Chapter 3

Recelvers : an overview for
non-specialists

Bernard Lazareff

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

3.1 Imtroduction

The purpese of a recelver 15 to oollect effidlently the astronomical signal that has bheen eoneentrated by
the amtenna mear its foeal polnt, and to amplily i with a mindmom of exiva nolse 0 a level suitable for
Turther propessing by the spectrometers or pontimium detectors. Flgure 3.1 shows the main subsystems of
a regeiver, that we will diseuss helow.

3.2 Coupling optics

Up toand Inclsding the antenna, the astronomical signal propagates in free space. On the other hanmd, the
fist slgnal processing wnit —ihe mixer— requires the eleciromagnetic energy 1o be confined by metallic
walls, In a wavegulde. The transitlon between these two modes of propagation eccurs at the horan

Assume for a moment that the orn would be placed at the Cassegrain locus of the antenna. Caoeed
matehing would be diffieult 1o achieve becase the Geld amplitede from a polnt souree [Alry patbern) ex-
hiblis radial eecllations alternating hetween positive and pegative values, and has a scaleslze proportonal
1o wavelengih.

These pooblems are avolded by eoupling —via sultable relay optiess— the born to an image of the
aperture The Tulfilk the condition of freguency-independent illuminalion. In other words, Imagine that
wie propagate the horn mode back to the antenna aperture as 1 we were dealing with a transmitter, then
the Mimination patiern s Independent of Teguency. Using sultably designed corrpgations on the Inper
wall of the hom (see Fig. 3.2) the TEL) mode of the rectangular wavegulde couples 1o a8 mode at the
aperiure of the horn whese am plitede has eircular symmeiry, amd whose polarization B pure linear.
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Figure 3.1: Synoptle diagram of a typleal recelver. Thi diagram B grossly slmplified; bor lstanes,
the opties lnvelves mirrors, elliptical amd planar, and ako grids; the LOYPLL system 15 actually more
com plicated than shown.

Figure 32: A oorrugated lorn for the 150 GHz band. The phase-cormecting lens normally present at the
aperiure has been removed o reveal the corrugations. The diameter of the aperture B abowt that of a
typleal eoin (1 DM - 100FP1as - 1 F). All the waves collecied by the 3-m anienna converge to the horn
with a precise phase relatonship and are then squeezed Into 8 wavegulde 2 by 1 mm across.
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3.3 Why we need heterodyne receivers

Inthe present eontext, heterodyne relos o recelvers where the Iegueney of the Input slgnal is shified to
lower frequencies. Thie B done by adding o the (small) nput slgnal a (relatively ) stoomg moonoe heomatle
slgnal, called the local escillator amd passing the sum through a mon-lisear deviee, whose outpit contalns
[among oiler) the diference Trequency. Although a non-linear deviee B Involved, the transformation foom
Input to output Is Inear for the small slgnal (see S/Gullotean lecture, Eq. 2.8). This pmoeess B called
mixing or dow neonversion. The output slgnal B called the inlermediale frequency. Actually the cpmplete
slgnal processing at a radictelescope can nvolve up to I heternosdy e oonverslons.

The first reason why heterodyne downoonversion s meeded 1s that only few slgnal proeessing deviees
et at millimeter freguencies, and defindtely not the fully parallel specirometers [as opposed 1o multiple
devipes such as FTH) that are routinely wed for speciroscople olservations.

Then afses the guestion of where In the slgnal processing chaln to operate the down ¢comveslon.
Basieally we have no chole, becase hardly any amplifies are avallable in the millimeter range, exoept in
the Imm hand, where they do pot match the low nolse properiies of 515 mboes (o he disoussed below ).
Ho we must perform a downeonverslon belore we can amplify the slgnal.

