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Abstract

Digital radio antenna arrays, like LO PES (LOFAR PrototypE Station), detect high-energy cosmic rays v ia  the radio em ission 

from  atm ospheric extensive air showers. LO PES is an  array o f  dipole antennas placed w ith in  and triggered  by the KA SCA D E- 

Grande experim ent on  site o f  the K arlsruhe Institute o f  Technology, Germany. The antennas are digitally com bined to bu ild  a 

radio in terferom eter by form ing a beam  into the a ir show er arrival direction w hich allows m easurem ents even at low signal-to-noise 

ratios in  individual antennas. This technique requires a precise tim e calibration. A  com bination o f  several calibration steps is used  

to achieve the necessary tim ing accuracy o f  about 1 ns. The group delays o f  the setup are m easured, the frequency dependence 

o f  these delays (dispersion) is corrected  in  the subsequent data analysis, and variations o f  the delays w ith  tim e are m onitored. 

We use a transm itting reference antenna, a beacon, w hich continuously emits sine waves at know n frequencies. Variations o f  the 

relative delays betw een  the antennas can be detected and corrected  fo r at each  recorded event by m easuring the phases at the beacon 

frequencies.
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1. Introduction

For the study o f  ultra-h igh energy particles from  the cosmos 

the m easurem ent o f  the radio em ission from  secondary particle 

showers generated  in  air o r dense m edia is evolving as a new 

technique [1], First m easurem ents o f  the radio em ission o f  cos ­

m ic ray air showers had been  done already in  the 1960 ‘ s [2], but 

w ith  the analog electronics available at that time, the technique 

could not be  com petitive w ith  traditional m ethods like the de ­

tection  o f  secondary particles on  ground o r the m easurem ent o f 

fluorescence light em itted by air showers. Recently, the radio 

detection m ethod experienced a revival because o f  the avail­

ability o f  fast digital electronics. Pioneering experim ents like 

LOPES [3] and CO DA LEM A [4] have proven that radio detec ­

tion  o f  cosmic ray air showers is possible w ith  m odem , digital 

antenna arrays. D ue to the short duration o f  typically less than  

100 ns o f  the air shower induced radio pulse, the experim en ­

tal procedures are significantly different from  those o f  classical 

radio astronomy.

The m ain  goal o f  the investigations is the detailed under ­

standing o f  the shower radio em ission and the correlation  o f 

the m easured field strengths w ith  the prim ary cosmic ray char ­

acteristics. The sensitivity o f  the m easurem ents to the direction
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o f  the shower axis, the energy and m ass o f  the prim ary particle 

are o f  particu lar interest. Radio antenna arrays can derive the 

energy o f  the prim ary particle by m easuring the am plitude o f 

the field strength, and reconstruct the direction o f  the incom ing 

prim ary particle by m easuring pulse arrival tim es - w ith  the re ­

m arkable difference to o ther distributed sensor networks, that 

w ith  LO PES, the arrival direction is reconstructed using  digital 

interferom etry w hich dem ands a precise tim e calibration. A n ­

o ther goal is the optim ization o f  the hardware (antenna design 

and electronics) fo r a large scale application o f  the detection 

technique including a self-trigger m echanism  fo r stand-alone 

radio operation  [5, 6],

LO PES w as built as a prototype station o f  the astronom ical 

radio telescope LOFAR [7, 8] aim ing to investigate the new 

detection m ethod in  detail. LO PES is a phased  array o f  ra ­

dio antennas. Featuring a precise tim e calibration, it can  be 

used fo r interferom etric m easurements, e.g. w hen form ing a 

cross-correlation beam  into the air shower direction  [9], Thus, 

LO PES is sensitive to the coherence o f  the radio signal em itted 

by air showers, allowing to perform  m easurem ents even at low 

signal-to-noise ratios in  individual antennas.

This paper describes m ethods fo r the calibration and con ­

tinuous m onitoring o f  the tim ing o f  a radio antenna array like 

LO PES and shows that it is possible to achieve a tim ing ac ­

curacy in  the order o f  1 ns by com bining these m ethods fo r 

such kind  o f  arrays. Beside the m easurem ent and correction  o f
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group delays and frequency dependent dispersion o f  the setup, 

we use a transm itting  reference antenna, a beacon, w hich con ­

tinuously em its sine waves at know n frequencies. This way, 

variations o f  the relative delays betw een  the antennas can be 

detected and corrected  fo r in  the subsequent analysis o f  each  

recorded event by m easuring the relative phases at the beacon 

frequencies. This is different from  the tim e calibration in  other 

experim ents, like ANTARES [10], ANITA [11] and AURA [12] 

w hich determ ine the arrival tim es o f  pulses em itted by a beacon. 

In  addition, AURA has the capability to m easure frequency 

shifts o f  constant waves fo r calibration [13], The use o f  phase 

differences o f  a continuously em itting beacons is reported  fo r 

ionospheric TEC m easurem ents [14], w here the m easurem ent 

o f  phases o f  a beacon  signal is used fo r atm ospheric m onitor ­

ing, not fo r tim e calibration. W here the individual m ethods de ­

scribed in  this w ork are m ore o r less standard in  sensor based 

experim ents, their com bination  to achieve the possibility o f  in- 

terferom etric m easurem ents is new and applied fo r the first time 

in  LOPES.

2. The LOPES antenna array

The m ain  com ponent o f  LO PES consists o f  30 amplitude cal­

ibrated, inverted V-shape dipole antennas [15, 16], The anten ­

nas are placed in  co-location  w ith  the particle air shower ex ­

perim ent K A SCA D E-G rande [17, 18] (fig. 1). K A SCA DE- 

Grande consists m ainly o f  stations equipped w ith  scintilla ­

tion  detectors on  an  area o f  700 x  700 m 2, w here 252 sta ­

tions com pose the KA SCA D E array, and further 37 large sta ­

tions the Grande array. Besides the 30 LO FAR-type antennas, 

LO PES consists also o f  newly designed antennas form ing the 

LOPESst a r  array [19], The m ain purpose o f  LOPESst a r  is 

to optim ize the hardware fo r an  application o f  this m easuring 

technique to large scales, e.g. at the Pierre A uger O bserva ­

tory [20], A ll antennas are optim ized to m easure in  the range 

o f  40 to 80 M H z w hich is less polluted by strong interference 

than, e.g. the FM  band. The positions o f  the antennas have been  

determ ined by differential GPS m easurem ents w ith a relative 

accuracy o f  a few cm.

W henever KA SCA DE-G rande m easures a high-energy 

event, a trigger signal is send to LO PES w hich then  stores the 

digitally recorded radio signal as a trace o f  2 16 samples w ith 

a sam pling frequency o f  80 M Hz, w here the trigger tim e is 

roughly in  the m iddle o f  the trace. As a band-pass filter is 

used  to restrict the frequency band  to 40 to 80 M Hz, LOPES 

is operating in  the second N yquist dom ain  and contains the 

complete inform ation o f  the radio signal w ithin  this frequency 

band. Recovery o f  the full inform ation  is possible by an  up- 

sam pling procedure, i.e. the correct interpolation be tw een  the 

sam pled data points w hich is done by a zero-padding algorithm  

[21, 22, 23], This way, sample spacings o f  0.1 ns can be ob ­

tained w ith in reasonable com puting time, w hich is consider ­

ably sm aller than  the uncertainties o f  the tim ing introduced by 

other sources (see below ). Thus, the sam pling rate does not 

contribute significantly to systematic uncertainties.

M ore details o f  the experim ental set-up, the amplitude cali ­

bration, the operation, and the analysis procedures o f  LOPES
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F ig u re  1: C u rren t se tup  o f  th e  L O P E S  e x p erim en t w h ic h  is co -lo cated  w ith  the  

K A S C A D E -G ran d e  exp erim en t a t K arlsru he  Institu te  o f  T echnology, G erm any. 

