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This repert. has been ccrrpiled fran notes prepared for a l ecture

series given at the EISCAT s ite at Pamfjordrroen. I t is puhl .Lshed

as an EI SCAT decment in the balief that parts of it might interest a

wider audience.

'Ihe intention with the lecturing has been to provide sene 1n~

ductory infonnation of the ionosphere , the incoherent scatter tech­

nique and its implementation in the EISCAT observatory for personnel

with no prior experience in the space research f i e l d . 'Ihe l ectures

have been given at rather i.rregular intervals and represent rrore of

"the spar of the rrarent" endeavours than a carefull y pl anned , 109'1­

cally orqanfzed and bal.anced scbere , 'Ihe follCMing _ chapters gi ve

broad term surrmary descriptioos. />bre detat .Ied , and partly ITOre mathe­

rnatical , treatments are fourrl in the subsequent chapters . The orderin;J

of the chapters is saoowhat arbitrary.

It will be noticed that the various chapters and sections differ in

scope , fron providing general backgrcund material to dealing spocifi­

call y with units witJUn the EISCAT technology.

In the areas not cavered by this repert. are topl es related. to the
transmitters, data extraction and data harrlling hardware. In part

these subjects are docirrerrted elsewhere (see f. inst. SlIC-reports and

Procee:lings fzrm Abisco-rreeting in M3rch 1979). I t is felt that it >=.l.d

be \\Ort..trwhil e, tbJugh, to try to e1.ab:Jrate nere conclse exposf.tdons of

bask ""rking principles and design phi.Ioscphy, Ef forts in this direction

rnay be made in later lectures.

When, in chapter two and three, references are occaslonall y made to

auxillary qround installations in Northern. Norway or in Norwegian deperr­

denci es in the pojar area, this just refl ects the fact that the lectures

were originally given for the s ite staff at Ramfjordrroen, i.ncorpJrating

what presumably ""uld be of greatest interest to these arployees . The

author reali zes that there i s an expresse::1 need J'lCM for a carpi l ation

of available characteristics of currenU y operated ground equiprent in

all the Nordic associate countries . The appropiate forum for p.ililication

of such data woukd probably be the EISCAT Newletter •



2 I ONOSPHERE AND '~GNETOSPHERE

2 .1 De f ini t i o n and charged particle distribution

By d e f i niti o n the Ionosphere is that part of the .ear th 's

a tmosphere where free electrons are present in q uan t l t i e s

s ufficient to affect the propagation of radio waves . I n

pra c t i c a l terms this places the lower boundary of the 10 005 ­

phere at about 50 km.

This does not mean that the lower reaches of the atmosph e r e

a r e d evo l d of charged particles . I n fact, posit i ve and ne­

gative c harges are present in appre~iable amounts almost to

t h e ground . However, below 50 km the reservoir o f charged

spe cie s is predominantly made up of negative and posit ive i o ns .

By c oll i s i o ns , electrons liberated in these l owe r r ealms o f the

atmo sphe r e are almost immediately captured by n e u t r als to f orm

n e g a t i v e ions. On the average the ionosphere i s e lec t r l c a l l y

neu t r a l , implying equal number densltles of positive a nd nega­

t ive charge s.

Ou e t o the l r relatively large masses the 10n~ .remaln vi rtual l y

unaf f ected by the electrlcal fie.lds of radio waves travers i 1lC] , the. donosphere ,

with exception for waves p r opaga t l ng at very low fr e ­

quenc i e s . The light elec trons respond mo r e ea s i l y to t h e os­

cillati ng ' wa v e fields and are a b l e t o inf luenc e r adio trans­

mis s i o ns up to several tens of MH z.

300

200
km

1

"Ni:.--_..

°10' 10' 10w 1Q' 10 m - 3

Figu r e 2 .1 Typical distributions of charged species in t h e

earth's atmosphere, N denotes e lectr o ns ~and N­
e

positive and negative ians respectivel y
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F i g m. c-· 2 .1 depicts a f a i.r-Ly realistic he i ght d is tribution of

free elc ctric cha r g e s. I t i s commo n to u s e the s ymbol s D, E ,

Fl and F2 to distinguish t he var iovs par t s o f the i onosphere.

On t he uppe r side the i o no s ph e r e rnerges int e t he Protono sphere,

which is composed pr incipally of i on i z e d h ydrogen. (Some t i mes

the t e rm Hel i o s ph e r e is used f o r the h e i g h t range immed ia te l y

a bove t he i o no s ph e r e, t he na me der i ves fro m a n assumed domi­

na nc e o f helium lons. Howe ve r, obs e r vations t end t o show t hat

h el i um l ons h a r d l y domina te t he lons popula t i on at a n y a t mos­

phe ric height s.)

Frequent ly the gas in the upper a tmosphere is r eferred to a s a

Plasma . In b r o a d terms a p lasma i s a n a ssemb ly o f parti c les ,

some o r a l l of which may be ionized , b eing e verywhere l o c a lly

neu t r al o n a rnacroscopic scale under equi l i brium c ondi t ions .

2 . 2 Maint enanc e

It s hould be notcd t ha t figure 2. 1 prov ides no m<..-r e than an

exampl e of po s s i ble atmospheric c harge d i str ibu t ion . At a ny

h eig h t t he charge concentration is det e r rni ned by ~ dynamic a l

balanc e i nv olv i ng productian and l os s me c hanisms (under station­

ary c ond i tions the loss and product ion t e r ms are e qual ) , a nd

the s e will vary , of ten in a rather compl icated manner , wi t h

a ltitude , t i me, geographica l position , g ala ctic no i s e c o nd i t ion s

and the solar state .

Fo r any constituent the ba lance equation may be written:

d N = p _ L - V-NV
dt

N: numbe r density

P: pro d uc t i o n

L: l o s s

'V ' NV : c hange due to transport

Th e mo s t i mportant production agency i s the ph oton f lux in

the X- r ay and extreme u ltraviolet part s o f the solar r a d iation

spectrum , i oni z i ng N2 , ° and 0 2·

In the h i g h l a t i t u d e regions electrons and protons of s o l ar

o rigi n may acqui rc suff icient energy t o penetra te t o i onospheric
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levels . and thereby establish an important add itional produc ­

t i on source . The charge population below the i o no s phe ve i s

mainta i n e d by energetic galaetic radiation.

I oni z a tio n is lost by various recombination processes , among

which the dissociative recombination me c h a n i s m may be t he

most i mport a n t. In this kind of ion-electron encounter a mo l e ­

cula r ian is fractionized inta neutral atoms , which may be l eft

in e xcited states. In the higher regions of t he ionosphere , s ay

a b ov e 200 km , transport of charges may contribute significanLl y

t o t h e ionization balance. The transport processes are o f

different orig!n, associated with diffusion a nd winds driven by

t idal mo t i o n s and by thermal atmospheric expansions a nd con ­

t r a c tlo ns.

2. 3 lon compositlon

Ma s s spectrometer measurements conducted dur ing t he l a st 10 - 1 5

y ear s h a v e disclosed a n extremely cornp l ica ted ion compos i t ion in

the ionasp h e r i c D-region. Up to 80-85 km t he p o si t i ve i on

assembly is frequently found to be daminated by hyd r o g e n cam-
+pou nd s o f the type H . (H20)n Above t he h yd r a t ed i o n r e gime ,

a n d t h roughout the entire E-region , molecu lar o xygen a nd ni tric

oxide i ons, 02+ and NO+, are t he princ ipal positive const i t uen t s .
+O b e c ome s t he most abundant lon above 1 50- 2 25 km.

At h igh altitudes a transition from 0+ to H+ dominanc e wil l

o ccur . At which l e v e l this transfer actual l y take s p lace , i s

partly ama t t e r of specu1ation. lt h a s been con jectured that

a n o u t f low o f H+ a 10ng the geomagnetic fie ld l i n e s wi l l b e

es tabl l shed in the polar cap regions. This will i n c r e a s e the

a ltitude for t h e O+/H+ transit ion, pc.s s Lb.I y b y several t housa nd

kilome t e r s. The outflow of H+, known as t he Po lar wind will

b e one of the experimental topics to be addressed with t he

EISCAT faci1ity (Blanc, 1977).

