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Paris Observatory developments in enabling

Front-end technologies
— Silicon LNA

technologies for SKA

T
b

measured : 0.3-2.0GHz, NF<1.1dB with NXP

QuBIC4G

simulated : 0.3-2.0GHz, NF<0.6 dB with NXP

QuBiC4X

— Substrate technology offer high quality
passives and interconnections (PICS-NXP

5th order filter: 0.35-2GHz, rej. >

0,1dB

Integrated receiver
measured : LNA + Filter + mixer in 0.3-2.0GHz band

begining: direct conversion receiver in the 0.1-

1.5GHz band
Beamforming : beamformer chip for EMBRACE

RFI mitigation
— High dynamic, versatile digital receiver (RDF
— Algorithms implementatidffgcT Workshop  29th N= |
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Outline

= EMBRACE overview

» Some questions about EMBRACE requirements vs LOFAR processing
* LOFAR beamforming process, beamlet concept

» EMBRACE beamformer, another beamlet concept

» LOFAR analysis filter

» EMBRACE analysis and synthesis filters

» Station processing architecture

= Conclusion
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RF bandwidth

WATS: 300 m?

500 MHz to 1500 MHz NATS: 100 m
Analogue links GPS ;Iim:irllin:lr_ﬂ.-.
clock
EMBRACE Back-End
J:'.M]'.iR.-\{']-! .
:[:.;llh—hcdm Receiver
& +— Clock Subsystem
AM Conversion
L
>
Filter bank “—» Control Subsystem
\_&-} F Y F
== Digital L
e Beam Formers+
= e e 1 e e R e e e S e e b, &
WAN F
Interface
Analog Outputs
20 MHz wide <«—  EXtenalCorrelator |
to external analysers 2 x 1 Gb/s Ethernet
‘ 4 x 1 6b/s
Mark V Recording cluster
Recording terminal Post processing
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LOFAR station EMBRACE station
96 antennas, 2 polarizations M M M 75 tilesets, 4 tiles each

NI

1X
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2Y

LOFAR
back-end

3X

3Y

L ([

96X
96Y

1X
1Y

2X
2Y

3Y

38X
38Y

¥ LOFAR
back-end

Question 1: can the LOFAR back-ends still deliver

synthetised digital beams in such a configuration?
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Data output from a LOFAR back-end: narrow beamformed subbands

EMBRACE tests require acces to external analysers with analog inputs, 20 MHz BW

— 1 Gb/s Ethernet data links
% LOFAR e
back-end
Beam RF A . 2anal
S External Correlator anaiog
= Interf outputs
= ntertace ——  20MHz BW
2 LOFAR
back-end
Beam RF B |

Question 2: given the LOFAR analysis filters, can we design an inverse filter in
the ECI to agregate subbands for 20 MHz output bandwidth?
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Sum of delays beamforming for wideband arrays

~t’ RF beam A Ant. 1, beam A1
delay
~t’ RF beam A Ant. 2, beam A1
delay
“RFbeomA [aot,beanm A Y L Station beam A1
elay
~t~ RF beam A Ant. N, beam A1
delay

For k station beams (A1 to Ak): k-fold duplicate of the sum of delays
For m RF beams / antenna: k.m-fold duplicate

Rather than delays, phase shifts beamforming can be used (cost, compactness)
Phase shifts beamforming works only on narrow frequency bands => subbanding
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Digital beamforming using phase shifts

Amplitude  phase shift

Tileleset 1 control
RF beam A A
\t‘ ; 7 4@—
Tilelest 2 ¢ ADC 200Ms/s
‘t ; RF beam A

Tileset 3

~+.

