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1 Introdu
tion :The Mexi
an IPS array is a planar array 
omprising of an Ease-West row of 64 nos. of full-wave dipoles and a North-South 
olumn of 64 rows. Dipoles are spa
ed 1� apart and the E-Wrows are spa
ed 0.5� apart. The Proje
t do
ument of the Instituto de Geo�si
a,UNAM,Mexi
omentions about Butler Matri
es for beam-forming and yet is silent about the data 
ap-ture/re
ording/analysis after beam- formation.The primary aim of this report to show two s
hemes - viz.one being the digital beam-s
anning method and the other is 
onventional Butler{matrix plus data pro
essing ba
k-ends.Cost 
omparison is done towards the 
on
luding se
tion.2 Beam-forming Te
hniques :Beam-formers are 
omplex networks used to pre
isely 
ontrol the phase and amplitude of RFpower passing through them. In re
eiving systems, similar to the Mexi
an IPS Array, theyare 
onstru
ted between the antenna arrays and the re
eiver to shape the relative spatial sen-sitivity of the system to RF signals originating in its �eld of view. The result is to e�e
tively'fo
us' the re
eiver system on a spe
i�
 region of spa
e.2.1 Butler{matrix :In a phased-array 
onstru
tion,similar to the Mexi
an Array, the Butler{matrix 
an generatemulitiple simultaneous beams 
overing a large se
tor of spa
e. For the same beam-pointingdire
tion, ea
h beam has the gain of a single-beam array of the same size and illumination.A separate beam terminal is provided for ea
h beam of the Butler{matrix output.This network uses quadrature 
ouplers (viz.,dire
tional 
ouplers that have a 90Æ phase-shiftproperty) and �xed phase shifters. A signal inje
ted at any one of the beam input termi-nals ex
ites all the radiating elements equally in amplitude with phase di�erentials of oddmulitples of �=N , where N is the total number of radiating elements or beam terminals. AButler{matrix requires 2n�1 
ouplers at ea
h of its n levels, where N = 2n . Thus the totalno. of 
ouplers will be, 1



n�2n�1 orN=2 � log2(N) .For a 32- element matrix of Mexi
an array, n = 5 and 80 nos. of quadrature 
ouplers willbe required.2.2 Digital Beam-forming :Arrays employing digital beam-forming has a distin
t advantage of multi-fun
tionality withprogrammable interfa
es while 
ompared to analogue methods. All the amplitude and phase-shifting fun
tions, as well as beam-forming are done digitally. True time-delay for steeringthe beam 
an also be implemented. Unlike the previous s
heme, this te
hnique o�ers a singlebeam whi
h 
an be steered to any region on the 
elestial sphere (for Mexi
an Array). Theadvent of high-speed ADCs and Digital Down-
onversion Converters (DDCs) has redu
ed the
omplexity of designing one su
h Digital Beam-former.3 S
heme 1: Digital Beam-formingA fun
tional blo
k diagram of this 
ompletely digital beam-former, (more appropriate termwould be - beam s
anner) is shown in Fig.1.Every aspe
ts and nuan
es of the Mexi
an Array has been taken into 
onsideration forthis design.� The ampli�ed outputs from all the E-W rows 1 to 64 are passed through a bank of band-pass �lters, so as to get the RF signals in the required band 
entered around 139.65 MHzwith a bandwidth of 1.5 MHz.1� Filtered RF signals are given as inputs to 32 nos. of DDCs, whose digitised outputs areinterfa
ed with a FPGA based Adaptive Digital Beam-former.� The ADBf pro
esses the 64 digital inputs from the DDC bank,along with the 
omputed'weights' (for a plane wave front in
ident on the array,��i ; i = 1::64 ) and produ
es as
anning beam on the array-aperture.The weights 
omputation in real-time/o�-line, as the user demands it, 
an be 
arriedout by the data a
quisition PC.See Appendix-A for ��i 
omputations.11Vide.Fig.1 of the Te
h.Note: G.Sankar,''Mat
hing Network for the Mexi
an IPS Array - NewDevelopment'', MxA/TR/2k2--02,Aug.2002 2