U p w ard  tria n g les m a rk  e as t-w est o rien ted  an tennas, do w nw ard  trian g les  north - 

sou th  o rien ted  an tennas, respectively . A  s ta r  ind ica te s a n  e ast-w est o rien ted  and  

a  n o rth -so u th  o rien ted  a n te n n a  a t th e  sam e p lace.

can be found in  references, e.g. [9, 16],

3. Need for a precise time calibration

The angular resolution, respectively source location, o f  LOPES 

is lim ited to about 1° [24] due to the uncertainties o f  the em is ­

sion m echanism  o f  the radio pulse, and thus, by  the uncerta in ­

ties in  the shape o f  the wave front o f  the radio emission. Con ­

sequently, fo r LO PES, im proving the accuracy o f  the tim e cal­

ibration to about 1 ns is not expected to significantly improve 

the angular resolution. Instead, this good tim ing reso lution is a 

necessary requirem ent to enable the use o f  LO PES as a digital 

radio interferometer. H ence, this is the m ost im portant am ong 

several reasons why a precise tim e calibration  w ith  a relative 

accuracy in  the order o f  o r below  1 ns is desirable fo r a radio air 

show er array:

•  Interferom etry : A  tim ing precision w hich is at least an  or ­

der o f  m agnitude better than  the period o f  the filter ringing 

(~  17 ns fo r LO PES) allows one to perform  interferom et- 

ric m easurem ents if  the baselines o f  the in terferom eter are 

adequate fo r the angular scale o f  the observed source. As 

the distance o f  the source o f  radio em ission from  cosmic 

ray air showers to the LO PES antenna array (several km) 

is m uch larger than  the extension o f  the source reg ion and 

the lateral extension o f  the array (~  200 m), the angular 

extension o f  the source is small. Hence, one expects that 

every antenna detects the same radio pulse ju st at a d if ­

ferent time. Thus, LO PES should see coherent radio sig-
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Figure  2: C alib rated , u p -sa m p le d  traces o f  an  ex am ple  event, a fte r co rrec tion  

fo r  g eom etrical de lays . T he  rad io  p u lse  in d u ced  b y  a  co sm ic  ra y  a ir  show er 

can  c learly  b e  d is tin g u ish ed  fro m  th e  no ise , as it  is (in  co n tras t to  th e  n o ise ) 

co heren tly  d e tected  in  a ll  an tennas.
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F ig u re  3: Influence o f  an  add itio n al tim in g  u n c erta in ty  o n  th e  h e ig h t o f  the  

c ro ss-co rre la tion  b eam  o f  th e  exam ple  even t (figure  2): T he  x -ax is sh ow s the  

w id th  o f  th e  G au ssia n  d istrib u tio n  o f  th e  add itio n al t im in g  u n c erta in ty  a d d ed  to  

each  an tenna. T he  e rro r b a rs a re  th e  R M S  o f  100 rep e titio ns w h ic h  have b een  

p e rfo rm e d  fo r  each  uncerta in ty .

n a ls  f ro m  a ir  sh o w e rs  o n  th e  g ro u n d , w h ic h  h as  b e e n  e x ­

p e r im e n ta lly  v e r if ie d  [3], a n d  c a n  b e  e x p e m p la r ily  s e e n  in  

fig u re  2. T h is  c o h e re n c e  is  m e a su ra b le , e .g ., b y  fo rm in g  a 

c ro s s -c o rre la tio n  b e a m  in to  th e  a ir  sh o w e r  d ire c tio n  [25], 

a n d  c a n  b e  u se d  to  d is t in g u ish  b e tw e e n  n o ise  (e .g . th e rm a l 

n o ise  a n d  n o ise  o r ig in a tin g  f ro m  th e  K A S C A D E  p a r tic le  

d e te c to rs )  a n d  a ir  sh o w e r  s ig n a ls .

T h e  re q u ire m e n t o f  a  t im in g  p re c is io n  in  th e  o rd e r  o f  1 ns  

f o r  th e  in te rfe ro m e tric  c ro s s -c o rre la t io n  b e a m  a n a ly s is , 

c a n  b e  q u a n tita tiv e ly  v e r if ie d  b y  a d d in g  a n  a d d itio n a l a n d  

ra n d o m  t im in g  u n c e r ta in ty  to  e a c h  a n te n n a , a n d  s tu d y in g  

th e  in flu e n c e  o n  th e  re c o n s tru c te d  c ro s s -c o rre la t io n  b e a m  

w h ic h  is  a  m e a su re  f o r  th e  c o h e re n c e . T h is  h a s  b e e n  d o n e  

f o r  th e  e x a m p le  e v e n t (fig u re  2) b y  sh if tin g  th e  tra c e s  o f  

e a c h  a n te n n a  b y  a n  a d d it io n a l tim e  ta k e n  f ro m  a  G a u ss ia n  

ra n d o m  d is tr ib u tio n  (see  f ig u re  3). T h e  h e ig h t o f  th e  c ro s s ­

c o r re la tio n  b e a m  d e c re a se s  s ig n if ic a n tly  w h e n  th e  a d d e d  

u n c e r ta in ty  is  la rg e r  th a n  1 ns. F o r  u n c e r ta in tie s  >  5 ns  

th e  h e ig h t is  n o t re d u c e d  fu rth e r , a s  th e  a n a ly s is  a lw a y s  

f in d s  a  ra n d o m  c o rre la tio n  b e tw e e n  so m e  a n te n n a s . A s 

m o s t o f  th e  L O P E S  e v e n ts  a re  c lo s e r  to  th e  n o ise  th a n  th e  

sh o w n  e x a m p le , r e c o n s tru c tin g  th e  c ro s s -c o rre la tio n  b e a m  

co rre c tly  is  im p o rta n t, b e c a u s e  a  re d u c e d  h e ig h t c a n  le a d  

to  a  s ig n a l- to -n o ise  ra tio  b e lo w  th e  d e te c tio n  th re sh o ld .

•  P o la r iz a tio n  s tu d ie s : D iffe re n t m o d e ls  f o r  th e  ra d io  e m is ­

s io n  o f  a ir  sh o w e rs  can , a m o n g  o th e rs , a lso  b e  te s te d  b y  

th e ir  p re d ic tio n s  o n  th e  p o la r iz a tio n  o f  th e  ra d io  s ig n a l 

(e .g ., th e  g e o -sy n c h ro tro n  m o d e l [2 6 ,2 7 ]  p re d ic ts  p re d o m ­

in a n tly  l in e a r  p o la r iz a tio n  o f  th e  e le c tr ic  f ie ld  in  a  d ire c tio n  

d e p e n d in g  o n  th e  g e o m e try  o f  th e  a ir  sh o w e r  [28]). T h e  c a ­

p a b ility  o f  an y  a n te n n a  a rra y  to  re c o n s tru c t  th e  tim e  d e p e n ­

d e n c e  o f  th e  p o la r iz a tio n  v e c to r  a t e a c h  a n te n n a  p o s itio n , 

a n d  th u s , to  d is t in g u ish  b e tw e e n  lin e a r ly  a n d  c irc u la r ly  p o ­

la r iz e d  s ig n a ls , d e p e n d s  s tro n g ly  o n  th e  re la tiv e  t im in g  a c ­

c u ra c y  b e tw e e n  th e  d if fe re n t p o la r iz a tio n  c h a n n e ls  o f  e a c h

a n ten n a .

•  L a te ra l d is tr ib u tio n  o f  a rr iv a l tim e s : A c c o rd in g  to  s im u ­

la tio n s , th e  la te ra l d is tr ib u tio n  o f  th e  p u lse  a rr iv a l tim e s  

sh o u ld  c o n ta in  in fo rm a tio n  a b o u t th e  m a ss  o f  th e  p rim a ry  

c o sm ic  ra y  p a r tic le  [29], O n ly  a  p re c ise  re la tiv e  tim in g , 

e v e n  b e tw e e n  d is ta n t a n te n n a s  (~  2 0 0  m  fo r  L O P E S ), c a n  

e n a b le  u s  to  re v e a l th is  in fo rm a tio n , a n d  to  m e a su re  th e  

sh ap e  o f  th e  ra d io  w av e  f ro n t in  de ta il.

A s  s tab le  c lo c k s  f o r  th e  D A Q  e le c tro n ic s  a n d  th e  t r ig g e r  s ig n a l 

o f  L O P E S  a re  d is tr ib u te d  v ia  c a b le s , th e  tim e  c a lib ra tio n  is  b a ­

s ic a lly  re d u c e d  to  th e  m e a s u re m e n t o f  th e  e le c tro n ic s  a n d  cab le  

g ro u p  d e la y s , th e i r  d e p e n d e n c e  o n  th e  fre q u e n c y  (d isp e rs io n ) , 

a n d  th e ir  v a r ia tio n s  w ith  tim e . O rig in a lly , th e  d e la y s  w e re  m e a ­

su re d  w ith  th e  ra d io  e m is s io n  f ro m  so la r  b u rs t  ev en ts , a n d  th e ir  

v a r ia tio n s  w e re  m o n ito re d  b y  m e a su r in g  th e  p h a s e  o f  th e  c a r r i ­

e rs  o f  a  te le v is io n  tra n sm itte r  [3, 15],

M e a n w h ile , w e  h av e  d e v e lo p e d  n ew  m e th o d s  f o r  th e  tim e  

c a lib ra tio n  w h ic h  d o  n o t d e p e n d  o n  e x te rn a l so u rc e s  o u t o f  o u r  

co n tro l. N am e ly , w e  m e a su re  th e  d e la y s  w ith  a  re fe re n c e  p u lse  

e m itte d  a t a  k n o w n  tim e , c o r re c t  f o r  th e  d is p e rs io n  o f  th e  a n a ­

lo g  e le c tro n ic s  a n d  h av e  se t u p  a n  e m itt in g  a n te n n a  (b e a c o n ) 

w h ic h  c o n tin u o u s ly  tra n sm its  tw o  n a rro w  b a n d  re fe re n c e  s ig ­

n a ls  to  m o n ito r  v a r ia tio n s  o f  th e  d e la y s  w ith  tim e .

