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GUBBINS: A novel millimeter-wave heterodyne
Interferometer
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Abstract—GUBBINS is a prototype heterodyne interferome- phase switching the local oscillator, so that the individually
ter currently under construction at Oxford with the aim of  modulated redundant baselines can be used to eliminate other
demonstrating high surface brightness mm-wave interferometery instrumental systematic effects. Achieving high brightness
at modest spatial and spectral resolutions [1]. Once built and PR . X
tested, the instrument will be used to carry out demonstration Sens't'\_”ty In 'nterferome.try requwes.that the |n§tantaneous
observations of the Sunyeav-Zeldovich effect in bright galaxy bandwidth of each baseline be as wide as possible, and that
clusters and measurements of atmospheric phase stability, as wellthe array be as filled as is practical within the limits of antenna
as other tests of ground based interferometery. In this paper we shadowing.

give an update on the progress of the GUBBINS project, in | narferometry has been widely used in cosmology instru-
particular, the development of the new technologies employed in . . .
this novel instrument. ments aF centimetre wavelengths, particularly for obser\{athns
of the primary temperature anisotropy and E-mode polarisation
of the cosmic microwave background e.g. CBI, DASI, VSA,
and in observations of secondary anisotropies such as the
Sunyaev-Zel'dovich effect, e.g. AMI, CBI-2, SZA.

Although measurements of the CMB and S-Z effect at mil-

E are currently designing and building a prototyp#imetre wavelengths are regularly carried out, the limitations
single-baseline 220 GHz tracking heterodyne interfesf the low instantaneous (IF) bandwidth of SIS mixers and

ometer for high brightness sensitivity astronomical observbackend systems, and the poor noise performance of other
tions. This instrument, GUBBINS (220-GHz Ultra-BroadBanéhm-wave coherent detectors, have resulted in an absence of
INterferometer for S-Z), will use two small antennas oBuccessful CMB instruments using heterodyne interferometry
a short baseline with ultra-wide IF bandwidth SIS mixerg the millimetre-wave band. Recent advances in SIS mixer
developed in collaboration with Cologne University and adesign and wideband correlator technology make it feasible
ultra-wideband analogue correlator developed in collaboratign build a mm-wave heterodyne interferometer capable of
with the University of Maryland. After extensive laboratorycarrying out novel CMB observations.
testing the instrument will be deployed for test astronomical
observations at the Chajnantor Observatory, Chile, adjacent
to ALMA. Although the instrument will make useful as-
tronomical measurements, it will be used primarily for the The Sunyaev-Zel'dovich effect is the distortion of the spec-
development of new technologies for mm-wave interferomettyum of the CMB due to inverse-Compton scattering off the hot

The technology developed for this instrument will also havgas in clusters of galaxies [2]. This tends to boost the energy of
applications in other areas of astronomy, particularly in thbe CMB photons, leading to a decrease in the CMB brightness

Index Terms—interferometery, heterodyne, SIS mixer, ana-
logue correlator.

I. INTRODUCTION

Il. GALAXY CLUSTER SCIENCE WITHGUBBINS

design of very wide IF bandwidth SIS receiver arrays. below a frequency of abo®20 GHz, and an increase above
this frequency. One of the key features of the S-Z effect is
A. Use of interferometry in CMB observations that its surface brightness is independent of the distance to

Cosmic microwave background astronomy requires e;(h_e cluster, although the angular size on the sky does decrease

tremely high brightness sensitivity and very good contrVYIth distance. This means that S-Z measurements can be used

of systematic and instrumental effects. The use of interf?- study galaxy clusters over a very wide range of redshifts

ometric techniques allows total power fluctuations from t 5 r[]4]' ¢ null f . ih the t t f
atmosphere to be subtracted. The use of heterodyne mix rl € exact null frequency varies wi € temperature o

: - - cluster gas (thermal S-Z effect) and the peculiar velocity
allows each receiver to be phase switched mdependentlyo the cluster (kinematic S-Z effect) (fig. 1). The shift in the

P.K. Grimes, C.M. Holler, M.E. Jones, O.G. King, J. Leech, A.C. Taylor anaull frequency due to the thermal S-Z effect is approximated

G. Yassin are with the Astrophysics group, Department of Physics, Univers't%, 217 + 0.457 GHz whereT is the cluster gas temperature
of Oxford, UK.