� The 64-digital beam-outputs are por
essed next by the DAS-Data A
quisition Systemby the user sele
tion of any two beam-outputs (like Beam 1 and Beam 33), 
orrelateand re
ord the data in the PC.� The DAS PC - any P4 pro
essor with high dynami
 memory should even handle mul-tiple beam (more than 2) 
orrelation and analysis; for post-pro
essing as well as thephase-weights 
omputations MATLAB 6.0 (or above) is re
ommended.The devi
e identi�ed for this DDC operation is a Dual Channel (analog inputs) Re
on�g-urable Digital Re
eiver { Model 304 FlexRe
eiver PMC of Red River In
.,TX.. The ar
hite
turefeatures a dual 
hannel digitizer tightly 
oupled to a Xilinx FPGA and a PCI Bus Master sup-ports 64-bit ( 66 MHz) data transfer. The built-in FPGA 
an support the ADBf operations asenvisaged above as well as the PCI bus eliminates the need for an independent DAS. Hen
ethis fun
tions as the 
ombined blo
ks of DDC, ADBf and DAS.If we were to implement this, an additional IF blo
k must be introdu
ed in Fig.1 - betweenthe BPF and DDC blo
ks. Sin
e this devi
e/ 
ard handles a maximum data sampling rate of105 Msps, a down-
onversion from 140 MHz to less than 50 MHz is mandatory.For the 64-inputs from Mex.Array, 32 nos. of this Card are required. The PC plus MAT-LAB 
an handle the PCI output and pro
ess the data in a seamless fashion.Drivers for Linux,being provided with the Cards, are another 
ost-e�e
tive solution.4 S
heme 2: Analog Beam-formingHere, a balan
e is stru
k between the 
onventional anlog method with the modern DDCblo
ks. Fig.2 shows the overall blo
k diagram. As 
on
eived earlier, two Butler matri
es of32 -element ea
h are employed. The 
omplexity of building a 32-element matrix is minimisedby sele
ting o�-the-shelf produ
ts, as illustrated in the following se
tion.� North and South array Butler matri
es are the �rst blo
ks. The dipoles rows 1 to 32form the inputs to the N-array matrix, while rows 33 to 64 are the inputs to S-arraymatrix.� The 32-beam simulataneous beams are 
oupled to a RF swit
h, su
h that any one beamfrom N-array and another from S-array 
an be 
orrelated. The 32-to-1 RF swit
h isthe 2nd blo
k. The swit
hes are interfa
ed with a Fibre-opti
 Re
eiver to fa
ilitatebeam-sele
tion. Based on the Mex.Array site's topogrphy, the Fibre-opti
 Re
eiver was
hosen; an RF interfa
e will require ampli�ers/IF mixers.3



� The sele
ted beam-output from the swit
h is band-pass �ltered next; a pair of �lters arerequired.� Through a low-loss RF 
able the beam outputa are brought to the Rx/Control room.� An identi
al blo
k of DDCs and DAS, follows (minus ADBf) next; If one were to usethe same FlexRe
eiver PMC 304 
ard, a single 
ard is suÆ
ient.� PC +MATLAB is the �nal blo
k. Beam sele
tion/
ontrol info. is passed on to a Opti
alTransmitter. Data a
quisition is simpler from the PCI bus outputs of the FlexRx.PMC304 
ard.� A plasti
 �bre to link the OTx and ORx 
ir
uits. The length of �bre 
an be � 200 m.and 1310 nm. wavelength will be used for 
ommuni
ation.5 Butler Matrix Constru
tion :The 32-element Butler matrix will require 80 nos. of quadrature 
ouplers and 64 nos. of�xed phase-shifters, as shown in Fig.3. Passive Quad.
ouplers are available whi
h 
anbe soldered to a PCB. MACOM's JHS-121 is one-su
h 
oupler. Similar PCB-mountablephase shifters (like trim pots) are also available - viz., Merrima
's PSS-2B Series. TheRef.links as indi
ated by '0' phase-shift in Fig.3 
an be 
ustom-made by semi-rigid 
a-bles of equal ele
tri
al length and 64-nos. of 
oaxial 
onne
tors (SMAs/N-type) would
omplete one full-matrix for 32 elements.The required beam formation 
an be easily realised as per the above 
onstru
tion plan,sin
e reliable produ
ts are identi�ed and minimal help is required from skilled-te
hni
alhands while fabri
ating the unit.6 Comparison of the S
hemes :On te
hni
al aspe
ts both s
hemes are 
omparable; the �rst one, has an edge overthe other be
ause of the limitless 
exibility in usage of the array despite the availabil-ity of 2 or more beams for 
orrelation. The hardware 
an be 
on�gured qui
kly foruser-requirement and 
an be restored ba
k to default 
onditions through the FPGAprogramming. With the exponential improvement in 
omputing power, the future of4