3.4 Local oscillator system

ATl the Jpeal oscillators In the TRAM telseope use Gunn gseillators. A Gunn diede I8 a8 semieond e ior
deviee that exhibiis negative dy namie resktanee over a sultable range of Tregquencies. Ot put powers of the
order of LI-50mW can be obiained hetween 6 and 13 GHz To achleve oeclllation at a precke egquency,
two means are combined. First, the Gunn diode 8 coupled 1o a coaxial cavity that defines the oscillation
fregquency, and whose high quality lactor provides a good speciral purity. s resonant frequency can be
adjisted mechanieally; this allows the desdred feguency to he approached within s 10 MHz, Secomdly, a
fraction of the mllimeirie radiation mom the Gunn eecillator B wsed 1o prodece a heat with a relerence
micrgwave oscillator at a freguency of a few (ZHz; actually, the GGunn eecllator slgnal heais with a karmonie
[m=1T-6f%, depending on the systems) of the relerence eguency. The heat slgnal ls wed 1o “servo™ hy
elecironle tuning the Gunn eecllator 1o a muliple of the relerence. Actually, ot only the Megquency, bt
alsg the phase of the koeal s Nator 1s locked to the relerence gseillator, which 1s essential for interferometry,
whether conneted-array or VLBL This desedption of the phase-lock system s over-sim plifed.

Loeal os¢illator equencles above 1300 Hz can generally not be generated directly by Gunn escllators.
Inthat case, the Gunn power I8 led 10 a frequeniey mulliplier, which B a non-linear device ke the mixer,
bt based on non-lnear capacitanes, and optimised to prodeee a certain barmonde (=22, =23 or =4 in the
case of TRAM systems) of the Inpit eguency. The efficlency of the multiplieation process 1s typlkeally a
few percent.

3.5 Local oscillator injection

As mentiomed above, the local oscillator power mist be added 0 the astronomical slgnal belome it enters
the mixer. When the mixers were hased on Schottky diedes (10 years ago and more), they mequired an
L0y power of almoest a mW. As a consequence, the LO power was eoupled via a diplezer, which ls like
a Ieguency -selective coupler, allowlng the mixer to be coupled with close to unity efficlency to both the
Impint slgnal amd the LY. With the advent of 515 mixers, and due to thelr modest LOY poweer mequite mentis
[see By, 3.5), a new method can be used, based on requeene y-Inde pendent couplers. A fraction £ty pleally
1%%) of the LO power is coupled into the signal path; the rest is wasted! The [raction £ must be kept small
hecaise the same amount T of room-temperature hlackbody noke 1s alao ooupled into the slgnal path. The
coupler requines no adjisiment and & loeated close 1o the recelver, inslde the cryoslal [see Sec.d.8).
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Figure 3.3 Curreni-voliage characteristics of an 515 junction operating in a micer. The two curves were
measired without and with LO power appled [frequency Z30EHE); they have heen slightly idealized |for
pedagosical reasons, of eourse).

3.6 Photon-assisted tunneling

All mixes In IRAM recelvers ame based on 5315 Junciloss.  An 5[5 junction eonskis of two layers of
superponducting metal [Wiohim) separated by a lew manometers of Isulator (Aluminum gxdde). The
Imsulator 1s so thin that charged particles can tunmel thoough the barrler. The area of a junction &
iypleally one tooa few poe®. S8 junetions operate at ihe boiling temperature of He: 42K [at sea lovel),
ar evin below,

Two kinds of ¢harged particles can exist in & superconductor: a) ordinary elecivons; b)) so-called Cooper
pairs, conslsting of two electoons Interacting and weakly hound togetber by the exchange of phonons [lattice
vibratlons); hreaking a Cooper palr oosts an energy 24, Correspondingly, two kinds of curvents can fow
acrges the junetion: the Joseplson curpent, comsisting of Cooper pals, and the so-called gquask particle
current, eomsisting of “ordinary™ elecirons [presumably “electvon™ did pot sound fancy enough). To keep
this digresslon into 5[5 physics short, let'’s just state that the Josephson curvent can be lgnored. At the
operating temperature of the mixer, and In an unbiased junetion, the population of quasi- pariicles &
virtually negligible. But, if the blas woltage Is ralsed to the gap vollage

V,=2M/fe (3.1

the fow of guasi-particles acress the junetion beeomes possible because the energy galmed across the drop
of elecirical potential compensates for the energy spent In bhreaking a Cooper palr. See on figure 3.3 the
“LO off™ ISV characteristic.