2.4 Ternp era tur e s and collision frequencies

As in most gaseous substances the e harged a nd neutral a t mos­

pheri c par t i e l e s are in a state of incessant r andom motion .

As s u ming t hat the ve10c ity distribution for a p a r ticula r gas

c ompone n t i s Maxwellian , a temperature may be def i ned in terms
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of t he a v e r og e kinetic

Boltzmann' s c on s t an t.

energy : E
a v

= 3/2 kT , where k i s

In the upper Lono a pher- e , a bove t he l ower part of the E-layer ,

thermal equilib r i u m is g e neral l y not attalned, and t h e e!ectron ,

ion and neu tral g a s e s wi l l ha v e t o be ascribed different temp­

eratures.

Electrons libe r a t e d in a n i oni z a tion process will carry a part

of the exc e s s e nergy of t he i oniz ing pho t ons o r partic les. Since

energy exchange i s pa rticularly e f f e c t i ve amongs partie les of

equal masses, t her ma l izat ion ma y pLo c e e d quickly enough to ma i n ­

tain the Maxwe!lian v elocity distribution . Due to th is se l ­

ective h e a ting o f t h e e lec tron pop~lation , we generally h a v e

T > T. > T •e ...... 1 = n

In t he D-re gio n, a nd thr o u g h o u t much of the E-layer , cellisien

frequencie s a re high e nough to prev e n t notable temperature di f f­

crenceS t o be maintained , a t l e as t f ~r extended periods of time .

Good thermal c o n t a c t between i ons and neutrals r e ma i n s even

af ter t he el e c t r on temperatur e s t a r t s to deviate from t he neutral

temperature at 1 50- 2 00 km. However , with the increasing ra re­

faction i n th e u p per rea che s o f the atmosphere t h e ion - neut ral

t herma l cont a c t will d e t eriorate with a l titude, and fina l l y

the i o n temp e rature approach e s t h e e l ectron temperature aga i n .

10 2 10 3 104 10 5 10 6 10 7 l oq \I s- l

3 00

200

km

100

T
n eutr<,

~T
e le c t r on

3000 K1000
OL--'-_-'----'-__L_'---'-_ -'

O

Figure 2 .2 Characte r is t ic day t ime variation s of the temperatures

o f charged a nd n e u t r al atmospheric species, along

with a displ a y o f t h e h eight dependence of the

ef fect ive e lectron col l is i o n frequenc ies
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Figure 2 .2 shows arealistic height var iation of day tlme t emp­

eratures . It should be noted that the T/T. ratio i s a vu r i ­
e 1

a b le quantity , ordinarily attaining its minimum va lue (o f ten

e lose to 1 ) at night hours .

El e c tron-n e u t r a l collision frequencies are important for radio

wave p r o p a g a t i o n at low and intermediate frequencies , d eter­

roining the wave attenuation by momentum transfer t o the neu­

trals . A height profile of effective electron col l isi o n fre­

quencie s is included in figu re 2 .2 . It is seen tha t the

e lect ron-neutral collisions decrease rapldly with he i g h t , tend­

log to make their effects on propagating wa v e s insigni ficant

above the D-region.

For inc o h e r e n t scatter observations the effect of col l is ions

may be appreciated by examining t he ratlo of t he explor i ng

waveleng th to the mean free paths . Since t he mea n fre e path

o f t he electron is roughly an order of magn itude l a r g er than

the me an free path of the ions , it turns o u t that t h e i on­

neutral col l is ions are more s ignificant than e lec tron-ne u t r a l

encounte r s f or t hese k ind of me a sur ements (Evans, 1 969) .

A plasma pa r ame t e r of particular i mport anc e f or inc oherent

s c a t t e r r elations i s t he e lectron Debye l ength, given by the
T

expression AD=6. 9 /~ , wh e r e Te i s
3th

e e lectr o n temperature

and N the e lec tron density , per cm Throughou t most of t he

ionosphe r e, wi th exception f o r the l owe s t and highest r egions ,

the Debye l e ng th will remain less tha n l cm.

In a sh e at s urrounding a charged bo d y i n a n ioni ze d gas there

will be a n excess charge o f polar ity opposite t o the body

c har ge , s ufficient to balance the c harge o n the bo dy. The

Debye l e ng th is a rough measure of t he d imens ion of t he sheat .

So metime s the Debye length is referred to as the screen i ng

dista nc e, implying that the electric field caused by t he charged

bo d y i s not fel t at larger distances .

2 .5 Ge oma g ne tic field configuration - t he Magnetosphere .

The earlier concept of a dipole-like geomagnetic field

stre t c h i ng into the vacuum of the interplanetary space ha s

b e en r e pla c e d by a model sketched in figure 2. 3.
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",'l-
:-t\ ~y: ~ MAGNETOSHEATH.,0 __...~

RADIATION BEll AND
RING CURRENT

Figure 2.3 Ma gne t o s p he ric mode l (Akasofu , 1 977 )

The ma i n featu r e s of this model have been dis close d by numer­

eus satellite mi s s i o ns. The e arth 's ma gnetic field r epresents

an obsta cle to t h e Solar Wind , t he con t i nous , hut highly vari­

able, s t ream of supersonie part ic les emana t i ng f r om the sun.

A collis10n f ree shockfront is formed as a r e sul t o f this inter­

action, c onf i n i ng the sunward portion of t he Ma gnetosph e r e .

In the ge ophysic a l parlance t he outer b orde ry o f the geomagne tic

field is kno wn as the Magnetospause .

On the s unl it s ide the geomagnetic fie l d i s compressed ; the

distanc e t o the field border is here o f the order of 10 e arth

radii. In the anti-solar d irection t h e field f orms a n e x t e nded

cylindrical cavi t y with a mag netically neut ral core . It is

common t o r e f e r to the cylindrica l cavity beyond about 10 ear t h

r adii in th e a nti-solar direction as t h e Ma gne t o t a il. It may

b e no t ed t hat c urrents have to flow on t he b o u ndary s u rfaces

a nd across t he tai l to maintain the displayed ma gne t i c fi e l d

con f iguration .
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The t r u e n a t u r e of t he magnet ic fie ld structure behind the

h ow s hock a nd at the magnetospause is still a matter of c on­

t e mporary c on j e c t u r e and discussions. Fu rther experimen t a l

i nv e s t i g a t i o ns of this topic may be r e g a r d e d as today 's "taks

number one" o f ma g ne t o s phe ric phys i cs (Roe d erer, 1977) .

The DEe" Ma gne t o s p h e r e model , regarded by some physici s t s as

nece ssary t o e xplain the assembly o f observationa l data

(Ak a s ofu , 1977), prescribes a field line topology sch ema t ica l l y

shown i n figure 2 .4. 5;1
-~--.-H-~--L-A-T1-T\IO€--LO-B-~ .... - "r

H~ LATlTUO~_

Figure 2.4 Dpen fie ld lin e model

In t his mode l the f i eld line s permea t i n g the Hi g h La titude

~ me r g e with the int e rpl anetary ma gnetic fie ld , f o rming a n

a cc e s s r o d r o a d f or t he i n t e r planetary pla sma i n t o the pola r

r e g i o ns of the mag netosphere/ionosphere. I t has b een main­

ta i n e d that the e lectric energy neccessar y t o driv e curre n ts

in t h e ma gne t o s p h e r e / i o no s p h e r e sys tem is prov i ded by a c on­

cersion of k inet i c solar poarticle energy to e lec t r i c energy

in the plasma mo v i n g aeross d is tant por t ions o f the open f ield

l i n e s.

I n the Closed Ma gne t o s ph e r e mode l t he pe r pendicular componen t

of the magne tic f i eld i s zero everywhere o n the mag net ospa u s e

a nd plasma can only e n ter the magnetosphere by diffusion through

the magnetopaus e or by flowing through boundary neutral polnts.

Th e Electric Fie ld Configurat ion in the mag netospher e is a

r a t h e r comple x topic . Suffice it to state here t hat a l l pub­

lis h e d the or i e s general ly seern t o indicate the pre s ence o f a
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large scale dawn-to-dusk field of some tens of kV .

The magnetosphere may be looked upan as a dynamica l system

wi t h domains of particles posessing a wide range of d i fferent

energ ies , continously moving under t he influ enc e of existing

f o r c e f ields .