A +
/ 4@— Subband filter
X 512 subbands
RF beam A e
s @ — >

Beamforming
weights

Data type: complex

Tileset N

e RF beam A i"_/?__"_"@""l | s _Station
7 i digital beams

— e e o o o o - o - o]

Y VY V¥ Y

Beam steering / shaping computation

amplitude and phase shifts :

: ) ) multiply by a complex value
Amplitude and phase calibration (weight)
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LOFAR beamformer topology: parallel / serial processing

Station digital beams
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—» sum of weighted Y pols
| > sum of weighted X pols

Distributed add process

Weighting process
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LOFAR weighting process:
For one antenna and two polarizations x and y:

 data after X and Y filter banks for one subband s: @ jXsim, Ygre +jYdim

* LOFAR beamlet concept associates one subband s and one direction (8, @) for the 2
polarizations

- data after beamformer transform for one subband:@+ jX" sim, Y’ sre + @

» Subband for beamlet b: from Subband Select map

¥

« Beamformer weights for beamlet b : from weights matrix (4x4y=> (8, @) for subb. s, ant.

WXR(b)Xre WXR(b)Xim WXR(b)Yre WXR(b)Yim
WXI(b)Xre WXI(b)Xim WXI(b)Yre WXI(b)Yim |
WYR(b)Xre WYR(b)Xim WYR(b)Yre WYR(b)Yim
WYI(b)Xre WYI(b)Xim WYI(b)Yre WYI(b)Yim

black weights = 0 if no orthogonalization process (or beam rotate)

Station data for beamlet b, N antennas, subband s, (6, @) :

X'(b)re N X'(b)re .

X'(b)im — X'(b)im A LOFAR back-end delivers 216 beamlets
Y'(b)re - Z Y'(b)re one subband, (8,9), pol. X, Y

Y®Im| o a=1 | Y'(b)m|
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LOFAR beamformer process:

From previous AP X sum —
antenna processor (AP) g

From previous AP Y sum —*
Subband select map Weight matrix
216 subbands X < > 216 weights X |- . Antenna Processor (AP)
216 subbands Y <« »216 weights Y --------- '; Beamlet Processor (blp)
X pol. X pol X pol X pol
from RCU X Delay Subbands ' Weights
(12b. 200 Ms/s) (128 clk) (512) L (216) >
Y pol. Y pol Y pol % pol
fomRCUY — Delay Subbands Weights
(12b. 200 Ms/s) (128 clk) (512) (216)
real data complex data To next AP Y adder «—
(18b. Real, 18b. Im.) To next AP X adder «——
The last AP output gives the weighted sum for 216 beamlets

EMBRACE can use this process as is, but:

LOFAR antenna: 1 RF beam, 2 pol.
EMBRACE antenna (tile or tileset): 2 RF beams, 1 pol.
’@\@tigfre USN
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2