M.J.R. Brock and J. John are with the Department of Physics, UniversiiLQ keV. A typical rich _C|USter h?-S _a gas temperature in the
of Oxford, UK. rangeb — 15keV, leading to shift in the null frequency of

K. Jacobs is with KOSMA, I. Physikalisches Institut, University of Colognep 5 _ 7.5 GHz. Hence by measuring the SZ spectrum and find-
Germany.

C. Groppi is with the Steward Observatory Radio Astronomy Laboratorwg the null frequency we can measure the cluster temperature
University of Arizona, AZ, USA without the need for X-ray spectral measurements.
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Figure 1. The change in CMB spectrum due to the thermal Sunyedvigure 2. System diagram for the GUBBINS instrument. Data and Datsg

Zeldovich effect in a galaxy cluster for three cluster gas temeperataiesy ~ are shown as black lines, LO signals as blue (low frequency, coaxial cables)

(blue), 10keV (red) and15keV (green). and green (mm-wave, quasioptical) and IF signals as red. The optics are on
the left of the diagram.
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Table |
TARGET PERFORMANCE FORGUBBINS PHASEI Counterweight —
Frequency 185 — 275 GHz Corner Mirrors )
Antenna aperture 0.4m
Baseline 0.5—-0.6m
Primary beam 220 GHz) 11.4’ FWHM
Spatial resolution 320 GHz) 7.5 —11.4/
IF band 3 —13GHz
Instananeous bandwidth 2 x 10 GHz
Correlator channels 16
Correlator bandwidth 2 — 20 GHz
Channel bandwidth 1.125 GHz Elevation Drive
Target system temperature 50 K

Brightness sensitivity per channel 1.5mK/+/s Optics Arms

Total brightness sensitivity 350 uK/+/s Tracking Drives

Figure 3. CAD model of the GUBBINS instrument. The telescope is
suppeted on the base of the cryostat body, between the two optics arms.

GUBBINS will be able to detect a the brightest galaxy
clustes in the sky in one night’'s observing per cluster, and

will be able to constrain the null frequency of the S-Z effect a diagram of the GUBBINS system is given in Fig.2 and a
to =1 GHz with several nights observing. In conjunction withcAD model of the complete instrument in Fig. 3. To avoid the
low frequency S-Z data e.g. from CBI-2d — 36 GHz), we  complexity and cost of using two cryostats and coolers, both
should be able to measure the cluster gas temperature to withj8 receivers are mounted in a single cryostat at the centre
a fewkeV. of the instrument, with the optics for each antenna mounted
on either side. The SIS mixers mounted on either side of the
IIl. I NSTRUMENT DESIGN coldhead, looking out of opposite sides of the cryostat, with
The design goals of this instrument are somewhat differdn® signals being fed into cryostat through windows in the
to current mm-wave interferometers, in that we want twp of the cryostat, before being coupled to the mixers via
achieve maximum sensitivity to extended continuum sourcesnooth-walled horns and waveguide directional couplers.
but with only moderate spatial and spectral resolution. The
specifications of the GUBBINS instrument are given in Table |, i i
These figures are for the initial GUBBINS design, but futurg- OPtics design
developments are planned, particularly to increase the mixefThe optical design of each telescope employs the maximum
IF bandwidth to the ful — 20GHz band of the correlator and primary mirror size that can be accommodated ofl.am
backend. baseline without shadowing. If the antennas are to be scanned
The prime design targets are for a sin@lé m baseline up to45° from the zenith, the no shadowing condition gives
(dictated by the angular size of the brightest S-Z clustera)primary mirror projected aperture of 0.4 m. The optical
with the maximum achievable filling factor; a target systerdayout is shown in Fig.5 and Fig. 4. Each telescope is fed by
temperature oH0K; a total instantaneous bandwidth of atorrugated horn-reflector antenna witliva FWHM beam at
least10 GHz in each sideband divided into at least 8 spectral0 GHz. The primary mirror is al5° offset paraboloid with a
channels and an LO tuneable by at [e28iGHz either side focal length of1020 mm. GRASP simulations of the telescope
of the nominal null in the S-Z effect &17 GHz. beam are shown in Fig. 6.
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Figure 4. CAD model of the inside of the GUBBINS cryostat. The beams Andle (deq)