T h e se  th re e  m e th o d s  f o r  c a lib ra tio n  a n d  m o n ito r in g  o f  th e  

t im in g  a re  c o m b in e d  to  a c h ie v e  a  t im in g  a c c u ra c y  in  th e  o r ­

d e r  o f  1 n s  f o r  e a c h  ev e n t m e a s u re d  w ith  L O P E S . N e v e r th e le s s , 

th e se  m e th o d s  a re  in  p r in c ip le  in d e p e n d e n t f ro m  e a c h  o th e r, a n d  

f o r  o th e r  e x p e r im e n ts  o n e  m ig h t, e .g ., d e te rm in e  d e la y s  b y  a n ­

o th e r  m e th o d , b u t  s till u se  th e  b e a c o n  m e th o d  to  c o n tin u o u s ly  

m o n ito r  th e  re la tiv e  tim in g .
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F igu re  4: Se tup  fo r  th e  d e lay  m easu rem en ts: th e  co ax ia l cab le  f ro m  th e  L O P E S  

a n te nn a  is d isco n nec te d  f ro m  th e  a n te n n a  an d  co n nec ted  to  a  cab le  fro m  the  

p u lse  g en era to r in stead  w h ic h  is tr ig g e red  s im u ltaneo usly  w ith  th e  D A Q  ele c ­

tron ics.

4. Delay measurements

For LOPES, as a digital radio interferom eter, m ainly the relative 

tim ing betw een  the different antennas is o f  im portance, and the 

absolute event tim e has to be know n only roughly to combine 

the LO PES events w ith  the corresponding K A SCA D E-G rande 

events. Thus, the determ ination o f  the pulse arrival tim es at 

each antenna, and therefore the m easurem ent o f  the delays, is 

m ost im portant on  a relative basis. Hereby, the delay o f  each  

channel (antenna and its analog  electronics) is different, e.g., 

because different cable lengths are used.

We define the absolute delay r  o f  a channel as the tim e b e ­

tw een the arrival tim e h o f  a radio pulse at an  antenna and 

the tim e l,_ w hen it appears in  the digitally m easured trace: 

r  = I, -  /,,. The m ore im portant relative delay A rm n betw een 

two antennas m  and n  is the difference betw een  the absolute 

delays o f  these antennas: A rm n = r m -  r n.

U sing solar bursts all relative delays A rmn could be deter ­

m ined directly. M easuring the delays w ith  respect to a com m on 

reference time iref is equivalent i f  the difference iref -  h = const 

is the same fo r all antennas. These delays f  m easured w ith  re ­

spect to iref are related to the absolute delays by r  = I, -  iref = 

r  -  (/,V| -  i  ,), and the relative delays can be easily derived from  

the m easured delays f  by A rm n = r m -  r n = f m -  f n.

For each  antenna the m easurem ent o f  the delay f  is per ­

form ed as follows: We disconnect the cable from  the antenna 

and connect it to a pulse generator instead, w hich emits a short 

calibration pulse at a fixed tim e after a norm al K A SCA DE- 

Grande trigger (fig. 4). As reference tim e iref we define the 

zero point o f  the LO PES trace (i.e. iref = 0), w hich is deter ­

m ined by the K A SCA D E-G rande trigger, because it starts the 

LO PES read out. As it sim ultaneously triggers the pulse gen ­

era to r o f  the delay m easurement, the condition  iref -  i , = const 

is fulfilled, and the delay f  can by obtained as the arrival time 

it o f  the calibration pulse in  the trace o f  the calibration  event: 

f  = $ -  0 = ft.

This pulse arrival tim e l,_ is determ ined in  a subsequent ana ­

lysis as tim e o f  the positive m axim um  o f  the up-sam pled  trace 

(like shown in  fig. 5). W hen repeating the m easurem ent fo r 

the same channel several tim es, the m easured pulse arrival time 

it is stable w ith in  about one sample o f  the up-sam pled trace 

(RM S o f  12 successive events <  0 .1ns, trace up-sam pled  to 

(1 2 .5 /2 7 ss 0 .1) ns sample spacing), i f  the am plitude o f  the cal­

ibration  pulse is chosen h igh enough  fo r a sufficient signal-to-

t im e  t [p ,sec]

F ig u re  5: E x am p le  fo r  th e  de lay  m easu rem en t: th e  re la tiv e  de lay  b e tw een  tw o  

an tennas (so lid  b lue  a n d  d a sh ed  re d ) can  be  m ea su re d  as th e  d ifference  o f  the  

tim es w h e n  a  calib ra tio n  p u lse  is rece iv ed , w h ic h  h as a  h e ig h t o f  ab o u t 1 V  and  

is fe d  d irec tly  in to  th e  a n te n n a  cables. T h e  re la tiv e  d e lay  is m a in ly  c au sed  b y  

d ifferen t cab le  leng ths.

noise ratio. H ence, this m easurem ent m ethod enables us to de ­

term ine the relative delays A rmn w ith  a statistical error o f  about 

V2 • 0.1 ns ~  0.15 ns.

Furtherm ore, systematic errors o f  the delay m easurements 

have been  studied in  several ways, e.g., by  repeating the m ea ­

surements. M easurem ents o f  the relative delays perform ed on 

two consecutive days deviate by (0.4 + 0.3) ns from  each other 

(m ean and standard deviation  o f  10 m easurem ents). As another 

check fo r systematic effects, the pulse arrival tim e l,_ have been  

determ ined in  four different ways, nam ely as tim e o f  the posi ­

tive m axim um  o f  the trace, the negative m axim um  o f  the trace, 

the m axim um  o f  a H ilbert envelope o f  the trace, and the cross ­

ing  o f  ha lf height o f  a H ilbert envelope o f  the trace. The statisti ­

cal error o f  the relative delays is about the same fo r each  m ethod 

(~  0.15 ns). But the value o f  the relative delays A rm n depends 

on  the way the pulse arrival tim es l,_ are calculated. Only the rel ­

ative delays calculated by the positive and negative m axim um  

o f  the trace agree w ith in  the statistical error o f  about 0.15 ns. 

The relative delays calculated by the m axim um  o f  the envelope 

and the crossing o f  ha lf height o f  the envelope disagree slightly 

w ith  each other, and the delays calculated by the positive or 

negative m axim um  o f  the trace are highly inconsistent w ith  the 

delays calculated by the m axim um  o f  the envelope, as they all 

have a statistical error o f  about 0.15 ns, but differ by up to a few 

nanoseconds.

U nder the assum ption  that the electronics o f  all channels b e ­

haves identically, all m ethods fo r the determ ination o f  the pulse 

arrival tim es should lead to exactly the same relative delays. 

Hence, the explanation fo r the observed inconsistency is that 

the properties o f  the different channels are not exactly the same. 

Indeed, after co rrectionfor all m easured differences, nam ely the 

am plification fac tor and the dispersion (see next section), the 

inconsistency betw een  the delays obtained from  the different 

m ethods is reduced. But still, there rem ains a deviation  o f  up
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Figure  6: D evia tions b e tw een  de lays  f  calcu la ted  b y  the  nega tive  m ax im u m  

o f  th e  u p -sam p led  trace  and  th e  m ax im u m  o f  th e  envelope, m ean  sh ifted  to  0, 

standard  de v ia tio n  = 1 .7  ns. T he h istog ram  con ta ins 30 devia tions  o f  one delay 

m easu rem en t cam paign  o f  all 30 L O P E S  antennas.

to  a  fe w  n a n o se c o n d s  f o r  so m e  c h a n n e ls , a n d  th e  a v e ra g e  d e v i ­

a t io n  b e tw e e n  th e  re la tiv e  d e la y s  c a lc u la te d  b y  th e  m a x im a  o f  

th e  tra c e  a n d  b y  th e  en v e lo p e  o f  th e  tra c e  is  o f  a b o u t  1.7 n s  (see  

fig. 6). T h is  sh o w s th e  d ifficu lty  to  fu lly  c o r re c t  f o r  d if fe re n t 

c h a n n e l p ro p e r tie s . O r  in  o th e r  w o rd s , in  d e s ig n in g  th e  e le c ­

t ro n ic s  f o r  a  n e w  ra d io  a n te n n a  a rra y  o n e  h as  to  p a y  a tte n tio n  

th a t  c o m p o n e n ts  a re  f ro m  th e  sam e  b a tc h e s , e tc .

In  th e  s ta n d a rd  a n a ly s is  o f  th e  sh o w e r  re c o n s tru c tio n  a  c ro s s ­

c o r re la tio n  b e a m  is fo rm e d  u s in g  th e  tra c e  a n d  n o t its  en v e lo p e . 