LOFAR antenna processor
Subband select map and weights matrix for 216 beamlets

All subbands / beamlets / weights associations are valid for this process

Subband 0 Xre+jXim

Subband 0 Yre+jYim

Subband 1 Xre+jXim

Subband 1 Yre+jYim

Subband 2 Xre+jXim

Subband 2 Yre+jYim

Subband 3 Xre+jXim

Subband 3 Yre+jYim

—_—
— =

— —
- — —_—
—_—

Subband 509 Xre+jXim

Subband 509 Yre+jYim

Subband 510 Xre+jXim

Antenna k, X pol and Y pol

Subband 510 Yre+Yim

Subband 511 Xre+jXim

Subband 511 Yre+jYim

Subband filter output:
data buffer 512 x 2 (Re,|

vatoire ~ USN

w11y w12o w135 w14
BLO X SUb 1 W212W222 w238 w242
=P BLO 151, w32, w33, wad,
A BLOY Sub. 1 a1y Wa2) a3, wad,
-
. W111W121 W131 W141
- BL1 X Sub. 2 BLA 21 wa2, w23 wad,
* w31, w32, w33, w34,
.~ BL1Y Sub.?2 wa1, wa2, w3, wad,
-
- w1, wi2, w13, wid
- — BL2 X Sub. 3 BL2 W21, W22, W23, W24,
' w31, w32, w33, w34,
L= — BL2 Y Sub. 3 a1, WA2, wa3, wad,
BL214 X Sub. 510 W1t W12 W13 Wik
/ b BL214 W§1214 ngzm ngzm ngzm
~ W 14 W 14 W 14 W 1
~\ BL214 Y Sub. 510 WA 14 WA2514 Wh3g1s WAk,
Lo
- W11215 W12215 W13215 W14515
BL215 X Sub. 509 5L 01 W2Toe WOZero W2 W2l
. W31215 W32215 W33215 W34515
BL215 Y SUb 509 W4 1215 WA2515 W43515 Wa4o15
Subband select map Beamformer weights
m) 216 x 2 (Re,Im) 216 x 16

MCCT Workshop 29th November 2007, Dwingeloo
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A nice way to double the bandwidth in LOFAR Back-end:

Using only one polarization and specific subband select map and weights matrix:
Max band for one polarization = 432 subbands (64 MHz or 84 MHz in LOFAR station)

Subband 0 Xre+jXim BLO X Sub. 1X a;gﬂgg 8 8
Subband 0 Yre+jYim =P BLO 0" 0 was, was,

/ BLO Y Sub. 2X 0 0 w43, wad,
Subband 1 Xre+jXim
wil,wi2, 0 0
Subband 1 Yre+jYim BL1 X Sub. 3X BL1 w21 w22, 0 0
— 0 0 w33 w34
Subband 2 Xre+jXim BL1Y Sub. 4X 0 0 w43, wid,

S —
>
'8 Subband 2 Yre+jYim BL2 X Sub. 5X Wi, wi2, 0 O
© Subband 3 Xre+jXim =p| BL2 w222 5 O
[e) BL2 Y Sub. 6X 0 0 waA3,wad,
o Subband 3 Yre+jYim : 2 Wa%2
x Subband 4 Xretixim [/ /| . —:|: ==
-;‘U Subband 4 Yre+jYim === Fo== -
= Subband 5 Xre+jXim
w1144 W12 0 0
5'&-’ Subband 5 Yre+jYim BL214 X Sub. 429X 5014 W2lats W22y O O
0 0 w33, w34
< Subband 6 Xre+jXim BL214 Y Sub. 430X 0 0 wide i
—————— T == Wil w1235 0 0
I - - BL215 X SUb. 431X BL215 W21215W22215 0 0
L7 S < < I 0 0 W33215 W34215
Subband 511 Yre+jYim BL21 5 Y SUb 432X 0 0 w4315 Whdy 5
Subband filter output: Subband select map Beamformer weights
data buffer 512 x 2 (Re,Im) 216 x 2 (Re,Im) 216 x 16
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EMBRACE beamformer using LOFAR antenna processors, 72 back-end
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sum of weighted odd antennas
sum of weighted even antennas

Distributed add process

Weighting process

deliver digital beams

Need of an extra adder to
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EMBRACE weighting process using an antenna processor:

for two antennas and RF beam A :

» used data from X an Y filter banks for one subband s: Ajre + jJAjim, A iqre + jJAg+qim
» Subband for beamlet b: from Subband Select map

» Beamformer weights for beamlet b: from weights matrix

Beamformer transform in EPA firmware for 2 antennas, one subband, one RF beam:

___________

e J o \
X' (b)re WXR(b)Xre WXR(b)Xim WXR(b)Yre WXR(b)Yim || A1l re , 01,01
X(b)im| ='] wWXi)Xre _WXI(b)Xim WxXI(b)Yre WXI(b)Yim |!x | Atim oo ,
Y'(b)re ([WYR(b)Xre WYR(b)Xim WYR(b)Yre WYR(D)Yim | A2,..re ' 02,92 !
voim]_ [ WYIb)Xre  WYIb)Xim WYI(b)Yre WYI(b)Yim [ | A2..im . AL