In the presence of eleciromagneile radiation, the sitvation & modified as follows. ITa RF ploion B
abegrbed, 118 energy b can contribte to the energetde budget, which can now be written as:

el + e =24 (32
ar, eqidvalkently:
Vi + havfe =1 (3.3

In other words, the omset of conduction oceus at Vy — hefe. The meglon of the -V curve helow the
gap voltage where photon-asskted tunneling oecurs s called the photon slep. See the “LO on™ curve on
Fig. 3.3. Fig. 3.3 Is hased on actual measuremenis of 8 2-junction serles array: the voltage scale has heen
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sealed = 5 1o Mustrate asingle junction For a more detalled analysis of 515 junctions and thelr interact lomn
with radiation (see e.g. [Gundlach 1988]).

Ho far T hawve shown you gualitatively that an 515 junction can lunetlon as a total power detector.
The mspomsivity [eurrent generated per power aleorbed) can even be estimated to be of the order of
gnge eleciron per photon, or: D e efhy. How does that melate to equency downoomversion?  Assume
that a power detecior I8 fed the sum of a Jocal eacillator (normalized o unlt amplitede for eonvenlenee )
o = cowctpod and a moch smaller signal at a pearby equency: s = ecoswsl. Assumes this Tmetions
as a spuaring deviee and diseard high-frequency terms In the outpat:

. 1
tew = (VLo + ug:l‘* —t E-r.ms[u.«_a — whg it [34)

Ho, a power detector can also Tunctlon as a Tequency downconverter [subject 1o possible limitations in
the response time of the ot put).

The L0 power requirement for an 5315 mixer can be estimated as lollows. A woltage seake Is defined hy
the width of the ploton step: hefe. Likewke, a mslstance seale can be defined from Ry, the mslstanoe
of the junction ahove ¥V junetions used in mixers lnve Ry = S01L S0, the order of magnitude of the LO
power g ired 1s:

Fio = (hefe? | Ry (35

about A oW for a 230 GHz mixer. ThE makes it possible to =0 the wastelul coupler Injection scheme
dbrssed above.

Beeause the insulating harrier of the junction is so thin, it possesses a capacitance of about 65 FF =2,
At the BF and LO feguencies, the (imaginary) admitiance of that capacitance B about 3-4= tle [ap-
prdmately real) admittasce of the SI5 junction fisell. Therelore, appropriate tuning stretures must he
Implemented 10 achleve a good Impedance mateh (Le. energy coupling) of the junctlon 1o the signals.

The minimum theeretcal 558 noise for an 515 mixer & ek, 11K at 23 GHz; the hest IRAM mixers
comee within a factor of a few (= 3x) of that Tundamenial limit. These numbers are for laboratory
measimements with minimal optes losses; practical recelvers have a slightly higher noke.

3.7 DMixer

A skeich of & mixer s shown on Flg. 34, again grossly over-slmplified. The junction is mounted across
the waveguide, in the direction of the elecirle feld. Qe side of the junction s connecied to the outside
ol the mixer hlock, both to hring out the IF beat signal, and o provide the DC hlas That conmection &
made through a low- pass filter to aveld losing preclos RF energy.

Ome end of the waveguide 15 the input of the mizer; the other end must be terminated somehow. AL
the ero-order ap procdmation, ope would ke the junetion 1o “see™ an open creult when “ooking Into™ the
rear end of the waveguide. More generally, the junction should see a pure Imaginary Impedance, so that
noenerey B wasted. A simple ¢aleula tion shows that a transmission line having a length [, amd terminated
Intg & short-cingult, has an appamwnt Impedanee:

Zrs = j Zotan(ZalfA) (36

where Zp amd A are respectieely the propagation Impedance and wawelength in the wavegulde, and I B
the ditanee to the short-gireult. In pardcular, foe § = (3 + }:lj., 1the apparent Impedanece B an open
clreuit. More generally, by adjusting [, an arbiirary Imaginary impedance can he placed In paralle]l with
the juncilon. Tegether with the tuning structures mentioned in the previos section, such an adjusta e
backshort contributes to achieve the hest possible mateh of the jinetion npedanee.