T h e re fo re , w e  h av e  d e c id e d  to  u se  th e  d e la y s  c a lc u la te d  b y  th e  

tim e  o f  th e  p o s itiv e  o r  n e g a tiv e  m a x im u m  o f  th e  tra c e  o f  th e  

c a lib ra tio n  p u lse . T h u s , w e  m in im iz e  th e  sy s te m a tic  u n c e r ta in ­

tie s  in tro d u c e d  b y  th e  e ffec t m e n tio n e d  a b o v e . B u t still, th e re  

is  a n o th e r  so u rc e  o f  sy s te m a tic  u n c e r ta in ty : T h e  d is ta n c e  o f  th e  

p o s itiv e  a n d  n e g a tiv e  m a x im u m  o f  th e  tra c e  is  a b o u t 9 n s  b e ­

c a u se  th e  re sp o n se  o f  th e  b a n d p a s s  f il te r  c a u se s  a n  o sc illa tio n  

w ith  th e  c e n te r  fre q u e n c y  o f  th e  u se d  b a n d . T h is  o sc illa tio n  

an d , th u s , th e  d is ta n c e  b e tw e e n  p o s itiv e  a n d  n e g a tiv e  m a x im u m  

a n d  th e  re su lt in g  re la tiv e  d e la y s  d e p e n d  o n ly  little  (~  0 .5  n s) o n  

th e  sh a p e  o f  th e  c a lib ra tio n  p u lse . T h is  c o u ld  tra n s la te  in to  

a  sy s te m a tic  u n c e r ta in ty  in  th e  sam e  o rd e r  w h e n  d e te rm in in g  

p u ls e  a rr iv a l tim e s , i f  th e  p u ls e  sh ap e  o f  c o sm ic  ra y  ra d io  p u lse s  

c h a n g e s  w ith  la te ra l d is ta n c e , as  i t  is  p re d ic te d  b y  s im u la tio n s

[27],

A n o th e r  c h e c k  f o r  sy s te m a tic  e rro rs  w a s  to  sh if t th e  e m is ­

s io n  tim e  o f  th e  c a lib ra tio n  p u ls e  b y  in te g e r  a n d  n o n - in te g e r  

m u ltip le s  o f  th e  s a m p lin g  c lo c k , a n d  n o  e ffe c t o n  th e  re la tiv e  

d e la y s  h a s  b e e n  o b se rv e d . T h is  p ro v e s  th a t  u p -s a m p lin g  w o rk s  

re liab ly , a n d  th a t  th e  d e te rm in a tio n  o f  th e  a rr iv a l t im e  o f  rad io  

p u ls e s  d o e s  n o t d e p e n d  o n  h o w  th e se  p u ls e s  a rriv e  re la tiv e  to  

th e  o r ig in a l sa m p lin g  c lo ck . C o n se q u e n tly , n e ith e r  u p -sa m p lin g  

n o r  th e  o r ig in a l s a m p lin g  ra te  o f  12.5 n s  d o  in tro d u c e  an y  s ig ­

n if ic a n t sy s te m a tic  e rro rs .

S u m m a riz in g , th e  to ta l e r ro r  o n  th e  re la tiv e  d e la y s  A rmn is 

b e lo w  1 n s  f o r  th e  s ta n d a rd  c ro s s -c o rre la tio n  b e a m  a n a ly s is , 

w h ic h  is  m o re  th a n  su ffic ien t fo r  in te rfe ro m e tric  m e a su re m e n ts  

w ith  L O P E S . F o r  o th e r  a n a ly s is  m e th o d s , lik e  a  la te ra l d is tr ib u ­

deviation in ns

t io n  o f  p u ls e  a rr iv a l tim e s , th e  to ta l e r ro r  w ill  b e  h ig h e r, d u e  to  

th e  in c o n s is te n c y  o f  th e  d if fe re n t w a y s  o f  ca lc u la tin g  th e  p u lse  

a rr iv a l tim e . In  su c h  a  ca se  th e  u n c e r ta in ty  is  e s tim a te d  to  b e  in  

th e  o rd e r  o f  2 ns.

T h e  re la tiv e  d e la y s  o b ta in e d  b y  th e  d e s c r ib e d  m e th o d  are  

c o n s is te n t  w ith  th o se  d e te rm in e d  e a r l ie r  b y  so la r  b u rs t  m e a ­

su re m e n ts . T h e  n e w  m e th o d , h o w ev er, h a s  tw o  fu n d a m e n ta l 

a d v a n ta g e s  c o m p a re d  to  u s in g  a s tro n o m ic a l so u rces : T h e  r e ­

su ltin g  d e la y s  d o  n o t c o n ta in  an y  sy s te m a tic  u n c e r ta in ty  re la te d  

to  th e  e rro rs  o f  th e  m e a s u re m e n t o f  th e  a n te n n a  p o s itio n s , a n d  

th e  d e la y  c a lib ra tio n  c a n  b e  d o n e  a t an y  tim e . F o r  L O P E S , th is  

is  e sp e c ia lly  im p o r ta n t b e c a u se , d u e  to  th e  h ig h  n o ise  le v e l in  

K a rls ru h e , so la r  b u rs ts  a re  th e  o n ly  a s tro n o m ic a l so u rce  v is ib le , 

a n d  th u s , c o n tin u o u s ly  e m itt in g  a s tro n o m ic a l so u rc e s  a re  n o t 

a v a ila b le  f o r  c a lib ra tio n . T h e  d e sc r ib e d  m e th o d  f o r  d e la y  m e a ­

su re m e n t is  r e p e a te d  ro u g h ly  o n c e  p e r  y e a r  o r  w h e n e v e r  an y  

c h a n g e s  in  th e  e x p e r im e n ta l se tu p  re q u ire  it.

5. D ispersion

D is p e rs io n  is  th e  fre q u e n c y  d e p e n d e n c e  o f  th e  g ro u p  v e lo c ity , 

re sp e c tiv e ly  o f  th e  g ro u p  d e la y  o f  a  sy s tem . In  ca se  o f  d is ­

p e rs io n , w a v e s  a t  d if fe re n t f re q u e n c ie s  p ro p a g a te  w ith  d if fe re n t 

sp eed s , le a d in g  to  a  l in e a r  d is to r t io n  o f  b r o a d b a n d  ra d io  p u lse s . 

F o r  L O P E S  th e  d isp e rs io n  o f  th e  a n a lo g  e le c tro n ic s  (w h ic h  is 

m a in ly  c a u se d  b y  th e  b a n d -p a s s  f ilte rs ) h a s  b e e n  m e a su re d  w ith  

a  n e tw o rk  v e c to r  an a ly ze r. H e n c e , th e  d is p e rs io n  o f  th e  f ilte r  

c a n  b e  re m o v e d  in  th e  su b se q u e n t a n a ly s is  b y  m u ltip ly in g  th e  

a p p ro p ria te  p h a se  c o r re c tio n s  to  th e  fre q u e n c y  sp e c tru m  o f  an y  

re c o rd e d  data .

T h e  e ffec t o f  th e  d is p e rs io n  h as  b e e n  s tu d ie d  w ith  te s t  p u lse s  

f ro m  a  p u ls e  g e n e ra to r  w h ic h  h as  b e e n  c o n n e c te d  to  th e  a n a lo g  

e le c tro n ic s  in s te a d  o f  th e  a n te n n a , lik e  fo r  th e  d e la y  m e a su re ­

m e n ts . D iffe re n t sh a p e s  o f  te s t  p u ls e s  h av e  b e e n  e x a m in e d , a n d  

o n e  e x a m p le  is  sh o w n  in  fig u re  7 b e fo re  ( le f t)  a n d  a f te r  c o r re c ­

t io n  f o r  th e  d is p e rs io n  (rig h t). F o r  m o s t p u lse  sh a p e s  th e  d is p e r ­

s io n  le a d s  to  a  c h a n g e  in  a m p litu d e  a n d  F W H M  o f  a n  H ilb e r t 

e n v e lo p e  o f  th e  u p -sa m p le d  f ie ld  s tre n g th  tra c e  o f  a b o u t 10 % . 

A s  th e  in flu e n c e  o f  th e  f ilte r  d is p e rs io n  is  la rg e s t  c lo se  to  th e  

e d g e s  o f  th e  fre q u e n c y  b a n d , th e  m e n tio n e d  d is to r t io n  effec ts  

c a n  b e  re d u c e d  f ro m  a b o u t  te n  to  a  fe w  p e rc e n t, w h e n  u s in g  

th e  s u b -b a n d  f ro m  43  to  7 4  M H z , on ly . F o r  ra d io  e x p e r im e n ts  

w ith  u n k n o w n  d isp e rs io n  su c h  a  se le c tio n  o f  a n  in n e r  su b -b a n d  

w o u ld  b e  a  p o ss ib ility  to  re d u c e  sy s te m a tic  u n c e r ta in tie s  o r ig i ­

n a tin g  f ro m  p u ls e  d is to rtio n s .