-

S e o e ——

This specific weighting provides us with the additional add of X part and Y part

Station data for beamlet b, N antennas, RF beam A, using 72 back-end:

X:(b)re X:(b)re EMBRACE beamlet:
X(b)m|f  — Z X'(b)im one subband, two directions
Y’'(b)re Y’(b)re

Y'(b)imly o @ 1Y (D)imlaa+ts

And we can do the same way for RF beam B,

,@Vam?re - using second half of the back-end N
de Pars MCCT Workshop 29th November 2007, Dwingeloo SKADS “\\



Ant.

Ant.
Ant.

Ant.
Ant.

Ant.
Ant.

RF beam A

Ant.

Ant.
Ant.

Ant.

f@mp}re usy data buffer 512 x 2

Ant.

Ant.
Ant.

k+1 —

k —
k+1 —
k —
k+1 —
k —

k+1 —

EMBRACE antenna processor:
Subband select map and weights matrix for 216 beamlets

Subband 0 Xre+jXim

Subband 0 Yre+jYim

Subband 1 Xre+jXim

Subband 1 Yre+jYim

Subband 2 Xre+jXim

Subband 2 Yre+jYim

Subband 3 Xre+jXim

Subband 3 Yre+jYim

——

JE——
—_—

— —_—

—

Subband 509 Xre+jXim

Subband 509 Yre+jYim

Subband 510 Xre+jXim

Subband 510 Yre+Yim

Subband 511 Xre+jXim

Subband 511 Yre+jYim

Subband filter output:

W110W120 W130W140
w31y w32p w33, w44
/ BLO Y Sub. 1A.4 Wio wa2 wA3g wide
w11, w12, w13, wi14
BL1 X SUb 2'A‘k > BL1 w21, w22, w231 w24:
w31, w32, w334 w34,
/ BL1Y Sub. 2A,.; W, wa2, w43, wad,
wil, w12, w13, w14
" BL2 X Sub. 3A, BL2 W21o W22, W23, W24,
=P w31, w32, w33, w34,
| —— BL2Y Sub. 3A,; Whl, a2, wa3, wad,
W11214 W12514 W13214 W145q4
Siniaing BL214 x SUb' ?Ak I W21214 W22214 W23214 W24214
BL214 W31514 W32514 W33214 W34514
----| BL214Y Sub. ?Ak+1 WA1214 WA2514 WA3314 WA4 214
---=->| BL215 X Sub ?Ak W;1215 W;§215 W;gms W;jms
# BL215 x31215x3221sx33215 x34215
o 215 215 215 215
- BL215 Y SUb. ?Ak+1 W41215 W42215 W43215 W44215

(Re,lmg
MCCT Workshop 29

Subband select map

216 x 2 (Re,Im

th November 2007, Dwingeloo
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Digital beam = sum of all phase shifted antenna data to point at source position (8,9)

Subband width: 195.3125 Khz at 200 Ms/s (156.25 KHz at 160 Ms/s for LOFAR LBA)

From LCU (Is time frame)  (N-1)x 216 x
iy : Subband Select map Weights [X:re N j_X:!m]S"”
. Onetileorcell | 512X subbands 216 X subbands 216 X weights [Y're +jY'im]s g,
. of combined tiles | 512 Y subbands 216 Y subbands 216 Y weights s in [0, 511]
Ty T (18b complex)

2 data flows S t Select F Form Station
X and Y ' eparate elec orm
and Subbands Subbands Beams Beams output
(12b. real)
512 x 216 x 216 x 216 x
[Xre + jXim], [Xre + jXim]g [X’re + jX’im]s o1 [XSre + jXSim]s 1
. _ [Yre +jYim], [Yre +jYim]g [Y’re +jY’im]s o2 [YSre + jYSim]; o2
=> P P
1024 samples time frame b =0 to 511 s in [0, 511] sin [0, 511] s in [0, 511]
(18b complex) (18b complex) (18b complex) (16b complex)
Data flow (digital bandwidth) => 7.210° b/s 3.037510° b/s 3.037510° b/s 2.710° b/s
. b. b. b. b. b.
Constraints = Mixg‘l 6s] Max[n= ;1)(6 nb.] Mc(x[n= ; 1x6 nb.o]

