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5.1 An Heterodyne Interferometer

5.1.1 The simple interferometer

Thi Is oom posed of 2 antennas, a muliipller, an Integrator (Fig. 5.1); we divecily mutiply the signals, and
awverage In time. 75 = 2abas /e ls the geomeirical delay. Provided the geometrical delay s compemsated in
ihe hardware, alter filtering out the high Mequency terms, the output of the ¢orrelator & the real part of
the wisihility:

i) = A oos () [5.1)

A complex correlator sing a gquadrature network can be sed 10 mesure the Imaginary part; or (equiva-
lemily) ome 1s=es a speciral correlator.

5.1.2 The heterodyne interferometer

We mow eonslder a more reallstie two antenna system (Flg, 5.2), which Includes two [eguency ¢onversions:
e one in the 515 micer, and one to move the IF bamd to hasehand for mumerical sampling and digiial
correlation. Thi again ls a simplification, bt includes all the Important effecis. The PAB system has in
fact 4 Irequency comversions (gee Telow ).

Let s first comslder the effect on phase of a slmple foegquency eonverslon.

5.1.3 Frequency conversion

The Input signal to the mixer s V(i) = Eeos(wi+ &), amd the st LO slgnal 5 V(1) = E cos(wi i+ ¢ ).
Mixer gutput is proportional to [V + 'l’.[.:j]’ amd we select by a filker a band Aw cenered on whe. We
nole: Wy = wh + we, and wh = w — wy the angular frequencles In the upper slde band and In the ower

5l
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Figure §.1: A simple, two-antenmna interfemometer

slde band, mspeciively.
The IF output &

Vet o Breos|(wr — e )+ o — ] + B ooos [[—wh + w0t — e+ g
Vielf) o BEyroos(wel + g — o) + B ooos [wel — g+ 484) [52)

After the equeney eomwerslon the phase s the difference of the signal phase ant the L0 phase, with a
slgn pversal I the comeersion 1s lower side hamd:

L5 L5B
Irequency: | whe = Wy — &b ke = —ih + i
phase: P =@Pr —¢ e = =g+

5.1.4 Signal phase

Qe antenna ls alfected by tle geometrical delay v, and by the phase (¢, in the upper slde hand, ¢,
im tle lower slde band), which s the quantity to be measured. We apply a compensating delay « In the
secom IF, as well a5 a phase ¢ to the st LO and a phase ¢, on the second LO. We note Ay = 5+ 1,
ihe delay tracking error. In a Z-anienna system, we may assume that the signal path through the fist
antenna sullers mo delay of phase offset terme. Obvimsly the com persating delay 5 in the secomd antenna
may meed to be negatlve, I the second antenna B ¢loser 10 the spuree: In that case gme will apply the
positive delay —v on the fivst antenma. Ina N antenna system, one will apply plase and delay commands
to all the antennas; & common delay will be applied toall the antennas sioee no pegative delay can he
budlt with current tee hooksg v

Let s first conslder the upper side band of the first LO (second LO conversion 1s assumed upper slde
hand for slmpliciiy):
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T stop the ringes In hoth sldebamds we peed the Tollow ng oo pditlonms:

Ar=n410 = 1 (53]
it ehTe = 0 (54)
iy + wiaTg = I [-5.-5-:|

O geps that delay tracking In 1he secomd IF Imposes a phage dmelng on the first and second oscllators.
The delay ervor Ar appears a5 a phase term proportional to Mequency in the IF2 hand wg,.

The eondition that eg. ¢, = —wy 7 means that ¢, mst be commanded to wary at a rate
b 2a
= oo I — — hi
Ho= e s A 0 (5:6)

which Is about 10 tums per seeond for Ay = lmm and b = lkm. The condition s much easier lor the
sepand LO. In practioe the phase & commanded typleally every seoond, as well as 1is rate of change during
the mext seeond [the real curve ls approsdmated by a plecewlse lmear curve). Note that a limear drifi with
time of the phase Is strietly equivalent to a small Tegqueney oflset.