the array usage may extend beyond radio astronomy.The se
ond s
heme has the advantage of simultaneous availability of multiple beams.This makes it feasible to 
ondu
t simultaneous observations of two di�erent regions ofthe sky,implying that we have two independent DDC + DAS blo
ks. Future upgradationof the fa
ility is simply adding up the DDC + DAS blo
ks so that the multiple beamsof the Butler matrix are utilised to a fuller extent.Multiple beams 
an be realised in the �rst s
heme toowithout adding any additionalhardware 
omponents; The FPGA 
oding 
an ensure multiple beams simultaneously.6.1 Hardware Costs :S
heme 1Let us refer to Fig.1. Item-wise 
osts (in US $) are indi
ated below:Fun
tional No.of Cost/ NetNo. Blo
ks units unit Cost1 Band-pass �lters 64 10 $ 640 $2 DDC + ADBf + DAS 32 2000 $ 64000 $3 PC + MATLAB 1 2000 $ 2000 $4 Conne
tors + Mis
. | 2000 $ 2000 $Total 
ost 68640 $S
heme 2Refer Fig.2. The 
ost for a single Butler matrix must be estimated �rst.32-element Butler matrix - ComponentsFun
tional No.of Cost/ NetNo. Blo
ks units unit Cost1 Quad.
ouplers 80 10 $ 800 $2 Fixed phase shifters 64 5 $ 320 $3 Conne
tors 128 7 $ 896 $4 Semi-rigid 
ables 64 1.5 $ 96 $5 PCB,Chassis,Mis
. | 200 $ 200 $Total 
ost 2312 $Coming ba
k to the overall system, 5



Fun
tional No.of Cost/ NetNo. Blo
ks units unit Cost1 Butler Matrix 2 2312 $ 4624 $2 RF swit
h blo
ks 2 130 $ 260 $3 BPFs 2 10 $ 20 $4 Low-loss RF 
able 2 600 $ 1200 $5 A

essories of (4) 1 670 $ 670 $5 DDC+DAS+Software 1 4000 $ 4000 $6 Fibre,OTx,ORx 1 100 $ 100 $7 Mis
. | 1000 $ 1000 $Total 
ost 11874 $S
heme 2 is 
heaper by a fa
tor of � 6 when 
ompared to S
heme 1.* * * * * * * * *
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Appendix { AAdaptive Beam-forming { Computation of Phase WeightsIf one 
onsiders the plane-wave front in
ident on the array at an angle �, the only dif-feren
e between the signals re
eived at the di�erent antennas is the phase shift indu
edby the path length di�eren
es.The Beam-former 
on
ept is to adjust the individual delays so that the signal appearsto be arriving at ea
h antenna simultaneously.The required phase delay for ea
h antennan (n = 0 : : : N � 1 ) is given by, ��n = 2�nd�sin �By adjusting the phase delays the array 
an \look" in a spe
i�ed dire
tion.As shown inthe �gure, the signal 
ow from ea
h antenna, xn(t) 
an be expressed in a 
omplex form:xn(t) = Aexp(j!t+ �)�swhere, s = 264 exp(j��0)...exp(j��N�1) 375The array output,y(t), with the weights in
orporated (antennas 
an be 
onsidered asangle-of-arrival �lters and the blo
k diagram shown above is similar to adaptive �lters...)will be y(t) = wH x(t)= N�1Xn=0w�nxn(t)= Aexp(j!t+ �)N�1Xn=0w�nexp(j��n)For uniform amplitude weighting,in the summation term above all w s will be equatedto unity and only the phase delays ��n would matter. For pre
ise side-lobe's suppres-sion and interfering signal's ellimination in the array output non-unity weights must be7




onsidered. * * * * * * * * *
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