Station digital beam = collection of [XSre + jXSim]g o161y, [YSre +jYSim]s g2 ¢2)
for the required number of subbands

N
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RF beam A RF beam B
Separate | Separate | Window Separate | Separate | Window
beams spectral width beams spectral width
windows (MHz) windows (MHz)
Y S S R 2 1 42
. 4 2 21 | 4 2 21
— = el > 1 %
4 2 10.5 4 2 10.5
8 4 10.5 8 4 10.5
48 24 1.75 48 24 1.75
2 1 7.03125 (N 1 | 7.03125 1
72 36 0.9765625 72 | 36 ]0.9765625]
432 216 0.1953125 432 216 0.1953125

’.@va;cﬁre USN
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At this point answer to question 1 is:

We can use the LOFAR back-end to deliver synthetised
digital beams for the EMBRACE configuration without any
change in the embedded processes.

This is obtained via specifics subbands select maps and
associated weights matrices.

The beamlet concept evolves in « one beamlet = one
subband, two directions »
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Subbands filter: analysis filter

Perfect channel

8 8 3 o

amplitude (dB)
8 8 &

—— polyphase 42152 coef. : :
= = blackmanharmis 8192 coef. : By

fi— ] == L IRni g
45 35 25 15 05 05 15 25 35 45
Relative channel number
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Polyphase structure

hyX[n]+hpyx[n—D]+h,ux[n—2D]+---+hyx[n—kD]...
x[n=1]+hy, x[n=D-1]+h,p, X[n—=2D —1]+---+ hp x[n-kD -1]...

y(n) = thx(n—k) — |

o X[N=D+1)]+hyp x[n—=2D+1)]+hyy x[n=3D+1)]+--+hy pp X[n— (kK+1)D+1)]...

x(n)
= X(2).E,(z")

x(n-1)
=7".X(2).E(z°) ) N
— () y(n
X(n—D+1) Y (2) :gz".X(z).E,(sz

/

=7 "M X(2).Ep (2™

S
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Polyphase filter bank
1) U (z2)=z".X(2).E (z") forl=0,..,M -1

x(n) —T—{IEa(@) Es={ho B s ) |Ln) _—

Z;—' E,(2") /Es={hy, hyersNopass-- - il > y4(n)

2 WM JFFTT L )
En-1(Z") 1 Ep={hwss Nors Ny * Ym4(N)

N
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Output channels have narrow bandwidth: we can use decimation

Decimation factor :  s(n) _.M—»s(nM)

»«—Fs/M

A
a
w

Fs > < Fs/M

x(n)

Channel,(nM) x(n)

Channel,(nM) |:>

> Channel,(nM)

Channell(nM)

; Channel,(nM)
FFT

-+ Channel(nM)

E—» Channel,, ,(nM) - Channely,_,(nM)

Fs : sampling frequency

(1) = 3 x(n = M)

Channely(nM)

; Channel,(nM)
FFT-

______ + Channel,(nM)

uo(nM):ihpM X("M —pM)  mm)

Channel,,_(nM)

R ; Upy4(NM W
/ =0
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LOFAR subbands filter bank

samples

2L
O x
15 Dual Port RAM 1K x 18 bits 8 w©
EinleEENE ERnTENE EEnEENE %;
X =

NN R RN ' NN NN NN
| coeff.