B e c a u se  th e  ra d io  p u ls e s  f ro m  re a l c o sm ic  ra y  ev e n ts  a re  s im ­

i la r  to  th e  u s e d  te s t  p u ls e s  (a t  le a s t w ith in  th e  u s e d  fre q u e n c y  

b a n d ) , d is to r t io n  e ffec ts  in  th e  sam e  o rd e r  o f  m a g n itu d e  a re  e x ­

p e c te d  f o r  re a l ev e n ts  (i.e . c h a n g e s  o f  a  fe w  p e rc e n t o f  a m p litu d e  

a n d  F W H M ). In  a d d it io n  th e  p u ls e  a rr iv a l tim e  c h a n g e s  b y  u p  

to  a  fe w  n a n o se c o n d s , d e p e n d in g  o n  h o w  i t  is  c a lc u la te d  (e .g ., 

v a lu e  a t  p u lse  m a x im u m  o r  a t  th e  c ro s s in g  o f  h a l f  h e ig h t) . T h e se  

a re  c h a n g e s  o f  th e  a b s o lu te  v a lu e  w h ic h  h av e  a  s im ila r  e ffe c t fo r  

a ll  c h a n n e ls , as  e q u a l e le c tro n ic s  is  u se d , a n d  th u s , th e  d isp e r ­

s io n  o f  e a c h  c h a n n e l is  a p p ro x im a te ly  th e  sam e , w h ic h  h as  b e e n  

v e r if ie d  b y  m e a su re m e n t. U n d e r  th e  a s su m p tio n  th a t  th e  c o s ­

m ic  ra y  ra d io  p u lse  sh a p e  d o e s  n o t c h a n g e  m u c h  o n  th e  la te ra l
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F igu re  7: T h e  p u lse  d isto rtion  b y  th e  d isp e rsio n  o f  th e  b a nd -p ass filter is v isib le  in  th e  m ea su re m e n t o f  a  sh o rt te s t pu lse . C rosses ind ica te  th e  sam p le d  d a ta  po in ts. 

T he  lines co rresp o n d  to  th e  u p -sa m p le d  signal a n d  a  H ilb ert envelope o f  th e  u p -sam p led  signa l. In  th e  raw  d a ta  (left), th e  p u lse  is p a rtia lly  d e la y ed  b y  m o re  th an  

100 ns. A fte r c o rrec tin g  fo r  th e  d ispe rsio n  in  th e  analysis  (rig h t), th e  p u lse  b eco m es sy m m etrica l a n d  its h e ig h t an d  w id th  change  b y  ab o u t 10 %.

e x te n s io n  o f  L O P E S  (~  2 0 0  m ), it  sh o u ld  b e  d is to r te d  b y  ev e ry  

a n te n n a  a n d  its  c o r re s p o n d in g  e le c tro n ic s  in  th e  sam e  w ay . T h is  

m e a n s  th a t  th e  im p a c t o f  th e  d is p e rs io n  o n  th e  re la tiv e  t im in g  is 

e x p e c te d  to  b e  m u c h  sm a lle r  th a n  th e  o b se rv e d  a b so lu te  sh ifts  

o f  a  fe w  n a n o se c o n d s . C o n se q u e n tly , th e  d isp e rs io n  o f  L O P E S , 

e v e n  i f  n o t to ta lly  c o r re c te d  fo r, sh o u ld  n o t sp o il th e  c a p a b ility  

to  a c h ie v e  a  re la tiv e  t im in g  ac c u ra c y  o f  a b o u t 1 ns.

A s  a ll  L O P E S  a n te n n a s  a re  f ro m  th e  sam e  ty p e , th e ir  d is p e r ­

s io n  is  e x p e c te d  to  a ffec t th e  re la tiv e  t im in g  b e tw e e n  th e  in d i ­

v id u a l a n te n n a s  o n ly  m arg in a lly . B y  th is , i t  is  a c c e p ta b le  th a t 

th e  d isp e rs io n  o f  th e  L O P E S  a n te n n a  ty p e  is  n o t k n o w n . I t  is 

d ifficu lt to  m e a su re , b e c a u se  th e  L O P E S  a n te n n a  c a n  b e  u se d  

as  rece iv e r, on ly , a n d  th u s  th e  tw o  a n te n n a  m e th o d  w h ic h  is 

n o rm a lly  u s e d  f o r  th e  d e te rm in a tio n  o f  th e  d isp e rs io n , c a n n o t 

b e  ap p lied . In  fig u re  2 , th e  tra c e s  o f  a  re a l c o sm ic  ra y  e v e n t 

a re  c o r re c te d  fo r  th e  d is p e rs io n  o f  th e  filte rs , a n d  th e  re m a in in g  

p u lse  d is to r t io n  seem s to  b e  sm a lle r  th a n  th o se  sh o w n  in  f ig ­

u re  7, w h e re  th e  c a lib ra tio n  p u ls e  is  a ffe c ted  b y  th e  d isp e rs io n  

o f  th e  filte rs , on ly . T h u s , th e  s u m  o f  th e  d is p e rs io n  o f  a ll  o th e r  

c o m p o n e n ts , in c lu d in g  th e  a n te n n a , is a s su m e d  to  b e  lo w e r  th a n  

th e  d isp e rs io n  o f  th e  filte rs . N e v e rth e le s s , d u e  to  th e  h ig h  no ise  

lev e l f o r  re a l ev en ts , a n d  b e c a u se  th e  e x a c t sh ap e  o f  th e  c o sm ic  

ray  ra d io  p u ls e s  is  u n k n o w n , th is  c a n  n o t b e  e x p re s s e d  q u a n ti ­

ta tively .

F o r  LOPESs t a r  w h ic h  u se s  d iffe re n t a n te n n a s  a n d  e le c tro n ­

ic s , th e  d isp e rs io n  o f  th e  c o m p le te  s y s te m  h as  b e e n  m e a su re d

[21], I t  w a s  fo u n d , th a t  th e  d isp e rs io n  o f  th e  c a b le s  c a n  b e  

n e g le c te d , b u t th e  d isp e rs io n  o f  th e  a n te n n a  i ts e lf  c a n n o t. It 

c a n  b e  o f  th e  sam e  o rd e r  o f  m a g n itu d e  as  th e  f ilte r  d isp e rs io n . 

F o r  th is  re a so n , fu tu re  ra d io  e x p e r im e n ts  sh o u ld  a im  e ith e r  fo r  

a n te n n a s  w ith  lo w  d isp e rs io n  o r  fo r  a n te n n a s  w ith  w e ll-k n o w n  

an d , th u s , c o r re c ta b le  d isp e rs io n . C o rre c tin g  p u ls e  d is to r tio n s  

in d u c e d  b y  th e  a n te n n a  d isp e rs io n  is  e sp e c ia lly  im p o r ta n t fo r  

la rg e r-sc a le  a n te n n a  a rra y s , i f  i t  tu rn s  o u t th a t  th e  c o sm ic  ray  

ra d io  p u ls e  sh a p e  c h a n g e s  w ith  la te ra l d is ta n c e . T h is  c o u ld  a lso  

h av e  im p lic a tio n s  fo r  th e  a p p lic a tio n  o f  in te rfe ro m e tric  a n a ly s is  

m e th o d s , e .g ., fo rm in g  a  c ro s s -c o rre la tio n  b e a m . H e n c e , la rg e r

Figure  8: T he  d ip o le  a n te n n a  u se d  as b e ac o n  to  m o n ito r  th e  tim in g  o f  L O PE S .

a n te n n a  a rra y s , lik e  A E R A  a t th e  P ie rre  A u g e r  O b se rv a to ry  [6] 

o rL O F A R  [8], h av e  th e  o p p o r tu n ity  to  te s t  th is .

6. Monitoring the timing with a beacon

E x p e r ie n c e  w ith  L O P E S  h a s  s h o w n  th a t  th e  t im in g  is  n o t a b ­

so lu te ly  s tab le . In s te a d , o n c e  in  a  w h ile , ju m p s  b y  o n e  o r  tw o  

c lo c k  c y c le s  (1 2 .5  n s) occu r. I n  a d d itio n , sm a ll d r if ts  o r  c h a n g e s  

o f  th e  re la tiv e  d e la y s , e .g ., w ith  c h a n g in g  e n v iro n m e n ta l te m ­

p e ra tu re , c a n n o t b e  e x c lu d e d , as  th e  e le c tro n ic s  h a s  n o t b e e n  

d e s ig n e d  fo r  s u b -n a n o s e c o n d  stab ility . In d e p e n d e n t o f  th e  re a ­

so n s , an y  c h a n g e s  o f  th e  t im in g  h av e  to  b e  a c c o u n te d  fo r, to  

a c h ie v e  a n  o v e ra ll t im in g  a c c u ra c y  in  th e  o rd e r  o f  1 ns. A s  th e  

e x a c t v a r ia tio n s  o f  th e  d e la y  a re  n o t p re d ic ta b le , a  c o n tin u o u s  

m o n ito r in g  o f  th e  t im in g  is  n e e d e d  w h ic h  p ro v id e s  th e  a b ility
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to  c o r re c t th e  t im in g  in  th e  s u b se q u e n t a n a ly s is  o n  a n  e v e n t-b y -  

ev e n t b a s is .