5.2 Delay lines requirements

5.2.1 Single side band processing in a fAnite bandwidth

Assume that the eonversion oss I8 negligible for the lower side band. At a glven IF2 Iequency whps the
directly ¢ormelated slgnal is:

Ve=Acos(y + whpdr) (5T
wihile the sime ¢orrelator wold give:

Vi = A sin (@ + whp A7) (58)

V =V, 4 iV = Agilvtumadr] (5.9

Assume we se a eorrelator with a findte bandwldith Ase. The correlator output 1s obtalsed by swmming
an frequency 1o the IF passhand:

V= f AatlFFm ST By e it (5.1}
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where Biwhe) B a complex passhand funetlon characterktie of the system: galn of the amplifiers and
relative phase faciors.

v =-’-E""f£""'“‘:“'ﬂ[uu==.}iuw=. [5.11)

We have assumed that the spuree visibility B constant acmoss the band; the souoree visibility, when the
delay ermor varies, Is muliiplied by the Fourler tramsform of the complex passhand.

The delay ervor mist be kept mch smaller than the lnverse of the Instaniapeois handwldih 1o limi
the signal loss 1o a small level The delays amw isually tracked insteps, mudtiples of & minimum valise. To
limit the Ioss to 19, the minimum delay step must be ~ 0025/ Ap (L5 s for a 560 MHz bandwidih).

5.2.2 Double side band system

In that case ile signak eoming from the upper and lower slde hamds have similar attenuation in the BF
part and slmilar conversion loss In the mixers. They will have similar amplitedes In the eorrelator output.
The msult for the oesime comelator b

V= A_I_Ef_-n:— wipndior— {g fwiong - pafeana }] + Alei:—ﬂ—mm-ﬁr—lﬂ—wlml —watuaral] [5.121

Assuming the same visibility in both sidebands:
Vo= A oms [ — g, — w1 JetierredT —sa—waral (5.13)

IT the delays ave tracked, and the LOY phases motated as above, the exponential term 5 1 amd only the real
part of the visibility 18 measured. Some tdck Is thus meeded to separate the signpal from the side hands.

5.3 Side band separation

The slde hand separation by mixer rejecton & difficult for low IF requencies, and curently works only at
Jmm. The image rejecilon varles with regquency. There are other methods that cancel the signal In the
unwanted side hand by a larger [actor. They are hased on the fact that the LO] phase ¢, appears with a
different slgn on the USB and L5B signals.

5.3.1 Fringe rate method

Oz might choose 1o drop the phase rotation on the seoond L and let the inges drifi at thelr natural
[rimge rates. These rates are opposed In slgn for the USH amd LSB, and they might be separated elecimn-
leally. However the natural finge rate sometimes goes 1o sero (when the angular distanece helwesn souree
and baseline divecilon B minimum or maximum ), and at least In these cases the method would fall.

It wonnld he more practical o offset the LO and LOY2 phase rates ¢ and o vom thelr nominal values
by the same amount ceee. 0 the oflets have the same slgn, they wil compensate for the USE amd offset
the inge rate by 2wger in the LSB. I woee B large enough, the L5B slgnal wil he caneelled. Note that
offsetiing ¢, by a fxed amomi B eguialent to ofsetting the LO1 egueene v

ThE is & simple method {0 reject the unwanted side hamd. Note that the assoclated nolse B mot
rejected.