X | X[ X | X | X[ X | X| XX | X | X | X|X[|X]|X]|X

+ +

— —
+ +
I_* : *_I
l . IFET = Filter bank

output
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Synthesis filter bank for ECI

IFFT

x 2 to process real and imag part of the ifft

15 Dual Port RAM 1K x 18 bits

ROM coeffs
1K x 16 x 16

z102 o
21028 o
Zi028 <
z102 o

7-1024 J
7-1024 <-|
7-1024 <-|
o2t ]
dJ

7-1024 4_|
7-1024 <.|

coeff.

+ +
+
dac bits
final results I—} w dac

.@‘@?Q'V‘* Ui MCCT Workshop 29th November 2007, Dwingeloo
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External Correlator Interface processing
(do we need to oversample subbands?)

Case of a strong RFI line at the edge of a subband:

What happens in the reconstruction process of the synthesis filter depends on
the analyser filter bank:

For an oversampled (factor 2) analysis filter bank, no alias in adjacent
channels and « quasi perfect reconstruction »

For a critically sampled analysis filter bank (LOFAR implementation), alias
appears in the adjacent channels and in the reconstructed spectrum.

Oversampled subbands gives a better reconstructed spectrum for frequency
lines at channels edges, but requires an increase (x2) of the digital bandwidth
for all the processes after the filters, which is too high for the LOFAR
processing boards.

Y
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Synthesis Filter bank output : RFI @ 134.6/1024

Channel Spectra when
oversampled by 2

Channel Sum

) ) ) ) ) ) L
131 132 133 134 135 136 137
channel

20+

Channel Sum

1 1 1 1
130 140 150 150 170 180
channel

MCCT Workshop

Channel Spectra when critically

(maximally) decimated

Channel sum
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80
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40t

30

20F
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100

80

60

40t
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Channel surm

201
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At this point answer to question 2 is:

We can define for the ECI a synthesis filter for agregation of
narrow subbands (195 KHz) in wider bandwidth (20 MHz).

Given the existing LOFAR subbands filter bank, frequency
lines at the edge of subbands (RFI) may create alias in the
reconstructed spectrum.

Y
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Embrace station outputs are 4 Ethernet Gb links, each one delivering 54 beamlets

To deliver 2 x 20MHz digital beams we need at least 103 beamlets

=> ECI input needs 2 Ethernet Gb links (2 lanes)

Data frames from EMBRACE back-end
T Control frames from LCU (100 Mb Ethernet)

A 4 \ 4 \ 4 \ 4

Gb Ethernet switch

Data frames | | patq frames + Control frames External Correlator Interface

Control .
| Eth. ' Synthesis ADC
" 16b/s » “:fh?a‘?f > Filter A ’v \

z Data t t

reorder

A 4

\ 4 A 4

\ 4
Eth. Synthesis ADC
T tebss E =P Hiter s > Q‘ \

\ 4

Mark VB interface

o
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Station Control Unit

Source coordinates

Source coordinates

Interferers coordinates

v Subband v v Subband
Calculate frequency | calculate Calculate | requency
Tile array | Array geometry | Initial vector for Projection _Array geometry
settings A | Beam forming Matrices for nulling [
Detect Nulling of |
Interferer Interferers » LO1 beam A
— 1 1 Local
» LO1 beam B
Tile array Calculate > Correct for Control
settings I_, Calibration Calibration Unit I
@ Subband @ @ Ogtput mode
To be processed Time stamp v
N cells of ' . ' ' 5 ' ' % ' External >
. . ompute ompute ompute Correlator
combined tiles Subbands Cross Beams > nterface |»
2 RF beams e - . .
Statistics Correlations Statistics
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Conclusion:

For EMBRACE station processing we can use LOFAR back-end as is, with specific
settings of subband select maps and weights matrix.

Subbands are critically sampled, RFI on channel edges may pollute adjacent
channels.

We can design a synthesis filter in the ECI to output 2 analog 20 MHz BW beams
for external analysers with sensitivity to RFI on channel edges.

The remaining key point is the Monitoring And Control software (ongoing).
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