F o r  th is  m o n ito r in g  w e  h av e  d e p lo y e d  a n  em itt in g  d ip o le  a n ­

te n n a , a  b e a c o n , o n  to p  o f  a  b u ild in g  o f  th e  K a r ls ru h e  In s ti-  ¡8 

tu te  o f  T ech n o lo g y , a t a b o u t 4 0 0  m  d is ta n c e  to  th e  c e n te r  o f  -g 

L O P E S  (figs. 8 a n d  1). T h is  b e a c o n  p e rm a n e n tly  tra n sm its  tw o  

s in e  w av es  a t c o n s ta n t f re q u e n c ie s  o f  6 3 .5  M H z  a n d  68.1 M H z  § 

(w id th  <  100  H z ) a t a  lo w  p o w e r  o f  - 2 1  d B m  ( «  0 .0 0 8  m W ). §  

T h u s , e v e ry  L O P E S  ev e n t c o n ta in s  a  m e a su re m e n t o f  th e  p h a se s  |  

a t  th e se  f re q u e n c ie s , w h ic h  c a n  b e  o b ta in e d  b y  a  F o u r ie r  t r a n s ­

f o rm  in to  th e  f re q u e n c y  d o m a in . A n y  v a r ia tio n  in  th e  re la tiv e  

t im in g  b e tw e e n  tw o  a n te n n a s  c a n  b e  d e te c te d  as  a  v a r ia t io n  o f  

p h a se  d if fe re n c es  a t e a c h  b e a c o n  freq u en cy .

T h e  p h a se  o f  th e  c o n tin u o u s  b e a c o n  s ig n a l a t a n  a n te n n a  

d e p e n d s  o n  th e  d is ta n c e  a n d  th e  o r ie n ta tio n  a n g le  o f  th e  a n ­

te n n a  to w a rd s  th e  b e a c o n  as  w e ll  a s  o n  th e  d e la y  o f  th e  c o r ­

r e sp o n d in g  ch a n n e l. L e t u s  a s su m e  fo r  a  m o m e n t, th a t  th e re  

a re  tw o  a n te n n a s  a t a n  e q u a l d is ta n c e  a n d  a n g le  to  th e  b e a c o n  

a n d  w ith  a n  e q u a l d e lay . I f  w e  c o n s id e r  ju s t  o n e  b e a c o n  f r e ­

q u en cy , e .g . 6 3 .5 M H z , th e  tw o  a n te n n a s  w o u ld  m e a su re  th e  

sam e  p h a s e  a t th is  fre q u e n c y  (e x c e p t f o r  sm a ll d e v ia tio n s  d u e  

to  n o ise ) . T h u s , a  v a r ia t io n  in  th e  re la tiv e  d e la y  b e tw e e n  th e  

tw o  a n te n n a s  w o u ld  im m e d ia te ly  le a d  to  a  c h a n g e  o f  th e  m e a ­

su re d  p h a se s . If, e .g ., th e  re la tiv e  d e la y  sh if ts  b y  1 n s , th e  d iffe r ­

e n c e  b e tw e e n  th e  m e a su re d  p h a se s  a t th e  tw o  a n te n n a s  w o u ld  

b e  A<p = I n s  - 6 3 .5 M H z  -3 6 0 °  =  2 2 .9 ° . C o rre sp o n d in g ly , a  

m e a su re d  p h a s e  d iffe re n c e  c a n  b e  c o n v e rte d  in  a  sh if t o f  th e  

re la tiv e  delay .

N o w  le t u s  c o n s id e r  th e  m o re  re a lis tic  ca se , th a t  w e  h av e  tw o  

a n te n n a s  w ith  d iffe re n t a n g le  a n d  d is ta n c e  to w a rd s  th e  b e a c o n  

a n d  d if fe re n t e le c tro n ic s  a n d  c a b le  d e lay s . A s  th e  d is ta n c e  a n d  

th e  e ffec t o f  th e  a n te n n a  o r ie n ta tio n  is  n o t p re c ise ly  k n o w n  (b e ­

c a u se  th e re  is  n o  n e e d ), w e  e x p e c t to  m e a su re  a  d if fe re n t p h a se  

a t b o th  a n te n n a s  a t th e  b e a c o n  fre q u e n c y . A s  lo n g  a s  n e ith e r  th e  

d is ta n c e , n o r  th e  o r ie n ta tio n , n o r  th e  re la tiv e  d e la y  d o  c h an g e , 

th e  d iffe re n c e  b e tw e e n  th e  p h a se s  m e a su re d  a t b o th  a n te n n a s  

A 0 ref w o u ld  b e  a rb itra ry , b u t  c o n s ta n t. T h u s  a g a in , c h a n g e s  o f  

th e  re la tiv e  d e la y  c a n  b e  d e te c te d  a s  c h a n g e s  in  th e  p h a se  d if ­

f e re n c e  A (p. T h e  o n ly  d iffe re n c e  to  th e  ca se  ab o v e  is , th a t  th e se  

c h a n g e s  o f  th e  p h a se  d if fe re n c es  w ill  h a p p e n  n o t w ith  re sp e c t 

to  0°, b u t w ith  re sp e c t to  A0ref.

T h e  im p o r ta n t p o in t  is  to  d e fin e  A0ref f o r  e a c h  a n te n n a  w ith  

re sp e c t to  a  f ix e d  a n te n n a  a s  re fe re n c e  (a rb itra ry  c h o ic e )  a n d  

e a c h  b e a c o n  fre q u e n c y  w h e n  th e  d e la y  is  ex a c tly  k n o w n . T h e re ­

fo re , w e  d e te rm in e  A0ref as  a n  a v e ra g e  o f  th e  ev e n ts  ta k e n  a t th e  

t im e  w h e n  w e  d o  th e  d e la y  c a lib ra tio n  d e sc r ib e d  in  s e c tio n  4.

T h is  w a y  w e  c a n  m o n ito r  a n d  su b se q u e n tly  c o rre c t an y  v a r ia ­

t io n  in  th e  t im in g  b a c k  to  th e  v a lu e s  o b ta in e d  in  th e  d e la y  c a li ­

b ra tio n .

T h e  lim ita tio n  o f  th e  a c c u ra c y  o f  th e  m e a s u re m e n t o f  th e  

p h a se  d iffe re n c es  is  g iv e n  b y  th e  n o ise  a n d  b y  sy s te m a tic  e f ­

fe c ts . T h e  n o ise  o f  th e  p h a se  m e a su re m e n t d e p e n d s  (w ith in  

re a so n a b le  lim its )  o n  th e  s ig n a l- to -n o ise  ra tio  o f  th e  b e a c o n  s ig ­

n a l, w h e re  th e  a m p litu d e  o f  th e  b e a c o n  e m is s io n  c a n  b e  c h o s e n  

su c h  th a t  a  su ffic ien t a c c u ra c y  is  a ch iev ed . In  ca se  o f  L O P E S  

w e  h av e  c h o s e n  to  e m it  e a c h  fre q u e n c y  a t - 2 1  d B m . T h e  n o ise  

o f  th e  p h a se  m e a su re m e n t h a s  b e e n  d e te rm in e d  b y  th e  j i t t e r  o f

e vent num ber

F ig u re  9: P hase  differences b e tw een  tw o  an tennas a t b o th  b e ac o n  freq uen cie s 

f o r  th e  first te n  even ts  p e r  d ay  fo r  a  w h o le  y e a r (M ay  2 0 0 8  - M ay  2009), ex ­

c lu d in g  a  few  days o f  do w n  tim e. T he  abso lu te  va lu e  o f  th e  ph ase  differences 

is n o t m ean ingfu l. T h ough , th e  changes are, w h ic h  am o u n t a t b o th  freq uen cie s 

to  ab o u t 1.5 ns (~  3 5 °) b e tw een  su m m er a nd  w inter. D etails see  tex t.

th e  p h a se  d iffe re n c es  in  su ccess iv e  ev e n ts  a n d  c o rre s p o n d s  to  a n  

a c c u ra c y  in  th e  o rd e r  o f  ~  0 .3  ns. A s id e  f ro m  th a t, th e  a d d itio n a l 

n o ise  in tro d u c e d  b y  th e  b e a c o n  s ig n a l to  th e  d a ta  is  n e g lig ib le , 

as  th e  c o sm ic  ra y  ra d io  p u ls e s  a re  b ro a d  b a n d  a n d  e x te n d  o v e r  

th e  e n tire  fre q u e n c y  sp e c tru m . O n  th e  o th e r  h a n d  th e  b e a c o n  

s ig n a l is  v is ib le  o n ly  in  a  fe w  f ix e d  a n d  d e f in e d  fre q u e n c y  b in s  

a n d  c a n  b e  su p p re sse d  b y  a rtif ic ia lly  re d u c in g  th e  a m p litu d e  at 

th e se  b in s  in  th e  d a ta  a n a ly s is  o r  in  th e  h a rd w a re  o f  th e  tr ig g e r  

lo g ic  i f  a  ra d io  se lf - tr ig g e r  sy s te m  is  ap p lied .