5.3.2 Phase switching method

Assume a varlahle phase oflet ¢y 15 added 1o the LON phase command appropriate for compensating the
genmetrical delay varlation:
= —iTa + th [5.14)

it will be subiractied to the plase of the 5B signal, amd added to that of the L5B signal. Ty B switcled
hetween § and /2, the relathve phase of the USB and LSB will be switched hetween (0 and «, amd the
slgnals may be separated by synchronous demod ulation:
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Wy | Signal
0 | Vi = AV 4 e
xf2 | V, = A eilev—=/1) 4 4 gil-wi+=/2)

Then one may oom pite the vidbilities in each slde bhand:

AT = [V il )2
and Ae " = [V —i¥,)/2 (515)

We have assumed here that we have a complex correlator (slee + cosine), or egubalently a spectral
correlator measuring positive and negative delays [see Chapter 4).

e may also swlich the phase by «, In which case the sgn of all the correlated voltages B reoversed.
Thi has the advantage of supprssing any offlseis In the system.  Actually both switching eycles are
ooy bined in a 4-phase gycle:

¥ | Signal
] V, = A &%V + A e vt
/2 Vo= _dq:eilm:—'lﬂ‘l + .-4.;_&“ —wL+E 2]
L Vi=-W
daf? | Vi=-¥
Apé®™ = [V iV -V — i)
and A~ = (W —ila— Vi +i0) /4 (5.16)

Ina NV antenna system one meeds 1o switch the relative phases of all aptenma pairs. This could he
dom: by applylng the above square-wave switching on antenna 2, then on antenna 3 at twieoe the switching
frequency, and so on. In practice the switching wavelorms are ortlogonal Walsh Tunetions.

5.4 The PdB Signal and LO transport system

A hleck diagram of the Platean de Bure Interferometer system s shown in Fig, 53

5.4.1 Signal path

The signal path ls ouilised in Fig. 5.3, @i shows the slgnal and L0 patls lor one antenna and one recelver
bamd. The high equency part [recelver) was dscribed in Chapter 3. The amplified fist IF output
(12751775 MHz) Is dow nroomverted 1o the 100 — 600 MHz band and transported 1o the central bullding
ina high-quality cable. Belore down-comverslon, the band shape 1s modified by a low-pass [ier; since the
L2 & at a higher freguency than the [F2, the handpass will be reversed in the opmversion, and this by
anticipation compensates lor the eguency dependent attemuation in the cable [which Is of course higher
at the high-Trequency end of the bhandpass).

Thee 1K —G) MH= hand arriving in the eeniral dlding is directed to the correlator analog IF prooessaor
lnpits [with a divilon by 6 sleee there are § ldentical correlator unlis) and to total power detectors which
are swed lor the atmespherie callbration amd for the radlometric phase ¢ormes ton.

54.2 LO generation

The first local oecllator is a Gunn gs¢llator (a tripler s 1sed for the L3mm weelbeer). The GGunn s phase-
locked by mixing part of lts output with & harmonie of a relerence signal [used also as the seopnd LOEH:
the harmonie mbcing prodeces a HOMH:z slgnal, tle phase of which ls compared to a relerence signal at
frequency &= LMHz:, coming om the central bullding. That welerence signal Is used to carry the phase
commands 1o be applied to the st LO: a contimmsly varying phase o compensate for earth motlon
and phase swiiching used to separate the skde-hands amnd suppress offsets.
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Figure §.3: The Platean de Bure Interferometer system
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The L0 slgnal at iag, may be locked either HIOMHz abowve [ “High Lock™) or helow | “Low Lock™ ) the
NI harmonie of the LOZ fequeney M

Vg = [ Nybhgo 26 )Ny [5.LT)

The multiplication factor Ny B 1 lor the 3mm recelver and 3 for the 1.3mm peoelver.
The seeond local pecllator, at e = 1875+ 25 MHe, 1s phase locked =005 MHz helow the equency

sent by the symtlesker in the central bhullding (which 15 under computer eontrol and commen to all
antennas):

Ve = Mgy — & (5.18)

The &, relerenee roguency s sent 1o all amenmas from the central bidlding in a low quality cable,
together with the £ = 1MHz relerence egquency for the st LO. The w15 sent o the antennas via
the same high-0) cable that tramsporis the IF2 signal. No phase motation s applied on the seoond local
garillator. The relation between the RF slgnal equencies (in the loeal rest frame) In the upper and ower
slde bamnds and the signal frequency in the second IF bhand is thus (for high loeck j:

Fiam = Pron + [Pres — ) = [NV + Dbves + Nucki — g [5.19)
and In the lower side hamd:

an = Mo — (Mg —des) = [Wu Ny — Lo + Mg + 14m [5.20)

5.4.3 Purther signal processing

In each eormlator a variable section of the IF2 hand Is down-eomeerted to basehand by mears of two
frequency changes, with a fxed thivd LO and a8 tunable foarth L0 Tt §s on that LOW that the phase
rotations needed 10 compensate for residual phase drifis dee to the geometrical delay change are applied
[In fact that LO4 plays the role of the second Mequency conversion In the above analysis). Mo phase
rotation s applied on the seeond and third local oscllators.

The phase rotation applied on the fourih LOYs s:

= s + el — i ) T (521)
slnce the second and thind conversions are LSB while the Iooth s TSB. It Is diferent in the diflerent
correlator uniis sinee the w, requenches are different.

5.4.4 Phase stability requirements

Short term phase ermors in the local gecillators [Jitter) will cause a decorrelation of the signal and meduce
the visibility amplitude by a [actor

3 a — & .4 —_
Hia =E—|ﬂ'| a2 v‘le—rﬁle—agﬂ — !‘lll:ril:rh [5223

wihere oy s the rms phase fuctuation of the IO In e of the antennas (oy In the other). 5, = e g
the decorrelation facior Ior ome antenna; ty pleal regquirements on oy ame:

:,, |0.99 098 095 0.90
o1 [degrees) | 575 B.1 130 185

The phase stablity required on the LO2 B oy J{ NuNy )~ 0017 for a 0095 efllclency at 1. 3mm: very stable
gacillators are needed.
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5.4.5 Cable electrical length control

The &, relerenee egquency 1s also wsed lor a contlmums eonirol of the electrical length of the High-0 cables
tramporting the IF2 slgnal from the antemnas to the cormelator moom o the eentral hullding. A variation
AL In the elecirical kngih of the High-0) cable will affect the slgnal phase by JE0A LS A Tor a length of
B0m and a temperature eoefficlent of 10-% we have a varlation in length of Smm or 17ps, which translates
into & phase shift of 4 degrees at the high end of the passhand: thk & a very emall effect.

The same length variation Induees a phase shifi of 360 = 01T = 1875 = 11.5 degrees at the LO2
fregquency. Thi signal belng multiplied by [N+ LN, ~ e S e ~ 130 for the 1. 3mm receiver, we have
a totally nnacoeptable shift of abont 4 turns. The cables are hurked in the ground for mest of thelir lemgih;
hoswever they also run up the antennas and suffer from varying torslons when the soumes are iracked, and
in partleular when the antenna & moved om the souree o a phase callbrator.

For this reason the elecirieal lengih of the cables s wnder permament eontrol The LG slgnal B sent
hack to the cemiral huilding in the High Q cable, and there i B mived with the ives + & slgnal from
the synihesizer. The phasemeter measures every secomd the phase difference hetween the beat signal at
0.5 MHz and a reference (.5 MHz signal

The measured phase difference B twiee the phase offset affecting the L2, it s used by the computer
to correct the L0 phase ¢, afier mudtipleation by i, fies.

5.5 Next generation instruments

Mexi generatlon nstruments will operate at higher equencies, and meed higher bandwidihs, and hetier
angular resolution. The major changes expected are:

# Use of optical Abers rather than cables. Actually this ls alpeady the case In some Interferometers.

» Digitiee higher in the slgnal chain transporting digital signals requive more bandwldih bt B more
apeurate.

» Possibly gemerate L) slgnals wsing infrared lasers rather than by multiplylng lewer equency signals.
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