from the sky are shown in pink, and are reflected into the cryostat from ;Ee . . . .
corner mirrors and through the elevation motor and bearings before passirglr® 6 GRASP simulation of the primary beam of the GUBBINS optics
through the cryostat windows and radiation shields to the horn-reflector

antennas.

Figure 7.  The GUBBINS primary (top) and corner mirrors (bottomppri
to assembly.

Both the primary and corner mirrors have been CNC ma-
chined from aluminium billets (fig 7). The surface figure has
been measured on a CMM, giving a measured surface figure

Figure 5. CAD model of the GUBBINS optics. The beams from the sky afdeviation of slightly less thag-10 ym. The corner mirrors are

shown in pink, and are reflected from this°® offset primary mirrors to the mounted on 2-axis goniometers, while the primary mirrors and
45° offset corner mirrors and into the cryostat. The telescope is pointedﬂ%l:O

rotating the primary mirrors about the axis between the primary mirrors an ves are mounted on 2-axis tip/tilt stages and XYZ stages to

the corner mirrors, and by rotating the entire optics arm assemblies in elevathOW the optics to be aligned.
about the axis between the corner mirrors and horn-reflector antennas.

B. Telescope mount and cryogenics

In order to allow the necessary degrees of freedom in theThe two optics arms supporting the telescopes are mounted
optics so that the telescopes can be pointed in elevation awda ring bearing and a servo motor fixed around the cryostat
azimuth, the telescopes are folded bypa offset corner mirror windows, and are connected by a counterweight at the rear
between the primary mirror and feed. The corner mirror snd of the arms (see Fig. 3). The telescopes are tracked across
a convex paraboloid (focal length120 mm) to reduce the the sky by rotating the primary mirrors on two servo motors
length of the telescopes, at the expense of introducing sligitiout the optical axis between the primary and secondary
aberrations when the telescopes are pointed far from the zenittirrors. This allows both antennas to be pointed individually
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Figure 9. GUBBINS wide-IF band finline SIS mixer chip [5].
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Figure 8. The GUBBINS cryostat, mounted on the telescope supplatt, pi Board Pocket

and open to show the G-M cold-head, mixer mounting jig and radiation shield .
support. Figure 10. CAD model of the lower half of the GUBBINS mixer block.

in azimuth, while keeping the number of drive components to The lit mixer block (Fig.10) contains a-16dB di-
a minimum. rectional coupler used to combine the LO signal with the
The whole instrument is supported on a pillar attached ggtronomical signal, a termination load to dump the uncoupled
the base of the cryostat and to a concrete plinth on the ground power and the mounting position for the SIS mixer chip.
The instrument is mounted on the plinth on a bearing, and c@iRe mixer block also holds the IF transformer board used
be secured in a number of orientations, allowing the projectasl transform the16.5 output of the mixer to the50
baseline direction to be changed. input impedance of the IF amplifier and the SMA IF/DC bias
The cryostat is a structural element of the instrumegbnnector. A superconducting electromagnet is mounted to
mount, and is being custom designed and built by Oxfokgle block to provide the magnetic field required to suppress
Physics (figs.4 and 8). The cryostat is cooled by a two stagésephson tunnelling in the mixer, with magnet iron pole
Gifford-McMahon cooler from Sumitomo Heavy Industries. Ipieces used to concentrate the field at the mixer chip. The

providesl W of cooling power to thel K stage, where the SIS mixer block is currently being machined by Chris Groppi at
mixers and first stage IF amplifiers are mounted, &8V to  the University of Arizona.

