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Abstract
In August 1990, we seI up an hf path on the cquatmiid palh twtwccn Midoclap Atoll ml Bikini Atoll. This

path. which had a mngc of 702 km. rcflccled in W ionosphereapproximalc!y I(N) km north of Ihc Altitir radar
location on Kwajalcin. Transmillcrs at Maloclap broadcastedfour cw [orws witiin bamlwidih d’ cilher 4 kHz,
9 kHz, or 70 kHz to bc usedto dclcnnine hcqucncy cohcncc and also n plmc-c(xhl pseudorandom
.scqucnccwilh a bandwidth of 60 kHr. (channel pmlx) 10be used10dclcm~inelime delay spread. A spalhd
may 01 anicmas wa$ dcp!oycd at Bikini to mcasumspatial and Irequcncy colwnmcc using the cw broadcaws.
The systcmwas mn in Ihc post-sunwi time period over two weeks during which almos[ every night showed
:;ignilicanl dcgriulalion duc 10spreadF re.sullingin rapid fxiing, dccreascdspatial and fmqucncy cohcmncco
and incrca%edtime delay spread.Wpplcr spreadsof gmalcr lhan 20 Hz WCICnot ummmmon, and lhc spatial
correlation dislanccs and frequencycohercnccbandwidthsIxcamc so smtill (50 Inctcrs ml I kliz
rcspxxivcly) lhal wc had 10readjustk cxpximcnt. Mcawrcmcnls lakcII hy Ihc Altair nwohcrnl scallcr
radar and W CUPRI .S0M}{z cmhcreniscallcr radarindica[c lhal nl[hough Ihc hislatic Ill chtinncl is a[feclcd
by Ihc Iargc snlc plume sIrucIuIcs. III(M of Ihc “danmgc”’is done hy IIW Iwllomsidc sprctidl:.

Inlrcxh.wlion



Expenmen[

We employed IWO types of oblique hf sounders: CW- Doppler and a channel piok. The former
consisted of four cw transmissions with the 10WCS[trequency w 10.224 MHz ml the orher
frequencies we- ~nitially offset by 1(), 30. and 70 kHz higher. In the middle of the evening
discussd in this paper we changes the frquency offsets to 1, 3, md 9 kHz. On following days we
reduced the spacing funher. to .5. 1.5. and 4 kHz. The cw tones were generate. by four frequency
synthesizers which were locked to the 10 MHz output of a Global Positioning Satellite (GPS)
receiver. The outputs of the synthesizers were fed into four linear amplifiers. The amplified cw was
combined in two pairs in order to feed two antennm.

Magnetic loops of 1 m diameter were used as the receive antennas for the cw transmissions; tie
planes of the loops were vertical and aligned in the direction of the transmitter. The cw
transmissions were detected using either Collins S I or Racal 67% receivers operated in cw mode at

a beat frquency of 200 Hz with a bandwidlh of 200 Hz. The frquency of the receivers were kxked
to a rubidium clock. An may of eight such systems were deployed in iI ‘T’ pattern with six
elements normal to the ray path and three elements parallel to [he ray path. The audio output of each
receiver. which was operated without automatic gain control. was digitized m a rim! of 600 Hz and
stored. A receiver connected to each of the eight antennas monitored the. transmission at the base
frequency: m additional three receivem connccmd to one antenna monitored the tmnsmissions m the
upper three frequencies.

Power Spectra versus Time

Because of time variations in the index of refr~ction of the ionosphere ml the altitude of the hf
reflcciio[t point the phusc 01 [he received cw signal will chimgc rwulting in a small I. Mpplcr
frequency shift of the transmission. Negative Doppler shifts correspond to incretising phase puths,
‘l-hept~wcrs~cua of ihc received signul will disploy pcnks tit Ihc corresponding Ilopplrr shifl:
multipwh will tippetir JS multiple peaks in [he power spccmu with dilferem Irqucnuv shifts I’mcucli
component. Our method of circulating the evolution of the Doppler power spccrm is Imscd M [he
shm-tcnn I%ulier mnsfmn. (k divides Ihe total lime series of dim imn smidler sub-imetwls over
which ih~ SpCCMail\}pcilr SIiddt WI(I ~til~lilil[cs ~heNpCCUIInl(luring tlliIt slll~-illl(:rvill, “IIw

suh-wimlow is [hen ‘i[tviill~hd S(MIIC Iruction {It its Icngth 111]11ii IWW power spcctnuu rtil~[llil~c(l. TIw

rcsul[s may hc vls!i,~li~.c(lin il Ihrcc ~linmusimml[)IINwhich shows powrr ilt a given t’rrqmmncyd
Iilllc il%:1c(dor



The quidily of the power spectra changed radically after 3000”s; idemitiable modes disappeared inm
J very broad spectrum indicating rapid fading. This change wits associated with the onset of spreitd-F
which is a complex phenomenon characterized by srrucntring of Lheionosphere over scale sizes from
I()(Jkm to .1 m, Such strucmres aLthe hf reflection level will produce a strong scitttenng over a
broad area rather Lhana specular reflection at a single poim. Simultaneously. [he ionospheric plasma.
driven by neutral winds. drifts anti-sunward (eastward) at about 125 m/s. Scimerirtg from structures
in motion produces the Doppler spread. Figure 4 shows individual Doppler specmt. Imfore the onset
of spread F (750s) and well into developed spread F (5750 s). Note the presence of the multiple
hops witi increasingly offset Doppler on the early spectra. and the broad smeared character (-20 Hz
wide) of the later specma.