Th e equation describing the particle motion is given by :

dr -= q(dt x B + El + F (2 . 1 )

where r i s t he position vector . B t he magnetic i nduc tion,

ro t he particle mass E and F the electric a nd nonel ectr o ma gne tic

f arc e s respect ively.

The general solution of this equation is complex . But und er

cer tain conditions of fie ld geometry , partie l e ene r gy a nd ex­

t ernal force fields, periodicities appear , a l lowing f or s impler

descriptions .

There may

be thre e dis tinct types of periodicities : (i) the e ye lotron

mo tion , a p eriodic i t y in the motion t r a nsver se t o the magnetic

f i eld, (ii) t he bounce mo tio n, a 'pe r i o d i c motion up and d own

t h e magneti e field l i n e s and , (i i i ) t h e d rif t mot ion , a pe r i o d i e

motion a long elosed surfaces made up o f fi e ld lines. Cyclo­

tron freque n c i e s are orders of magnitude higher t han the

b o u nce fr e quenc i e s, whereas d r if t f req uencies are o r d e r s o f

magnitude s lower t han t he bounee fr e que neie s . with no a c c el­

e r a tio n o f the part ie l e s along the ma gne tic field lines, the

q uant ity s i n 2a/B , where a i s t he s witch a n g le , the a ng le betwe e n

the velo eity vector and the fie ld d ireetion , rema i ns cons tant .

With an ine r e ase of B at the lower a ltitudes the pitch a ng le

i nereas es . Mi r r or ing takes p lace for a = 9 0° .

Wi th n o externa l farees present t h e d rif t mo t i ons in t he

magne t a s p h ere are c r eat.ed by the inhomogenei t y i n the magnetic.:

induetion and b y centr ifuga l forees ereated b y f i eld line

curva ture s . El e c t r o ns a re d r if t ing eastwa r d a nd protons we st­

ward (figure 2 .5).
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point

Mag net ic
li n e

----r\ D r i f t of

elect rons

Drift of /
p r oto n s

<,
. Trajectory of t r a pped

pa rticle

Figure 2.5 Drifts of trapped species

Under certain conditions one is justified in regarding the

drift as confined to fixed L-shelis. L is a dimensioniess

pa ramete r, wh i c h in a dipole model simply specifies the equa ­

t or i a l d i s t a nc e to a particular field line , in terms of eart h

radi i . The Invariant Latitude,A is defined by t h e relat ion

cos 2A=L- 1 . Adefines the latitude at which a fie ld l i ne of

parameter L int e r s e c t s the earth 's surface . Pa rtic les whose

drif t s helis are closed around the earth are sa id to be Stably

Trapped. Partie l e s drifting on field lines wi t h their equat o r i a l

points at d istances less than about 8Re(earth radii ) us ually

belong t o th i s category.

Par ticle s moving on field lines at larger equatorial distanc es

are s ubject t o an azimutha l convection , under the i n f luence

o f the prevail i ng e lectric field , causing the f l ux t ubes t o

i ntercept the magnetapause . The nation of "fro zen- in f i eld

line s" is commonly used to describe this kind of behav iour .

Th i s invo l ve s that the field lines are considered to move with

t he pla s ma. Upon reaching the magnetospheric boundary , the

field lines open and merge with the interplanetary f ie l d .

Subs eq uently t he magnet ic l i ne s are dragged by t he solar wi nd

acro s s the polar cap and added to the outs ide of t he mag ne tic

t a i l. Field lines and plasma are then convected to the neu tral

she e t , where the lines reconnect and collapse t o a dipole like

form . (Th e valid i t y of using the concepts o f " fro zen- i n fi eld

l ine s" a nd " f i e l d- l i ne reconnection" is seriously questioned

by Alfven (1 976). It is beyond the sco pe of this presentation
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to delve deeper into this interpretation. The feature to be

emphasized here is that farces exist, causing large scale

moveme n t s of the magnetospheric p lasma ). As wi l l be noted

f r om equation 2.1 t he sign ificance of t he electr ic field fo r

the drift behaviour of a particle depends upan the particle ' s

e nergy . For low energies the e lectr ic f ield tends t o domi ­

na t e, driving both protons and e lectrons i n t he same direction .

For h igh energies the particle drifts caused by e lectric

field s may be significant.

Same main features and key notions of the magnetosphere are

d esc r i b e d in a summary fashion in the fol lowing :

l. The Radiation Belts (sometirnes referred to as Van Al len

Radia t i o n Belts) are domains of trapped e lectrons and

protons of energies from a few keV to severa l MeV, occuri ng

f or L < 6 to 8. The most energet ic particles are found i n

the Inner Belt (f o r L 2 to 3 ) . The min imum flux r-eq Lon

b etwe en the Inner and Outer Be lts i s re fe r red to as t he

Slot Reg ion. I t is now believed t ha t d u r i ng disturbances

part i e l e s from the outer zone may be released by wa v e ­

par t i cle interaction, and subsequently pene t r a t e to t he

l owe r regions of the ionosphere , creating enhanced auror a l

act ivity and incrcasing the number densities of t herma l

c harges.

2 . Th e Plasmasphere is the i nner relat ively dense a nd col d

part of the magnetosphere , where the pla sma and the magnetic

f ie l d l i ne s are cons idered to rotate wi t h the earth. The

bo u nd a r y surfaee, on the average positioned at a bout L=4,

is denoted the Plasmapause. Outside t he plasmapause the

pa r t i c l e motion is influenced by convect ian. Reductions

in i on densities of more t ha n two orders of ma gnitude have

r epe atedly been observed i n satei lites mov i ng t h rough eho

pla s ma pa u s e from lower to h i ghe r a l t i tudes .

3 . The Polar Wind is t he outflow of H+ a long high l a t i t ud e

field l i ne s . It has been conjectured (Banks, 1 97 2) that

the outflow may take place not only on open fie ld l i ne s,

but essentially on all lines convecting outs ide the plasma­

pause.



- 11 -

4. Th e Pol~r Cusp is the region o n the days ide magn~t0s­

phere whe r e t he f ield l i ne s l e ading u p fr om the ea r t h

appear to touch t he magnetopa use . In the r e gion o f

contact at t he magnetopause the mag netic fi eld intensity

i s extremely l ow. Pla sma in the cusp ha s b een found t o

have e s s ential l y the same e nergy pro p erties a s the plasma

i n the Magneto she a th, the regio n bet ween the bow shock and

the magne topa u s e . Th e f i eld lines of the cusp reg ion map

inta the i ono s phere at t h e d ayside of the so-cal led

AuroralOva l. a n oval-shaped belt delineating t h e ma x i mum

occurence of v i sual auro r a l arc s .

5 . The Plasma She e t is a r ela t ively t h i n layer of plasma

bisecting the cylindrical magnptota i l inta a northern and

a s o u t her n half . The plasma dens i t y in the s heet is

typically of the order o f 0. 1 cm-J There is e xper i me n t a l

evidenc e that t he plasma shee t ser v es as a reservoir of

partie l e s c reating diffuse aur o r a l displays along the

n i g h t - t i me pa rt of t he o val. During disturbed periods

pl a s ma s heet partic les may be aecelerated and give rise

t o discrete a uroras . Fur t herrnore , a t t ime of disruption

accelera t e d p lasma s heet par t ic le s may penetrate into

t he oute r r adia t i on b e l t and b e c ome part of the trapped

po p u l a tio n .

6 . Outs ide t he p l a s ma she et is th e Pla sma Mantle . Th e plasma

in th i s r e g i on ha s magnetoshea t - l i k e energy spectra and

f l o ws in the a n ti- solar d i r ee t lon .

7 . It ha s be en established as a reg u l a r f e ature of the mag ne­

tospher e ( Bostr~m , 1 97 7 ) tha t s hee ts of Field Aligned

Currents fl ow into i o no s p he r e a t auroralova l latitudes .