the 40 K stage where the electrical connections are heat sunkThe —16 dB directional coupler uses thre@4 um thick

and the second stage IF amplifiers are mounted. gold radial probes connected by suspended stripline and de-
_ _ -~ posited on65 pm thick quartz chips to couple power between
C. SIS mixers and cryogenic IF amplifiers the waveguides (fig. 11). The coupling of each chip is chosen

GUBBINS will use the single-ended ultra-wide IF bandiccording to the binomial distribution, with each chip and
finline mixers described in [5], with a waveguide directionaguspended stripline being one quarter wavelength long. The
coupler in a split mixer block for coupling LO to the mixer.chips are glued into shallow slots between the waveguides,
These ultra-wide IF band mixers are based on an earlgpaced at quarter wavelengths along the waveguides. The
230 GHz finline mixer design [6], with a number of additionsdesign parameters of the coupler are shown in table Il, and the
and improvements for ultra-wide IF band operation. An RHFSS simulated performance in fig. 12. This design of coupler
band-pass filter is used between the finline taper and the migéres excellent return loss, directivity and insertion loss, while
tuning circuit to prevent the IF signal from leaking into thevoiding the difficulty of machining narrow and deep slots in
finline. The mixer tuning circuit and RF choke use relativel$he split mixer block.
narrow microstrip lines to keep reactances in the IF band low, The astronomical signals are coupled into the mixer block
and a 5-stage microstrip transformer is used to match thie corrugated horns mounted to waveguide flanges on the
16.5Q SIS junction(s) to thes0 Q input of the IF amplifiers mixer block, while the LO signals are coupled via drilled,
over the2 — 20 GHz IF band. smooth-walled horns. The IF outputs from the mixer blocks

The first batch of SIS mixer chips (fig.9), fabricated ahre connected to commercial bias tees before being amplified
KOSMA, are currently being tested in Oxford without théy the first stage IF amplifiers. The cryogenic first stage IF am-
microstrip IF transformer and using 4— 6 GHz IF system plifiers are3 — 13 GHz InP LNAs supplied by Sander Weinreb
with the GUBBINS3 — 13 GHz cryogenic LNAs. at Caltech. They have excellent measured performar@lat
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Figure 12. HFSS simulation of the LO directional coupler.

Figure 11. HFSS model of the waveguide directional coupler. Thetgua
chips (dark grey) are supported in shallow slots in the waveguide wall
(light grey). 3 radial probes couple power between waveguides via suspende
stripline.

Table I
DIMENSIONS OF THE WAVEGUIDE DIRECTIONAL COUPLER

Waveguide size WR-4

Coupler spacing 350 pm

Waveguide slot width 200 um

Waveguide slot height 130 um

Coupler chip thickness 65 um

Coupler chip width 190 pm Ing

43 b
g

Coupler chip length 600 um ) L .
Figure 13. CAD model of the LO box and injection optics on top of the

Stripline width 20 pm GUBBINS cryostat. The two RPG LO multipliers are housed in the box on the
right, and coupled into the windows on top of the cryostat via two Gaussian
beam telescopes.

Stripline length 275 pm

Outer probe radius 100 um

Inner probe radius 130 um

input to one (or both) multiplier chains will be phase switched
by a10° Schiffman phase switch.