In  fig u re  9, th e  p h a se  d iffe re n c es  a t b o th  b e a c o n  fre q u e n c ie s  

b e tw e e n  tw o  L O P E S  a n te n n a s  a re  sh o w n  f o r  th e  firs t te n  ev en ts  

o f  e a c h  d a y  f o r  o n e  y ea r. A n  a n n u a l d r if t  o f  th e  p h a se  d iffe r ­

e n c e s  w h ic h  c o rre sp o n d s  to  a b o u t 1.5 n s  ( ~ 3 5 ° )  c a n  b e  se e n  

c o n s is te n tly  a t b o th  fre q u e n c ie s . T h e  re a s o n  f o r  th is  a n n u a l 

d r if t  is  n o t d e fin ite ly  k n o w n , b u t m ig h t b e  d u e  to  e n v iro n m e n ­

ta l  e ffec ts , in  p a r tic u la r  c h a n g in g  te m p e ra tu re , a s  th e  e ffec t is  

la rg e s t in  su m m e r  a n d  w in te r. A lso  a  ju m p  in  th e  t im in g  o f  

tw o  c lo c k  c y c le s  (25  n s) is  v is ib le  w h ic h  o c c u rs  d u r in g  o n e  day. 

H e re  it  b e c o m e s  o b v io u s , th a t  a t le a s t tw o  b e a c o n  fre q u e n c ie s  

a re  n e e d e d , as  c h a n g e s  in  th e  t im in g  la rg e r  th a n  h a l f  a  p e r io d  

(~  9 ns) c o u ld  o th e rw ise  n o t b e  d e te c te d  u n a m b ig u o u s ly . A  c o n ­

s is ten cy  c h e c k  b e tw e e n  th e  re su lts  a t b o th  f re q u e n c ie s  is  a lso  

n e c e ssa ry  to  id e n tify  a  fe w  n o isy  ev e n ts  (lik e  th e  o u tl ie r  in  th e  

b o t to m  le f t c o m e r  o f  fig u re  9 ), f o r  w h ic h  th e  b e a c o n  c o r re c tio n  

o f  th e  t im in g  c a n n o t b e  p e rfo rm e d .

W h e n  in s p e c tin g  th e  d a ta  ca re fu lly , so m e  fe a tu re s  in  th e  p lo t  

o f  th e  p h a se  d if fe re n c es  c a n  b e  s e e n  w h ic h  d o  n o t o c c u r  s im u l ­

ta n e o u s ly  a t b o th  f re q u e n c ie s  - c o n tra ry  to  th e  v is ib le  g e n e ra l 

d rift. T h e se  fe a tu re s  a re  d u e  to  sy s te m a tic  e ffec ts  a n d  in  p r in ­

c ip le  d e c re a se  th e  a c h ie v a b le  tim in g  accu racy . P o ss ib le  re a so n s  

f o r  sy s te m a tic  e ffec ts  a re  c h a n g e s  in  th e  e m itte d  b e a c o n  s ig ­

n a l (e .g ., i f  th e  fre q u e n c y  g e n e ra tio n  is  n o t a b so lu te ly  s tab le ) , 

c h a n g e s  in  th e  p ro p a g a tio n  o f  th e  s ig n a l f ro m  th e  b e a c o n  to  th e  

L O P E S  a n te n n a s  (e .g ., d u e  to  d if fe re n t a tm o s p h e r ic  o r  g ro u n d  

p ro p e r tie s ) , a n d  n o n -ra n d o m  (e .g ., h u m a n -m a d e )  n o ise  a t th e
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Table 1: S u m m ary  o f  unc erta in tie s o f  th e  re la tive  tim in g  and  th e ir  re levance fo r  th e  in te rferom etric  c ro ss-co rrela tio n  b eam  (C C -b eam ) analysis

E ffe c t a m o u n t [ns] re d u c ib le  b y  to  [n s ]a re le v a n t fo r  C C -b e a m

A D C  s a m p lin g  fre q u e n c y 12.5 u p -s a m p lin g ^  01 no

m e a su re m e n t o f  re la tiv e  d e lay s :

•  re p e ti t io n  o n  co n se c u tiv e  d a y s 0 .4 * 0 .4 y e s

•  d if fe re n t sh a p e s  o f  c a lib ra tio n  p u lse 0 .5 0 .5 p a rtia lly  c

•  m e th o d  o f  p u lse  tim e  d e te rm in a tio n 1.7 1.7 no

re m a in in g  d isp e rs io n  a f te r  c o r re c tio n

fo r  k n o w n  p ro p e r tie s  o f  th e  f ilte r <  l rf <  1 p a r tia lly  c

v a r ia tio n s  o f  th e  t im in g  w ith  tim e :

•  o c c a s io n a l c lo c k  ju m p s 1 o r  2 sa m p le s b e a c o n 0 (y es)

(1 2 .5  o r  25  ns)

•  d r if ts  (e .g ., su m m e r  v s . w in te r) u p  to  1.5 b e a c o n ~  0 .7 e y e s

to ta l  u n c e r ta in ty  (q u a d ra tic  su m ) u p  to  ~  28 ~  2.0 no

to ta l  u n c e r ta in ty  f o r  c ro s s -c o rre la tio n  b e a m 0 .8 - 1 .4 c y e s

aT he  uncerta in tie s due to  th e  d e lay  m easu rem en ts and  due to  d isp ersion  are n o t fu rth er reduced .

^contains sta tistica l e rro r o f  0.15 ns.

cdepen ds o n  h ow  m u ch  th e  shape  o f  th e  a ir sh ow er rad io  pu lse  chan ges w ith  late ra l distance.

rfT he  ex ac t a m ou n t is unknow n, b u t assum ed  to  be significan tly  sm alle r th an  a  few  nanosecon d s (see sec tio n  5).

evalue d e te rm in ed  fro m  c ro ss-check  o f  b eaco n  co rrec tion  w ith  delay  m easu rem en ts (see  sec tion  6):

T he  m ain  con tribu tio n  is a  dev ia tio n  o f  0.6 ns b e tw een  th e  re su lts  o f  b o th  b eaco n  frequencie s w h ich  con ta ins a  sta tis tica l e rro r o f  0.3 n s fo r each frequency .

b e a c o n  fre q u e n c ie s . A s  th e  sca le  o f  th e  o b se rv e d  fe a tu re s  is 

s ig n if ic a n tly  sm a lle r  th a n  1 n s , th e y  h av e  n o t b e e n  in v e s tig a te d  

in  d e ta il, a n d  sh o u ld  n o t l im it  th e  a b ility  o f  th e  b e a c o n  m e th o d  

to  a c h ie v e  a  t im in g  a c c u ra c y  o f  1 ns.

A s  a  c ro ss -c h e c k , th e  c h a n g e s  o f  th e  d e la y s  b e tw e e n  tw o  

d a te s  ro u g h ly  o n e  y e a r  a p a rt, h av e  b e e n  m e a su re d  w ith  th e  

m e th o d  d e s c r ib e d  in  s e c tio n  4, a n d  c o m p a re d  to  th e  c h a n g e s  o f  

th e  b e a c o n  p h a s e  d iffe re n c es  b e tw e e n  th e  sam e  tw o  d a tes . T h e  

re la tiv e  d e la y s  m e a s u re d  w ith  th e  m e th o d  o f  s e c tio n  4 c h a n g e d  

b y  (0 .6  +  0 .4 )  n s  b e tw e e n  th e  tw o  d a te s  (m e a n  a n d  s ta n d a rd  d e ­

v ia t io n  o f  th e  a b so lu te  c h a n g e  o f  a ll  30  a n te n n a s) . T h is  i ts e lf  is 

n o t u n e x p e c te d  as  th e  e le c tro n ic s  w a s  n o t d e s ig n e d  to  b e  s tab le  

o n  a  su b -n a n o se c o n d  lev e l. C o m p a r in g  th e se  c h a n g e s  o f  th e  d e ­

la y s  m e a su re d  w ith  th e  m e th o d  o f  s e c tio n  4 , w ith  th e  c h a n g e s  