On t h e mo rn ing s ide o f t he ova l t he current f lows inta

th e iono sphere a long t he polewa r d border and out of t he

ionosphere a long t he equator ward s i d e . On the e ven i ng

side of t he oval t he f low d irec t ions with r e spect t o t he

b o r d e r s men tio ne d above a re reversed . In t he iono sphere

t he circuit s a re clo s e d by c urrents flowing transverse to

thc mag ne t i c fie ld li ne s . Th e charged pa r ticle t r ans port

a long t he ova l is u s u a l l y referred t o as th e Aurora l Electro­

j~ t.
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8 . Mag netic Suh:.torm is the no t a t ion giv e n to a compos ite

elas s o f phenomena occu ring as a r e s ul t of the releas e

of e nergy accumula ted in the magnetosphe r e. Th e energy

di s cha r g e i s t hought to b e t r iggered by a c hange in the

inte r p l ane t a r y rnagnetic f ie ld v e cto r (IMF) . It ha s b een

h eld that each ma g net i c s ubstor m is i mmedia t ely preceded

by a s outhwa rd t urn ing o f t he int erplanetary field vector,

hut thi s hy po the sis is discard~d ~ by Aka sofu (1977 ) . A

ma gne t l c s u bstorm a ffects a lmost al l th e major pa r amete r s

in the magnetosphere/ionos phere system. Characteristlc

subs t orm ma n i f e s t at i ons are : disturbance s in magnetic t ie ld

me a su r e men t s on the ground , e nhanced a urora l ac t i v i t ies ,

inc r e a s e d ionizations i n t h e l ower i o no sphere caused by

p r e c ipi t a t i n g particles , a contra ction o f t he pl a smas phere ,

a r e channelii ng of a part of the cro s s - t ai l c u r ren t , causing

enhanc e d current fl ow a l o ng the fi eld lines into the ova l

iono sph e r e and a following e xpans i o n of the auroral electro­

j et.

It will be evident from the fo regoing that the pola r regions ,

espe cially t he equatorward demarcation zo nes , the a u ror a l ov a l s ,

are particularly i mpor t ant v antag e f i e l ds f or studie s of the

complex r el a tionshi p s which g o vern the dynamics of the magnetos ­

phere/ i onosphe r e composite s ystem. The r ecognition of thi s

fact h a s be en t he ma i n i ncentive i n the e f fo r ts l e ading u p

to the establishment of EI SCAT .
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3 SUM~U\ny OF EXPERIMENTAL TECHNIQUES

In this chapter we intend, for the purpose of providing some

appropriate background information, to present a brief summary

of tehcniques which have been emp10yed in exploring the ion05­

phere and the mare remote parts of the earth 's environment.

3 . 1 Rad io wave observations on the ground .

3.1. 1 Vertical soundings

The Ion050nde has been the "workhorse" in exper imenta l i o nos­

pheric phys ics for more than 50 years. In principle t he i o no s­

onde is a radar transmitting vertically directed pu lsed s igna l s ,

in the frequency range from a few hundred kHz to 10-20 W 17 .

The time of travel lbt[ of signals reflected from the ionosphere

i s recorded and a Virtual Reflection lIeight is determi ned by

assuming that the signals propagate with the velocity o f l ight,

hl = b t·c/2. From magnetoionic theory we know that a s igna l

i s reflected from that level in the ionosphere where t h e ex ­

plo ring frequency equals the Plasma Frequency, f N re lated to

the electron density N by the simple expression f~=81 N

(fN i n kHz for N in electrons per cm3).

By i nc r e a s ing t he frequency the wave will penetrate deepe r

int o the ionosphere to meet the ref lection condition . The

max i mum frequency reflected is terrned the Critica l Frequency

f o r the particular layer explored. This corresponds to the

max i mum electron density in the layer . Frequencies a bove t he

c ri t i c a l frequency pass through the layer and are either re­

fl e c t ed by h igher layers of disappear in to space .

By sweeping through the reflection range a virtual h e ight/

f requency relationship, known as an lonogram is obtained .
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F igure captio n s :.
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Figure 3 .1 l o no g r a m showing ord inary and e x t raor d i na r y

F-l a y er t r a c e s in a ddition to E-layer r eturns

Figure 3.1 giv e s a n example . Frequencies e lose to t he critical

frequency su f f e r large group retardations in the i onosphere,

manifest in t he i o nogra m i n t he i nc r e a s e in t he virtual height

recorded. Pro c cdu res ha v e been designed f o r c o nv e r t i ng the

i o no g r a ms t o t r ue h e i ght / e l e c t r o n densi ty pr ofiles .

In a strict s e nse the presentation given abo ve is incomplete .

As a result o f t he p r e s e ne e o f t he earth 's magne t ic fie ld an

u pgo i ng wave upon e ntering the ion0sphere will genera l l y be

split into t.wo e l liptically polarized componen t s with oppo s Lt,u

ha nd s of rota tio n .

The two components, terrned t h e Ordinary a nd the Extra-ord inary

wave s , travel wi th different velocities , a nd a r e r eflecte d at

d i f f e r e n t he igh t leveis . Th e description g i ven above applies

to the ordina r y componcnt . Traces of both compo nents will

general ly appe a r in an ionograrn.

For the ordina ry mo d e t he r a y path will be b ende d towards t h e

magne tic field in the manne r shown in fig u r e 3 . 2 (We assume

for s i mp l ic i t y t ha t the ma g n e tic field vector is in the plane

of the pa pcr. l
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Figur e 3 .2 Ray path of ordinary wave

As the wave propagates the polarization c hanges from circular

at th e bo ttom of t he i o nos phe r e to e lliptical . As the reflec ­

tion point i s approached , the polarization e! l iose degene­

rate s in ta a line. Re fl e c t i o n takes place a t X~l (X=f~/f2) .
He r e the wav e is linear l y po lar izcd with t he e l p.ct r ic field

vector a10ng t he magnetic fie ld .

I t is no t ed that the r ef l ec tion c o nd i t i o n depicted l n figure

3.2 1s of pr ima r y i mportance for t he "l1e a t i ng" - ex pe r ime nt,

to be implement ed by Ma x-Pl anc k-Ge s e ll s chaft a d j a c e n t to the

EISCAT-installat i o ns a t Ramfjordmoen . One of the main objec­

tives of th i s exper i ment wi ll be to study instab~lities created

by a powerful ordinary wave component a t X=l.

As will be c lear f rom the f o r e go i ng, the pr i nc i pa l parameter

to be studie d by ver tical soundings i s t he e lect r.on density

and its var i a tio n wi t h height . I n f orma tion about dynamic be­

haviours may be der ived by analysi ng t i me seque nces of

ionograms t a ke n at convenient time intervals . A clear limi ­

tation i n t hi s kind of technique is tha t it only samples the

bottom s i de of the i o nos phe r e .

A modern t ype of ionosonde , developed at t he Universi ty o f

Troms~, wil l be installed elose to the EISCAT t ransmitter site .

Th e i o nog r ams are expected to be of value in normalizing



- 17 -

electron density profiles d erived from the scatter observations ,

a nd a lsa for expe r iment s r equiring electron density information

f or t e chnical prc-adjustmen t s of th e EISCAT setup (f iost for

me asur e me n t s of the so-cal l ed plasma lines) .

Ground ,

IOr'los ph " r O!'

3. L 2 Ob l iqu e soundings

Ra y paths fo r t r a n s mi s s i o n s at oblique ang les are depicted in

f igur e 3. 3.

Figure 3 .3 Geometry o f ground scatter

Wi t h a horizontally s t a t i f ied i onosphere the ~ignals whic h i n

thi s case ma y be detected at t he transmitter loca t i o n ste m from

the tiny fraction of energy scattered in t he bac k wa r d direction

where the wa v e h i t s the gro u nd . The r eco rd wi l l b e in t he

form of a t r a c e b r a n c h i n g of f the second h op v e r tical trac e for

the layer su s t a i n i ng transmission (we assume tha t s ufficient

e ner gy l e aks off in the vertica l direction t o per mi t the v c rti­

cal i o nogram to be observed) .

Irregularities, i n t he sense o f region s wi th electron densitie s

deviating from the b a c k g r ound medium , may g ive rise t o direct

i o no s ph e r i c e c hoes also i n obligue sou nd i ngs . In particular

echoes may be note d from f i e l d a longated irr egularities, located

where the wave imping e s on the f i eld li~es at apFroxlmately

right angle s. Drift mot ion s of irre g ularities at auroral l ati­

tudes o v e r t he North o f Scandinavia are c u r r e n t l y b eing studied

in the STARE pro j e c t , opera ted by Max-Pl anck - I ns t i t u t , Lindau

(STARE-Scandina v i an Twin Auroral Ra dar Experiment). This f aci­

lity include s two mu l tib e a m radars, l ocated near Trondheim a nd

Sauvamaki (Finland), working a t frequenc ies clos e t o 140 ~lli z.