We also intend to investigate’0° phase switching the SIS
receivers by switching the bias voltage of the SIS mixers from
the positive to negative side of |-V curve. Since SIS mixers
have antisymmetric I-V characteristics, switching the direction
D. LO system of the bias voltage changes the sign of the down-converted

Two 180° phase-switched LO signals are coupled into th9nal- . . . .
two SIS mixers blocks via smooth wall horns on each of the W& are also working in collaboration with the Millimetre
mixer blocks and on the LO sources. The feed horns on thgchnology Group at Rutherford Appleton Laboratories who
mixer blocks are coupled through two windows on the top® developing phase-locked photonic LO sources for use

of the cryostat via two Gaussian beam telescopes to the I SIS receivers [7]. These have the potential to greatly
sources mounted on the side of the cryostat (fig. 13). simplify the LO injection scheme of GUBBINS by providing

The LO signals are generated by tw5 — 260 GHz mul- in_dividual phase swiftched LO sources for the SIS mixers,
tiplied LO sources from Radiometer Physics GmbH, witfirectly coupled to mixer blocks inside the cryostat.
a multiplication factor of 18 and an output power level of )
200 4W with £3 dB flatness across the LO band. Both LO&- IF chain
are driven by a singl20.8 — 14.5 GHz synthesizer. To provide The IF signals from the cryogenic LNAs are then fur-
the requiredl80° phase shift between the two LO signals, théher amplified and individually processed before entering the
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correbtor. The latter stages of IF amplification are provided
by a number of gain blocks, each of which uses two Hit-
tite HMC462LP52 — 20GHz, 13 dB cascadable amplifiers in
surface mount packages. These gain blocks show exceller
performance for a relatively low cost device, with a noise
figure of 3.5dB at room temperature. The noise of these
amplifiers can be significantly improved by cooling, and we
have successfully measured noise temperatures bg&lo/

for these amplifiers at K. Although we have plenty of gain
available from the cryogenic LNAs, the first gain block will
be mounted on the0 K stage of the cryostat, to ensure that
the noise figure of the first of these gain blocks has minimal
effect on the overall system noise.

As well as being amplified, the IF signals are also band-
pass filtered and have slope compensation applied across tt
IF band. The final step before correlation is to apply path
compensation to the signal to remove the path delay introduce
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by scanning the two antennas of the telescope. The path com-
pensator is made up of seven time delay switches, providiﬁigunle 14. Arlchitec;l;]re th Oni hl?l_f Oé th? GU(?BtI)I\B—_iO ﬂC;éHz k?rﬁlogﬁt
: complex correlator. e other half is duplicated, but wit phase sni
2.5, 5, 10, 20, 40’ 80 gnd160 mm of pth com'per'13at|on', andapplied to the signal from the other antenna, allowing the cross-correlations
made up of differential lengths of microstrip line switchegbr both receiver sidebands to be obtained.
by Hittite HMC5470 — 20 GHz FET surface mount packaged

switches.

F. Correlator and data acquisition

The IF signals from the two antennas are combined in a
analogue correlator, developed at Oxford in collaboration with
Andrew Harris at University of Maryland. The correlator is
a 16 lag complex Fourier transform correlator, with the full £
2-20 GHz bandwidth being processed simultaneously. The
architecture of a single-sideband version of the correlator is
shown in Fig. 14.

The correlator cross-correlates the IF signals from the two
antennas at discrete time delay steps, forming both real an
imaginary parts of the cross-correlation. A sideband separating
version of the correlator, capable of working with double-
sideband receivers is made by duplicating the single-sideband

; ; ; ; igure 15. The prototype GUBBINS correlator board. Signals frochea
version but applylng the quadrature Spllt to the IF Slgnal fro'ﬁ!ﬂenna are fed from the SMA connectors at each end of the board, and

the other antenna, thus forming all linear combinations of Wided 16 ways in the Wilkinson power splitter trees, before being delayed
signals. Applying a discrete Fourier transform to the set of lagthe lengths of microstrip and combined and detected in the multiplier chips