o b se rv e d  b y  th e  b e a c o n , re v e a ls  so m e  sy s te m a tic  e ffec ts . In  

th e  id e a l  c ase , th e  p h a s e  d iffe re n c es  a t  b o th  b e a c o n  f re q u e n ­

c ie s  sh o u ld  c h a n g e  b y  e x a c tly  th e  a m o u n t c o r re s p o n d in g  to  th e  

c h a n g e s  o f  th e  d e lay s . In  rea lity , th e  c h a n g e s  o b se rv e d  a t  th e  

tw o  b e a c o n  f re q u e n c ie s  a re  n o t to ta lly  e q u a l, b u t  th e  c h a n g e s  

o f  th e  p h a se  d if fe re n c es  a t  th e  f irs t  b e a c o n  fre q u e n c y  a n d  th e  

s e c o n d  b e a c o n  fre q u e n c y  d if fe r  b y  (0 .6  +  0 .3 )  ns. T h is  is  la rg e r  

th a n  th e  s ta tis tic a l e r ro r  w h ic h  is  a b o u t  0 .3  n s  (see  ab o v e ). T h e  

c h a n g e s  o b se rv e d  a t  b o th  b e a c o n  fre q u e n c ie s  h av e  b e e n  av e r ­

a g e d , to  ch e c k , i f  th e y  a re  c o n s is te n t w ith  th e  c h a n g e s  o f  th e  

d e la y s  m e a s u re d  w ith  th e  m e th o d  o f  se c tio n  4: th e  c h a n g e s  d e ­

te rm in e d  b y  b o th  m e th o d s  d e v ia te  b y  (0 .7  +  0 .5 )  n s  f ro m  e a c h  

o th e r  (av e ra g e  o f  th e  in d iv id u a l d e v ia tio n s  o f  a ll  an te n n a s) .

H e n c e , sy s te m a tic  e ffec ts  o n  th e  b e a c o n  s ig n a l s e e m  to  p la y  

a  ro le , a n d  it  c a n n o t b e  e x c lu d e d  th a t  th e  o b se rv e d  d r if ts  o f  th e  

p h a se  d iffe re n c es  a re  - a t le a s t p a r tly  - n o t d u e  to  d r if ts  o f  th e  

e le c tro n ic s  o r  c a b le  d e la y s , b u t  d u e  to  th e se  sy s te m a tic  e ffec ts . 

N e v e r th e le ss , th is  d o e s  n o t u n d e rm in e  th e  a b ility  o f  th e  b e a c o n  

m e th o d  to  m o n ito r  a n d  c o rre c t  re a l c h a n g e s  in  th e  tim in g , lik e  

th e  d e sc r ib e d  c lo c k  ju m p s , a n d  to  p ro v id e  f o r  e a c h  ev e n t a  t im ­

in g  a c c u ra c y  in  th e  o rd e r  o f  1 n s  w h ic h  is  re q u ire d  f o r  d ig ita l 

ra d io  in te rfe ro m e try .

F in a lly , a  b e a c o n  c a n n o t o n ly  b e  u s e d  to  m o n ito r  th e  tim in g  

o f  a n  a n te n n a  a rray , b u t  is  v a lu a b le  to  c h e c k  th e  h e a lth  o f  th e  e x ­

p e r im e n ta l  se tu p  in  g e n e ra l. A s  i t  p ro v id e s  a  d e f in e d  re fe re n c e  

s ig n a l v is ib le  in  e a c h  ev en t, m o s t p o ss ib le  fa ilu re s  o f  th e  a n ­

te n n a s  o r  th e  e le c tro n ic s  a re  d e te c ta b le  b y  m o n ito r in g  th e  b e a ­

c o n  s ig n a l. F o r  e x a m p le , w e  h av e  b e e n  a b le  to  e x a c tly  f in d  th e  

d a te  w h e n  w e  a c c id e n ta lly  sw itc h e d  th e  c a b le s  o f  th e  tw o  p o ­

la r iz a tio n  c h a n n e ls  o f  o n e  a n te n n a , b y  in v e s tig a tin g  th e  p h a se  

d if fe re n c es  a t  th e  b e a c o n  fre q u e n c ie s  b e tw e e n  th e se  c h an n e ls .

7. C o n c lu s io n

T h e  m e th o d s  d e sc r ib e d  f o r  th e  tim e  c a lib ra tio n  o f  L O P E S  are  

e sp e c ia lly  u s e fu l f o r  ra d io  a n te n n a  a rra y s  in  a  n o isy  e n v iro n ­

m e n t, w h e re  th e  c a lib ra tio n  w ith  a s tro n o m ic a l so u rc e s  is  n o t 

p o ss ib le . T h e y  a llo w  th e  d e te rm in a tio n  o f  th e  e le c tro n ic s  a n d  

c a b le  d e la y s  w ith  a  v e ry  h ig h  p re c is io n , w h ic h  c a n  in  p r in c ip le  

b e  b e lo w  0 .5  ns. S y s te m a tic  e ffec ts , h o w ev e r, l im it  th e  a c tu a l 

a c h ie v e d  a c c u ra c y  o f  th e  d e la y  m e a su re m e n t to  b e lo w  1 n s  fo r  

o u r  s ta n d a rd , in te rfe ro m e tric  c ro s s -c o rre la tio n  b e a m  a n a ly s is  

a n d  to  a b o u t 2 n s  f o r  th e  d ire c t  m e a su re m e n t o f  p u ls e  a rr iv a l 

tim e s . In  a d d itio n , th e  d is p e rs io n  o f  th e  e le c tro n ic s  h a s  b e e n  

m e a su re d  a n d  is  ta k e n  in to  a c c o u n t in  th e  a n a ly s is  o f  co sm ic  

ray  a ir  sh o w e r  ra d io  p u lse s , to  a v o id  sy s te m a tic  u n c e r ta in tie s  in  

th e  p u ls e  h e ig h t w h ic h  c a n  b e  u p  to  10 % .

F u rth e rm o re , w e  c o n tin u o u s ly  m o n ito r  an y  v a r ia tio n  o f  th e  

t im in g  w ith  n a rro w  b a n d  re fe re n c e  s ig n a ls  f ro m  a  b e a c o n , th u s  

a c h ie v in g  a n  o v e ra ll t im in g  a c c u ra c y  in  th e  o rd e r  o f  1 n s  fo r  

th e  c ro s s -c o rre la t io n  b e a m  a n a ly s is  (see  ta b le  1). T h is  w a y  th e  

n a n o se c o n d  t im e  re s o lu tio n  re q u ire d  fo r  d ig ita l ra d io  in te r fe r ­

o m e try  is  a c h ie v e d  f o r  e a c h  ev en t, a n d  th e  p h a s e d  a n te n n a  a rra y



L O P E S  c a n  b e  u s e d  as  a  d ig ita l in te r fe ro m e te r  w h ic h  is  se n s i ­

t iv e  to  th e  c o h e re n c e  o f  th e  a ir  sh o w e r ra d io  em iss io n .

F in a lly , m o n ito r in g  o f  th e  t im in g  w ith  a  b e a c o n  is  a n  in te re s t ­

in g  fe a tu re  f o r  an y  ra d io  a n te n n a  a rray . A s  in  p r in c ip le  th e  p h a se  

d if fe re n c es  a t  th e  b e a c o n  fre q u e n c ie s  a re  sen s itiv e  to  an y  v a r ia ­

t io n  o f  th e  re la tiv e  tim in g , e v e n  th e  tim in g  a c c u ra c y  o f  a n te n n a  

a rra y s  w ith o u t s ta b le  c lo c k s  sh o u ld  b e  im p ro v a b le  to  a b o u t 1 ns. 

H e n c e , a  b e a c o n  sh o u ld  p ro v id e  an y  ra d io  e x p e r im e n t in  th e  

M H z  re g im e  w ith  th e  c a p a b ility  to  d o  in te rfe ro m e tric  m e a su re ­

m en ts . F o r  e x a m p le , th e  a p p lic a tio n  o f  a  b e a c o n  a n d  th e  p o s ­

s ib ility  o f  in te rfe ro m e tric  m e a su re m e n ts  o f  th e  c o sm ic  ray  a ir  

sh o w e r  ra d io  p u ls e s  w ith  la rg e r  a rra y s  is  p re se n tly  in v e s tig a te d  

a t  th e  n ew ly  d e v e lo p e d  a n te n n a  a rra y  A E R A  a t  th e  P ie rre  A u g e r  

O b se rv a to ry . A lso  L O F A R  w ill  a p p ly  th e  d e sc r ib e d  m e th o d s  

fo r  t im e  c a lib ra tio n , a n d  o b se rv e  th e  ra d io  e m is s io n  o f  co sm ic  

ra y  a i r  sh o w e rs  w ith  a  m u c h  d e n s e r  a rray .
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