3~.3 D-region me a sur e me n ts

S ince the t race s of an i o nogra m a re c aused by r eflections at

E- a nd F-laye r heig h t s, l ittle or PO information a bou t the

iono spheric D-re g i o n can b e derived from thes e measurements.

One t e c hniq u e which has been a p p l i e d fair l y e x tens ively i n t he

passed to s tudy D- l ay e r a b s orption uses the amplitudes of mu l ti -
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hop echoes . A calibration factar is derived by recording the

ref lccted echoes at night hours , when t h e absor ption i s low.

An a lternative technique for D-region absor p t ion stud i es makes

u s e of a Riometer (relative ionospheric opac l ty meter ) f or

me a s u r ing t h e intensity of cosmie na i s e emissions . Th e dir e ct­

10nal source is assumed to remain cans tan t . Superposed o n

diurna l variations i n t h e r e c e i v ed naise powe r , created by the

rotation of the earth-fixed antenna beam over the sky , a r e

cha ng e s in the attenuation suffered by the r a diation o n its

pa s s a g e thr o ugh the D-region . Changes i n t he absorp t i o n of

0.1 dB can usually be recorded with 5uch an instr ument , opera t ed

a t a f requency elose to 30 MHz. C~ l ibra tion is carr ied out by

per i o d i c a l l y disconnecting the antenna a nd fee d i ng into the

r e c eive r a known amount o f power from a no ise d~ode. Ob servation

o f extraordinary h igh absorpt ion by riometers at high latitudes

a re u sually indicative o f an enhancemen t o f the r a diation flux

of pre ciptltat ing hig h e nergy par ticles.

Riometer s wo r k i ng a t 30 and 40 MH z a re presently operated at

Ramfjordmo en, Ny Al e sund (Spi tzh ergen) a nd the Bear I sla nd

by Dansk Me t eorologisk Ins t i t u t t. In futur e a similar s et of

riometer s ma y a lso b e installed at J a n Mayen. Max-Planck­

Institut, Linda u , r u ns anot her r i ome t e r at 50 MH z at the Ramfjord­

moen s i te .

Other e xperimenta l method s u s ed f o r D-layer stud:Les are based

on the Cross Modu la tion ( "Luxe mbourg") e f fec t and o b ser v a t ions

of Par t ia1 Re f l e ctions. An estab l ished p roced u re for the app1i­

c ation o f the first technique has been d e scribed b y Thrane

(19 66). A "wa n t e d" pulsed signa l is t r ansmitted with a pulse

repeti tion frequency p . By trans mitting sync h ron i z e d "dis­

turbanc e " pu1s e s at h al f t he repet i t i o n rate, p / 2, each other

wante d pulse i s e xposed to a he a t ing e f fec t created by the dis­

turbing signa l . By me a suring t he und i s t urbed and d isturbed

wa nted pu lses and u s i ng avallable t heory , e lec t r on dens i t i e s

and effective collis ion f requencies may be deduced .
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The p a r tl a l ref lection method relies on weak reflections from

small di s c ont i nui t i e s in the lower ionospher e as a wa v e pene­

trate s the r e g i o n . The ratia of t he ampli tudes of the scatte r e d

s i g n a l s of b o th t he ordinary and t h e extraord i nary compo nen ts

i s me a sured. By combining t his me a s ured qua nt i t y wi t h the

r atia o f t he ref lection coefficient and a bsorpt ion indic e s,

ded uced from generalized magnetoior.ic t h e ory , the e lec t r o n

d ensity may be camputed .

A par t ia I r ef l e c t i o n experiment i s operated by the Unive r s i t y

o f Troms~ a t Ramfjordmoen site area . The da t a h a ndling i s

computerized to give D-region height/e lec t ron density prof i l e ss

almo st i n real time . There are plans for supp lementing t h e

e xisting i nstallation with phase - measuring equipment t o faci­

li tate a derivation also of collision f requenc ies .

It s hou l d b e me ntioned that e lectron dens i t ies and c ollis i on

frequenci e s in the D-reg ion have a lso b e en inve stig ated b y

s tudying phas e s and amplitudes o f waves a c tually r eflected in

the D-layer, r a ng i n g in frequency f rom 10 t o 200 kHz, pro pa­

gated over d i s t a n c e s of up t o 1000 km • . The heig h t d is t r ibu t i o n s

a r e derived b y " t r i a l and error " as t hose giv ing th e b e st fit

to the observatio ns.

3. L4 Faraday rotation method .

In a n earlier section we have me ntioned that a line ar ly polar i zed

wave general ly splits into a n ordinary a nd an extr a ordina ry

comp o nent upan entering the ionosphere . For r e a s onably high

frequencie s (a b a v e a few MHz) and a n approximately vertical

ma g netic field the two components a re propagating in the 50 ­

ca l led qua si-lo n g i t udinal mode , i mplying t ha t the y a r e circular

polarized . Sinc e t he two waves t r a vel with dif f erent v elocities

the plane of t he resulting l ine a r l y polari zed wave rotate s

gradually. This p henomenom i s k nown a s Faraday r'o t.a t.Lon ,

The t otal rot a tio n is a me a sure o f t he t otal col u mnar e lectro n

cantent between the observi ng location a nd the saurce .

The Faraday rotation method has been applied to study the

t ota l col umnar electron con tent of the ionosphere by u si ng

s igna ls from artificial satellites and moon-ref lec ted echoes .
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The method ha s also becarne a standard tech n i q ue for deriving

e lectron densities in t he lower i onos ph ere in con j u nc t ion

wi th rocket l a u nch i ng s .

Th e p Lane.. o f the e lectric resu ltant f ie ld i s cont inuously de­

t ec t ed by antennas carr ied o n t he r oc ke t. By keeping reco r d

of th e r o t at i o n f r om the bot torn of the ionosphere , the rotation

a ng le ma y be p lotted as a f u nc tion of d istanc e. The derivative

of this curve at any distance is proportiona l t o the e lectron

density.

3.2 Magne tic observations

The main component of the geomagne t ic f i e l d is caused by

currents f lowing i n the i nterior o f the earth. Regular and

irre gul a r variations are c reated by cur rents flowing in the

i onosphere / ma gne s t o s phere, and cu r rent s i nduced by these charge

transport s i n the upper a t mosphe re .

Preeipita t i ng partieles p layan impor tant rol e in generating

atmo spher i c currents at high l ati tudes , part i cu.larly in the

aur ora l oval . Estimates have been quoted tha t the aurora l

e lectro jet under disturbed periodes may rise in intensity
to 106ArnPS •

A Ma gnetome t e r is an ins t rument d e s igned t o me a sure the geo­

mag ne tic field a nd i t s variations . Normally a ground based

magnetomete r is cons tructed to obser ve the north-south, east­

west a nd vertical component of the f i eld v ector. Simi l arities

in the pa t ter ns observed dur i ng particular types o f dis tur­

banc e s make it possible t o use t he magnetometer r ecords as an

indic a Lo r that certain types of events a re under development.

F i ns t a re magnetometer observations essentia l in d iagno si rig

t he onset and the ma j or phases of magnetic s u bs torms .

In Norhern No r wa y mag netometers o f the flux gate type are

opera ted at Troms~, Ramfjordmoen , Skibot n , Ny-Alesund, Beer

Island a nd J a n Maye n.

3.3 Optical me asuremen t s

Much ef forts ha ve been made during t he las t two d e cad e s to

s t udy i n considerable detail t he optica l emiss ions from excited
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neutr.J.ls and ions in the ionosphere . The mos t intense radi ­

ations a re generated in the lower port ion of the E-region .

Same emis s ions are observable to the na ked eye , othe rs are

outside t he visible range . There h a v e been par t i c u l a r i nterest

for observ i ng certain lines or bands i n t he spec t r um, such

a s the i o n i ze d nitrogen bands at 39 14 and 4278 Angstr~m and

the g r e e n and red oxygen l ine s at 5577 and 63 00 Angstr~m .

The in t e ns i t i e s of the nitrogen emissions are bel ieved t o

be pro po r t i o nal to the production of ionizat ion by part icle

bomb a r dme n t . The 6300 Angstr~m l i ne ma y be a n indicato r of

the F-region r ec omb i na tio n rate .