data gives two independent complex power spectra for edt$d the centre of the board.
of the receiver sidebands.
For each half of the double-sideband correlator, one half of
IF signal from one antenna is split in a commercial quadratutiec. [8]. These devices provide both the sum and difference
hybrid, with other split in phase using a Wilkinson powefeasurements of the combined signals, each replacing two
divider, before being fed to two 16 lag correlator board@ower splitters, a80° phase shift and two detector diodes in
The two signals on each board are then split sixteen wa§$onventional diode detector correlator [9].
using Wilkinson power divider trees before they are combined The full correlator board is fabricated on two wafers of
and detected by Gilbert Cell multiplier MMIC chips. Thealumina, with the multiplier chips being mounted between the
Wilkinson power dividers are a seven-stage design fabricaté¢p boards (figs. 15, 16). The aluminium box is used as the
on alumina with a50 /0 resistive sheet used to define thground plane for both the microstrip boards and the multiplier
resistive elements. These dividers show excellent performastdéps. Each multiplier chip is biased and read by two pins
from 1.5 — 23 GHz. inserted through the back of the correlator box and bonded to
Gilbert Cell multiplier MMICs are used to both combinethe multiplier chips.
the two IF signals and to detect the combined signal. TheseThe first prototype 16 lag correlator board has now been
devices (Fig. 16) were developed by Andrew Harris at Univefabricated and tested [10]. The frequency response, lag spacing
sity of Maryland and Steve Maas at Nonlinear Technologiemiformity and required power input are shown in figs. 17, 18
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Figure 18. Lag spacings for the 16 lags on the prototype GUBBIN % lzdor
board.

Figure 16. Close-up of a Gilbert Cell multiplier chip in the GUBBINS

correlator. a ‘ .
38
3t 1 T 9 1
0
o
2.5¢ E:
3 g
= £
=, = = -10p A
L]
W)
5 1.5¢
o
W)
Q
gl :
15 i i I
0 5 10 15 20
0.5p Frequency [GHz]
00 é 1'0 1‘5 20 Figure 19. Required input power for the GUBBINS correlator.

Frequency [GHz]

Figure 17. Frequency response of the prototype GUBBINS corretatard. . .
9 auency resp protoyp been tsted. The GUBBINS cryostat and optics are being

assembled, and final versions of SIS mixers, LO system,
and 19. correlator and read-out are currently being produced.

The multiplier chips are read by low noise amplifiers and There is a niche for a future mm-wave interferometer with
an A-to-D conversion board developed by the Oxford Centrekceptional brightness sensitivity and wide field of view,
Electronics Group. This board uses 2.8 MSps ADCs feediegmplementary to ALMA and large mm-wave single dish
an FPGA processor that demodulates the phase switchingaléscopes, with key science goals of following up on the
the signals and provides a USB output to the data acquisitimge numbers of S-Z clusters detected by current surveys, and
computer. The required readout boards are now in productifam wide field imaging of faint extended continuum sources
at Oxford (fig. 20). over wide frequency ranges. GUBBINS is intended to be an

initial proving ground for the technology required for such an
IV. CONCLUSIONS instrument.

We are building a prototype single-baseline mm-wave het-
erodyne interferometer to demonstrate high brightness sen-
sitivity mm-wave interferometry. This instrument will ac- ACKNOWLEDGEMENTS
commodate many of the new technologies we are currently
developing in Oxford, particularly ultra-wide IF band SIS mix- The construction of GUBBINS is funded by the Royal
ers, ultra-wide band analogue correlators and phase switcl@mtiety under the Paul Instrument Fund scheme. We thank
photonic LO sources. Andrew Harris and Steve Maas for use of the Gilbert Cell
The instrument is in the middle of construction, withmultiplier chips and their help with the development of the
prototypes of the SIS mixers, IF system and correlator haviegrrelator.

88


akerr
Text Box


                20th International Symposium on Space Terahertz Technology, Charlottesville, 20-22 April 2009


20um International Symposium on Space Terahertz Technology, Charlottesville, 20-22 April 2009

Figure 20. A GUBBINS correlator readout board. Signals from theetator

are read via the backplane connectors at the bottom, before being filtered and
amplified in the lower section of the board. The signals are then digitised
and processed by the FPGAs in the centre of the board, and then sent to the
telescope control computer via the USB connection at the centre top of the
board.
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