Coherence versus Time

Figures 5 and 6 illustrate the evolution of the spatial and frequency coherence. We plot the
magnitude of the mutual coherence between two selected channels versus Dopplm frqueney using a
color seitle. The coherence was cidculutcd from the normalized magnimde of the cross spectrum
averaged over frquency. in !igure 5 we show the spatial coherence between channels I and 3 which
were sepiuiited by 50 m idong the rity path. Initially these channels were highly coherent; in fact,
there was a high cohermcc across the whole array, approximately ,5 km. After the onset of spread-F,
there was a significant decrmw in the mutual coherence even at 50 m separation, This was typicnl of
the data [hat we obtained on other evenings; we later decreased the antcnmt separation to 25 m.

In figure 6 we show the effect on frqwmcy coherence using data from channels Hnnd 9 which were
obtained from the same imtennit but using transmi:~ions frequencies separcted by If) kHz. The onset
WIspread-F is marked by it mud loss of coherence between these channels. In fact, we changed the
frequent y separation 101 kIIz in [he lust segment of dam (after 7(M)0~) and obtained .somc coherence
lwtwecn channels. I)iitii [Miiirwd it-m the cIMnncl pr(dx in(licimxi time dclity spreitds of ilhtut 1
millisecond which is consistent with ihe cw mcitsurenlcnis,

Compwiwn to Radar Rcsulhi



Doppler spectra obsewed between 2000 imd 3000s. An off- perpendicular scan Ixginning 9:15:07
(5600s) (figure 9) shows a highly structured ionosphere at large scales; a later meridian scan showed
coherent structure reaching m high altitudes ‘we ascribe the browi Doppler at late time to [hcse
highly structured conditions.

Discussion

By using highly synchronized tzanmitters and receivers we are able to measure uot only the Doppler
broadening creatd by equatorial ificgularities. but also the spatial comelation dismnces and the
frequency caherence bandwidth. The Doppler broadening changed from a few hundred mdlihertz to
nearly 20 Hz, while tie spatial correlation distance shrunk from grealm than .5 kilometers to less
than 50 meters. The frequency coherence bandwidth decreased horn greater than 70 kHz to less than
1 kHz.

Our data shows thatthe presence of bmomside spread F is sufficient to significantly degrade the hf
propagation charnel. During the onset of spread F we can identify distinct prnpagmion modes that
we connect to dmxcte “plume” structures, but once the entire overhead ionosphere is filled with
imegulari: ks n is difficult [o distinguish individual suuctures, even or such large suwcture.



Figure Citptions

Figuml) 'The expcrirl~ental geometry forthe NICAREII hfpropilgtion cxpenll]tin[. ‘Ilwhf

transmitters were on Maloeltip Atoll. the receivers were on Bikini Atoll. The Alttiir Radur m-d the
CUPR1 Radar were orI Kwu.iillein.

Figure 2) The geomeu-y of the receive antenna army on Bikini Atoll. The mmsverse spacings were
from 25 meters to 450 meters. The longitudinal spacings were 50 m IS() meters. The magnetic loop

imtennas were all aligned in the plime of the trimsmiuer receiver pii[h.

Figure 1) The evolution of the power spectn of the received cw lone from one of the antennwfrequency

se[s. from 1840 LoeiIl Time to 2045 [Ad Time, August 10, 1W(). ‘l-he multiple peaks seen at early

times are due to multiple hops on the 702 kilometer pmh. The feim.ms and distortions appearing at

15(N)seconds are probably due to the pussage of a developing plume, and [he gcneml Doppler spremi
is due m the complete devclopmetnt of Iwttomside spread F.

Figure 4) Individual Doppler s~trii at two [imes, before the on.set of spread f (750s) itd well into

developed spread F (5750s). Note the sharp peaks from the multiple hops of thy eiirly dtita, as
compared to the smwred spectrum from the spntwd F structures.

Figure 5) “Illis ilgure illusmites the evolution of spatml coherence, Ior a 50 [nc[cr iilltCllllilscperii[ion.
During the Ciidy evening the cohmencc WM the IIsuili “muwiy 1.(1”.but iis sp~ii(l 1;developed the

coherence dcxma.wx! until it WM Icss Ihim (),5

I;igurr (J)’lllis figure illllSlriilCS the cvolulion of l.rcqucncy Colwrcmw. Ior UhilllllCIS initially seperakd

hy I [1kl [z.. NOIC tl)ii[ prior to sprctid II’~msct[Iw uol!crcncc wils ~ss~ll[itllly 1.(1,iind flropped into tl)~

wu[islicul m)i.sc by .~5(N)SUXml!s. t\t[rr 7(uM) SCI:OINIS[IWwpcril[i(m Wils~hiill~rll to I kl 1/.. inder

which u[wdilions IIIC c[dwrcnce kCillllC llill”l?l~lllCilSllrilbll”m



Map of HF Propagation Path
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Geometry of Receive Antenna Array
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