A c ommo n device for optical observations i s t he All-Sky Camer a ,

surveying t he whole sky above the observi ng l ocation. Refined

TV c ameras are used for resolvi ng fine sca le va ~iations in the

auroral f o rms. Ground based optica l track ing o f r a c ket rel e a s ed

ba r i um c louds have been us ed to derive electr ic fields in the

i o nos phe r e.

4 channel scanning photometers covering Hr -emiss ions a nd the

thre e u pper wavelength regions mentioned above a r e in c u r r e n t

use a t the Skibotn field station. I n add ition Dr . Lau che a t

t he Max-Planck- Ins t i t ut, Lindau , will imp lemen t a panoramlc

photomete r cover ing the same wavelength interval at Ramfjord ­

moen. Rout i ne mea s u r eme n t s with an a l l - s ky camera are made

at the Uni ver s i t y of Troms~.

3.4 In- si tu investigations

Unde r t h is he ad i ng we group experiments conducted on s ounding

space veh i cles, sate l lites and rackets and , to s ome extent ,

on ha lloons.

I n terms of i nstrumentation there i s hardly a ny r e a son to

distinguish sharply between rockets a nd s a te i l i tes . Racket

and satel l ite pay loads are of ten equipped t o measure esse n t ­

ially t he same parameters. In t he way of operation we may

note s ignif icant differences, though . A s ate l l i t e may p r ovide

global coverage whereas a rocket is explor ing a mo r e l im i t ed

r e gio n of t he ionosphere. On the other hand , a s atel l i te i s

bound t o follow the elliptical orbit into which i t is put by
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launch. Data acquisition on bord a satellite is thereforc

not controlled to the same ex tent as i s the data col lect ion

on a racket , which usually is launched only i n the p r e s e n e e

o f a certain set of preseleeted geophysical events . The

speeds of the tWQ kinds of space vehicles a re no t a b ly d ifferent .

A velocity of 10 km/s may be typical for a sate l lite , whereas

1- 2 km/s is mare characteristic for a racket . Whet h e r h i g h

spe e d shall be regarded as an asset or not , depends u pan the

n a t u r e of the experiment. Hidh speed will be an advantage for

the abi lity to measure Witg/~p'tial resolution. I f go o d time

resolution is of prime importance , the high-speed behaviour is

a c lear d i s a d v a n t a g e. Even with the mare slowly mov i ng r a cke ts

it ma y, at t i me s , be a problem to distinguish be t we en spa tial

and t emporal v a r i a t i o ns . 80th kinds o f veh icles h a v e the ir

special a reas where their superiority is unprece d ented . F i nst

mas s s pectrametry in the ionospheric D-region can a n l y be can ­

d u c t ed o n r a c k e t s; the uppermost part of the ionosphere, t h e

magneto sphere and aur interplanetary s pace a re only accessible

for direct me a s u r eme n t s b y satellites . It will be o u t s i de

the scope of t his br ief presentat ion to d eal in any d etail

with the d e t a i l s of a irborne experiments . Suffic e it to l ist

some of the mo r e c o mmon tech n iques :

l. Various k i nds of e lec trostatic a nd RF- probes are widely

e mp loyed t o prov ide e lectron t e mpe r a tur e s a nd d ensi t i es

of e lectrons and positive ions . I oni z a tion s t r uc t u res

with dime ns i o n s of a f e w hundred meters , some t i mes e ven

l e s s, ma y be r e s o l v e d in these kinds of o bservat ions .

2. El ectr i c fields along pre-selected a x e s are invest i g ated

by o b ser ving t h e potential differences betwei!n identical

electrod e s s ufficiently separated to be undis turbed by

e a ch o t her a nd by t h e vehicle .

3 . Particle f luxes , r a ng i ng in energy from a fe~ e V, o r tens

o f e V, t o several hundreds of keV are d ete cted by arrays

o f particle counters. Dlrectional properties , c ommo nly

r eferre d to the magnetic field direction , a re determined

b y combining the instrument's mounting geometry wi t h the

v eh i cl e ' s spinning motion and magnetic aspect d a t a.
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4 . NuLtiax.ial magnetometers are key instruments for mapplng

the magnetic field and for studies of the currents causing

t h e observed magnetic field structures.

5 . A rich complcment of optical instruments are used in air­

borne applications, such as photometers, sensible to vari­

aus parts of the spectrum , UV and X-ray sensors , TV and

all -sky cameras. A particularly important field of invest i ­

gation is the mapping of auroral arcs and are systems .

Details are brought out by rackets flying through or e los e

to , the arcs . Sateilite pietures taken at remote distances

may prov ide excellent snapshots of the visual displays att

along the auroraloval.

6. Data on the composition of the neutral and ionized par t s

of the atmosphere are furnished by mass spectrometer me asure ­

me nts. Pa r t i c u l a r efforts are required in D- reg ion s pec t r o ­

meter applications . These arise from the n~ed, at t hese

r el a t i v ely dense part of the atmosphere , to evacua te the

ins t r ume n t to ensure that reaetions among t he sampled

species are not taking p lace within t he spectrometer i t s e l f .

A v ar i e t y o f airborne radio measurements ha v e been r e po r t e d ,

in addi tion to the Faraday technique mentioned in a n earl i e r

section. Among s t the applied methods are top-s ide swep t fre­

qu ene y sound ings (sirnilar to the sounding tech nique a pplied

on t h e ground to obtain bot torn-side ionograms), l"e c o r d i ng s

of g r o u nd transmitters , particularly at VLF f r e q u e nc ies, pass i v e

li s t e n i ng for radio emissions generated by natural processes.

In recent years several aetive experiments have h e e n fl own,

where acce lerated particles are injected i nto the ionosphere ,

modi f y i ng the particle population close to vehicle , cre a t ing

aptic a l emissions and generating various kinds of radio waves .

Wa v e propagation experiments with both the transmitter and t he

r e c e i v e r inside the ionosphere, but a different l o e a t i o ns, in

a split-payload configuration , have also been condueted. A

g e ne r al finding in these experiments is that electrostatic

wa v e s play a very lmportant part in the observed transmissions .

The s e are space-charge waves which cannot be direetly observed
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outside the ionosphere (they may be i ndirectly detec ted,

though , f ios t in their signatures l e f t on inc ohe r e n t scatter

spectra) . It is expected that much of the f unds aval1able

fo r in- si t u measurements in US and i n Europa in t he 1980 's

wil l be allocated to the Space Shuttle miss ions , a n experi­

menta l p r o j e c t jointly planned and operat e d by NASA/ ESA

(ESA- Eu r o p e a n Space Agency ). The s hut t le arbite r is a

manned aircraft,approxi~ately the size of a DC 9 j et l i ne r,

des igned f o r reusable performance . I t will be c a rrie d a l o ft

by boosting rackets. stay in orbit for same days , a nd t her e ­

a f ter l a nd as a glider . The vehich l e wi l l car r ya manned

l a bo r a t o r y , t he Space!ab , and be equ ipped to e xtend experi ­

menta l t e chni que s applied 50 far on satel li tes and r a cke t s .

Ballaans have been exwidely used for study ing particle f luxes

with energ ies above 40 keV , by detecting brems s tra hlung X- rays

ge ne r a t e d by the s e pax ticles in t heir interaction wi th the

upper atmos phe r e. Typ i c a l ba l loon a ltitudes are 30-40 km,

the a c t i ve measuring pha5e same times extendi ng over s ev eral

day s . Ba l loons are also applied for observ ing e lect r ic fi eld s

ma pped downwa r d from t he i onos phe r e. Only l a rge sca l e fi elds ,

wi t h scale s ize above 400 km, may be s tudied by th i s t echnique.

Re f erenc e s

Thrane , E V - NDRE Report No 5 4 (1966)
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4 BASICS OF THE INCOHERENT SCATTER TECHNIQUE

4 . 1 Introduction

I n 1958 Gordon postulated that radio technology had ad­

vanced to a stage where it should be possible to use the

incoherent scatter technique for ionospheric diagnos tics.

