



windows from 209 — 274 GHz, 265 — 315 GHz, 335 — 361
GHz, and 397 — 416 GHz. The performance of the filters is
well predicted by computer simulations done using SONNET,
implying that the fabrication process matches the estichate
value for the thickness of SiQOdielectric ¢ = 400 nm) and

= . . .
2 its dielectric constant value { = 4) reasonably well. Further,
E we have fabricated pixels with a single antenna coupled to

@ multiple bandpass filters and detectors and demonstragéd th
|~_“1 two-color operation. Our measurements show no effectsalue t

interaction between the bandpass filters connected to the sa
input microstrip. The next step is to integrate all the fdtarto
a single pixel and to construct a four color pixel.
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