For varlms masons [ome of which s reducing the nolse comtribution rom the atmesphere) it B desirahle
that the mixer should operate In single-sideband mode. We explain how this B achleved with a crude gerg-
order moddel.  Assume that the best lmpedance maich of the juncion B obtained when the apparent
Impedanee of the backshort seen from the junciion s an open creult. Assume we observe in the lower
sldeband at a frequency e = vro — e, and want 1o refect the upper sideband vy = eo + wpp. That
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Figure 3.4: Rough sketch of the main elemenis of 8 mboer

condition can be achieved I, at the eguency vy, the junction s shori-clreuited. So, we mist meet the
two eonditlons:

1
I= [’E' + 30 lower sidebund

1
I= [:—; + E:IJ-:: upper sldeband

for some Integer 1y we gloss owver the distinetion between eespace and wavegulde wavelengths, The two
conditloms [ome uwknown) can be approzimately met lor some [ else to

£ = 9mm fora 4 GHz IF) (37

Yig

]

|l

Becapse Ior current mixzers In the W) GHz bamd, the IF fequency ls relatively low [1L.5GHz), single-
sldehand operation requires additional tricks .. .

Beturning to practicalitles, tuning a recelver reguires several steps (which used 1o make astronomers a
hit mervois at the M-m telscope when all was done manually). First the local oseillator mist be tumned
and locked at the desired leguency, Then the backshort is set at the appropriate position, amd the junction
D bias voliage Is set. Floally the LO power s adjusted to peach & preseribed junction DO cwrrent (ol
the order of 2ud). These adjusimentis are made by a combination of table lookup and optimization
algorithms under com puter conirel. Aliggether this Involves between 11 and 13 adjustments, mechanieal
or electrieal, yet this process takes only a few mimies with the current sy stems.

3.8 Cryostat

As mentiomed earler, the 515 junetlons in the mixers operate at the bolling temperature of He. Therelone,
at the heart of the eryostat lles a8 meservolr of =4 liters of liguld He. However, I that wodd be ex posed
to amblent conditions, sevem] undesirable things would happen. Flmst, conducted eat would gquickly
evaporate the elivm. Second, a big ledcle of water, nitrogen, oxygen, et ... would conderse aroumnd
the reservolr. Conduction and condensation are avolded by operating the recelver in a vacunm enclsure
[labeled 300K in Fig. 3.1). But infrared radiation must also be blocked. Your body s repelving abou
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Figure 3.5 The cokl RF assembly for a dual-chanme] repelver used at the 3-m telesoope.

TOOW mom the surroundings! (and radiating back abowt the same amoimt ). A ty pleal 4-liter reservolr of
lgquid He, exposed o the same Hux, would evaporate In 2 minuies! Yot the hold time of a eryostat 1s one
to several weeks, four orders of magnitude more. This Is achieved via ithe two radiation semeens labeled
TOK 15K in Fig. 3.1, a5 well as by reducing to 8 minimum all conduction losses, The radiation seresns
are kept ¢old by a closed- oyele eryogenle machine imvolving the oom pression and expansion of hellum gas.
The 15K stage s also sed to cool the st stages of IF amplification. Futume recelvers will leature Llly
clospd-cyele cryogenies, including the 4K stage.

3.9 Actual receivers

Fig. 3.5 gives you a chanee to peek at the cold BF assembly of ome of the dual-channel repelvers In operation
at the Wm telesoope sinee May 1908,

Fig. 36 shows the performance of one of the Plateay de Bure 230G Hz recelvers. The present LOJIF
system dictates a 1.5 GHz IF, therelore, these recelvers are operated In DSB mode; In the Interferometer,
the sldebands can he separated due 10 thelr diferen TFinge rates. These recelvers are among the best
currently prodisced [either at TRAM or elsewhere In the world). Fig. 3.7 shows the performance obialped
gver 8 wider Iequency hand, Nolse levek of about 4 times the DB quantum lmit [le. 2kef/k) ame
obiained.
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Figure 3.6: DSB molse performance of one of the ZWGHe recelvers In operation at the PAB interferometer
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Figure 3.7: DSB noke performance of the mm recelvers constracted at IRAM over the requency range 8
A0 GHe. [Harpow 1906)
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