Although disagreeing in same detail, exper iments conducted

during the succeeding 20 years have essential ly substantia­

ted Gordon 's predictions. Today incoherent scatter obser ­

vations have an established reputation for offer ing the

most versatile technique of all ground-based methods used

to explore the upper atmosphere.

In this chapter we will outline some features of the theory

for the scattering of electromagnetic waves in the 10nos­

phere .

4 . 2 Theory

We assume that the transmitted frequency is far above the

i o no s p h e r i c p lasma frequencies (which a l lows us to d isre­

gard refraction and group retardation). During i t s passage

thr o u g h the ionosphere the transmitted wave imparts to t he

e lec trons an oscil latory movement which i n tur n gives risc

to a radiation field of electromagnetic energy . Wi th the

o bserver sufficiently far from the scattering volume , on ly

the far-field radiation component needs to be taken into

account . For the field from the single electron, rece ived

a t a distance Rs from the.scatter location , we may wr ite :

E =s
q -ik ·R

e s s (4 . 1 )

where q denotes the electron charge, Rs the radius vector
•

from the scatterer to the field point and v is the accelera-

tion of the oscillating charge . k is the wave vector in t h e
s -ik .R - i w R le

direction of the observer. The phase factor e s s = e o s

has to be included to account for the fact that the field observed

at the g iven l o c a t i o n at time t was actually radiated by the

Bource at time t - ~c
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The acceleration o f t he charge may be derived from the e qua t ion

o f mo tion :

v = q i ( w t- ko RB e o o oo ( 4 .2 )

Wo i s t he a ngular freque ncy of t he t ransmitted wave, me elec-

t ron mass and Eo the complex amplitude of the wave incident upan

t he s c a t t eri ng medium. ko i s the wave vec tor o f the inc oming wave .

By combin ing equat ion (4 .1) and (4 . 2) the o bser v ed field may be

written (an i mmateriai phase fac tor has been omi t t ed ):

- i (ii: - k ) . r
e o s ( 4 . 3 )

He r e R is the distance from the centre o f the scattering vo l ume

t o the observer , r the radius vec tor from t he c entre t o the po­

s i t ion of the osc i l lating c harge. ~ is t he angl e between the e l ec­

tric fiel d vector of the inc i dent wav e a nd the direction o f scat­

tering. Assuming IKol = Ikgl we have:

- k s I 1\ ~ 2k
o s i ni!> ~ (4 .4)

A

where k is the uni t vec tor a long the blsector of the angl e betwe en

the radius vectors f rom t he s cat t e rer t o the transmitter and ob­

s erveri re i s the c lass ica l e lect ron radius:

( = 2 .82 10-1 5 rn) (4 . 5)

From trans­
mit t er

To r e ceive r åN

-Bisec t or

2 sin$

Fig . 4 .1 Scatter geometry and electron den s i t y
fluc tua tion s
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The t otal f ield , being the r e s ul t a n t o f a l l sca ttered wave­

lets, 1s obta ined by an integration over t he scatter i ng vo ­

lume.

To f ind the scattered power and i t s distr i bu t ion with f requenc y

we may pr o c e ed to form the Autocorrelation Function of the re­

ceived f ield :

(4 .6)

•< > denotes expectation value or e nsemble average , Es (wo' t+T)

i s t he complex conjugate of the f i e ld taken wi t h a time dis­

p l acement T. It may be shown (Farley , 1971 ) that the ex pres s i o n

fo r t he aut oco r r e l a t i on function is approxi mately given by :

- -I '

(r, t) AN(r +r', t+ T» e i k • r dr'

- 1w T
e 2° fdrf< IIN

R

v i s t he scattering volume. AN i s t he d ifferenc e betwee n thes
Ioeal and the rnean e lectron densi ty . The inner i n t egr a l des c r i -

be s t he spa t ial Fourier t rans form of t he unnormali zed space and

time autocorre lat i o n funct ion of t he e lec t ron dens i t y fluctua­

tions ~ By a Fourier transformation in time as weI l we obt a i n an

express ion for the Power Distribut ion i n f requency:

The Avera g e Differential Cross Section i s g iven by :

(4 .8)

a (wo+w) dw
2 - 2s in s < It.N(k , w) I > do ( 4 . 9 )

a is the average power scattered through the ang le s per u nit

so l id angle per uni t incident power per unit volume per u nit

frequency ~ For backscattering (receiver at transmitter l oc a tion)
o

~ = 90 and we have:

o( w +w) = r 2 < 1t.N(~,w) 12>
o e

(4 .10 )

It. N(k , w) 12 i s the so-called Fluctuat ion Spectr um , d e scribing

how the r andom electron variations a re dis t r i buted in f requenc y

and spatial wave components. Severa l authors have der i ved ex­

pressio ns fo r the spectrum , using differen t approache s , bu t es-
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sentially arriving at similar results . (Salpeter , 196 0 ;

Dougherty & Farley , 1960; Fejer , 1961; Hagfors , 1961 ;

Bauer , 1 9 75; Trulsen & Bj~rnå, 1977) ..

Plasma line
<,

__ lon line

WN

Upper half of power
spectrum

oh}

Autocorrelation function

Pig a 4 .2 Power spectrum and autocorrelation func tion

A t ypi ca l autocorrelation function and a power spec t r um

are depicted in figure 4.2. It should be noted that s ince

the spectrum may be derived from the correlation f unct i on ,

or vice versa, by a Faurier transformation, both presenta ­

t ions conta!n the same amount of information . Same kind of

co r r e l a t o r is requ ired for measurernents of P(T) . The po wer

spectrum can be observed by the lise of a filter bank. The

majority of existing scatter facilities seem to re l y t he

cor relator approach, but the filter bank method is al so in

current use (Bauer et al , 1974). We may ment ion that EI SCAT

will be equipped with a digital correlator capable o f perfor ­

ming high speed processing of B-bit samples of the obser ved

field .

I n discussing the characteristics of the autocorre lation

function and the power spectrurn there are severa l f eatures

to be noticed:

l . As indicated by figure 4.2 the spectrum consists of two

parts : (i) the central portion of the spectrurn , cover ing a

band of some kHz, at most a few tens of kHZ, on both s ides



- 29 -

o f the tran smit t ed f r e quenc y, a nd (ii) narrow lines at pos i ­

t i on s di spla c ed from the central frequency by a ppr ox irna t e l y

the pla sma f r eque nc y (fN) at the sam pling he i gh t . The central

portion i s called the lon Line , t he narrow spectra labelled un­

de r ( i i ) above are usually termed Plasma Lines.

Du e to the sma ll amount of power conta ined i n the plasma li­

nes , they are likely to remain unobser ved und e r thermal equi­

librium c o nd it i o ns . When non-equilibrium preva i is , for instan­

c e, under t he influence of irnpinging magnetosphe r i c particles

or energe t i c photo-e lectrons , density waves, giving rise to

the plasma l i nes , may be stimulated . At the EI SCAT latitude

one expects that partiele fluxes of ma gne t ospheric origin at

times wil l dominate as the plasma l ine genera t i ng mechanism.

2 . The two component spectrum described above cor res po nd s to

AO«A , conditions for which the nebye leng t h i s much smaller

than t he exploring wavelength. Th is wi l l be t he case i n most

practical c ircumstances. For ~»A t he spec t r um broadens and

assumes a Ga us s i a n shape.

3 . The s ha pe of t he ian spectrum depends in a compl ex way on

a range o f parameters , such as ion c ornpos i tion , the ratios

Te/T i and An/A , collision frequenci e s , elec tr i c a l currents ,

p lasma drifts and the direction of the geomagne t ic field. Fo r

Te = Ti t he shoulders in the spec trum are displac ed by öf =
(2 / A) (kTi/mi )\ = (2/A) vi from the transmitted frequency , cor­

responding to t he noppler frequency exper ienced for sca tterers

moving t oward s a nd away from the observe r with the thermal ve­

l ocity of t he ian (in this formula k denotes Boltzmann 's con­

stant). The observation t hat t he width of the s pec t r um is de­

termine d by t he ion dynamics, despite t he f a c t that the e lec­

trons are the a c tua l scatterers i s indicati ve of the Coulomb

force f iel ds whic h exist between the t wo oppositel y charged

species. Each i a n pe r t u r b s the t rajectories of the electrons

within a Debye sphere . Thereby the r andom mot io n o f the ions

causes s t a ti s t i cal fluctuat ions i n the e l ectron positions. On­

ly when the ex plor i ng wavele ngt h is much smaller the than the

Debye l ength, do the electrons scatter independently . Strict­

l y speaking i t is only in this extreme case t hat we are entit­

led to talk of " i nc o he r en t" scattering. The plasma lines may be

ascribed t o the repu lsive effects whic h the e lec t rons exert

upon e ach others.
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4 . The fluctuations may be described in terms of a spectr urn

of waves, continous ly distributed in d irection and wavel e ng t h .

The ian lines may be envisaged a s caused b y a c oustic waves , t he

plasma lin e s by plasma e lec t ron wave s . The radar acts a spe c ­

trum a nalyser , picking out a single c omponent in this spec t r um ,

the wave p ropagating wi th wave-ve c tor along k (a s def ined b y

equation 4.4 ) a nd havi ng a wa v e l e ng th satisfying the cond i t ion

for construc t i v e interference , As = (AD/ 2 ) (sin ~) - l.

In f igure 4 .1 i s indicated how d ensity fluctuations a long k may

loo k like a t a given time . Illustra t e d also is the spat ia l flu c ­

tuation component r e s p o nsib l e for the s catter e d returns . S i nce

the fluctuatio n pattern cont inuously c ha n g e s , so will a lso the

spat.Inj de n s i t.v component con s Ld e r e d , It will g o through a con ­

tinuou s c ycle of format ion d isappearanc e and reformation . This

brings o ut important fact: in scatter obs e r v a t i o n s the info rma­

tion-bearing s igna l h a s a r a nd om, o r noise -like , character . On l y

through a n int e gra t i o n process , involving successive repeti t i ons

of the trans mi s s i o n and sampling can s t a t i s t i c a l l y r el i abl e d a ­

ta be o b t a i ned .

5. For a current free , non-moving plasma the power spec trurn will

be s yrnme tr ic wi th respect to the transmit ted frequency . I f the

plasma is mov i ng as a whol e (elec t r o n s a nd ions toget her) the

spectrum r e t ain s it syrnmetrical s hape , but is displaced by an

amount Af = vd/As ' where vd is the drift velocity along the b i ­

sector. A current flowing in the p lasma will g i ve rise to an

asymmetric spectrum .

It may be no t e d that the autocorrelat ion function i s r e a l f or

drift and curre n t free p lasmas . Dr if ts and/or currents render

the correla t i o n function a complex q u a n t i t y .

~

~t = J o{ w+wo ) dw = Nre
2sin2

-~

4 . 3 To t al scattering cros s sec tion

The total scatt e r e d power (p e r u n it s olid a ng l e per unit vol ume

per unit inc i d e n t power) i s obtain ed b y inte grating 4.10 over

al l Doppler f reque nc ies . Und e r c e r t a i n c ondi tions th is may b e

don e analytic all y (Farley , 1 97 1 ) and t he f ollowing express ion

i s found:

(4 . 11)
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Here t he f i rst term with in t he bracket co r r e s po nds to the

electronic or plasma-line part of the spectrum , the seeond

term refe r s to the ionic part . N i s the e l e c t r on density.

We note the following asymptot ic c a s es :

14 . 1 2)

which f o r X»A O reduces to:

(4 .13)

For X«A O and equal temperature s the tota l cross section be -

cames :

Nr
2sin 1;°t = e

2) For T t T. and A»A De 1

Nr
2
sin2

1; [l l
J° t = e

+ Te/Ti

(4.1 4)

(4 .15)

4 .4 Radar Eguation

4 . 4 .1 Monostatic pulsed operation

Let us briefl y consider the height r e solut i on o b t a i ned with

the scatter radar in the monostat i c mode. At a n arbitrary

time t
I

, measured from the lead ing e dg e of the pulse , the

scattere d signa l level is sampied. A par t of the signal

strength observed at this ins tance wi l l be c a us ed by scatte­

ring b y t he l e ading edge of the pulse at arange RI = ctl/2 .

It is al s o c lear that there wi l l be a c on t r i bu t i o n from s c a t­

tering by the trailing pulse edge at t he r ange R2 = c (t l -T ) / 2 ,

as weIl as from the range i n t e r val betwee n RI a nd R2• Conse ­

quently the r a ng e resolution i s:

14 . 16 )
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T

l I

? ig 4 .3 Transmi t t ed pulse and rece ived echo

I n the geometry depicte d in figure 4 .4 the radar i s s itu ated

at the or igin o f the c oordinate system . We cons i de r i n the

f i r s t ins t a nc e scattering from t he e lemen t a l vo lume :

dV = C T

2
(4 .17)

Radar l oc a t i o n

Fig . 4 . 4 Mon o static scatter geometry
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power i nc i de n t on the scattering volume :

(4 . 1 8 )

whe r e the symbols are defined as fo llows :

Ft - powe r at the transmitter output

Lt - a factor accounting for feeder l e s s es

G( 0, ~ ) - antenna gain

Po we r scattered from the elemental vo lume :

- l(Watt ster ) (4 . 1 9 )

Wit h an effective antenna area of Ao the power r e c e i v e d by

t he antenna is:

A
o

7 (4. 20 )

(4.21)

AO r ela te s to the antenna gain in the fo l lowi ng way:

G( 0. 0» ),2

4 IT

To obta i n the total received power we have to i n t e gra t e over

a l l scatt e r i ng volumes:

(4 .2 2)

(4 . 23 )

As s umi ng an axisymmetric antenna and inser t i ng express i on

(4 . 1 5 ) f or ~t we obtain :

P
r t

= f-Pt Lt CTA2r e 2 JG(0)2sin0d0] - .,,-- --"- ­

L 1 6 IT

The va l ue of th~ bracketed expression may be found by car e ­

f ul mea sur e rne nt s of the radar parameters o r by alternative

means fo r determ ining N. It shou ld be noted that the average

r e c eiv e d power is given by the zero lag autocor r e l a t ion f unc ­

tion (expression 4 .6).
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4 .4. 2 Bistatic Opera tion

Whereas i n monos t a t i c operation an a r b i t rar y he ight may be

sampied s imply by setting the range g a te at the appropriate

time , in a bistatic system the height will be determined by

the geometry of the antenna bearns as i nd i c a t ed i n figure 4. 5 .

Reposi tioning of one or both antennas is requi red to effect

a c ha nge i n the sampied height or in t he coordinates of the

scatte r i ng volume.

The r ada r equation for the bis tat ic c ase is obtained by r ede­

fi ning same parameters in equat ion (4 .20). The po wer r e ceived

f r om a n el eme n t a l volume is given by:

p =
r

(4.2 4 )

He r e R
t

a nd Rr denote the distances of the scattering vo lume

from the t r a nsmi t t e r and receiver respectively , a nd Ar the ef­

fective area of the receiving antenna . Again , t he expres sion

for the tota l received power is ob tai ned by a n integration o­

ver the s c a t t e r i ng volume .

We shall no t here go inta details of bi s t a t i c sca tter ing , hu t

r e f e r t o r e po r t s of Evans (1967) and Murd in (1978). Espec ia1­

l y the l a t t e r reference may be valuab l e , as it s pec i fi cal l y

pertains t o the EISCAT faci lity .

I t is r e adily apparent that the effec t ive s cattering volume

wi l l va r y wi t h time as a pu lse pa sses through t he space i nter­

sec ted by t he t wo beams . For long pu l ses the vo lume ma y ex tend

outside the receiver antenna beam. I n this case t he volume is

said t o be be am width l imi t ed. For shorter pulses t he effec t i ve

volume may occupy only a part of the intersection space . This

latter c ase is referred to as be ing pu l se l e ng t h limited.

Scattering volume

($) Rec e iver
r

Fig . 4 .5 Bistatic scattering
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5 NOISE

5 . 1 Same ba s ic concepts and defin itions

The r a n d om mo t i o n of the e lectrons in any c o n d uc tor at a tem­

perature o ther than abso l ute zero g i ves ris e to a noise vol­

tage whose me a n- s q ua r e va lue l s:

e
n

2 = 4 kRT B (5.1 )

where k i s Boltzman constant , T t he absolu te temperature in

degrees Kelvin, R the resistance o f the conductor and B the

bandwidth o f the noise . Noise generated in the conductor may

be represented as a noise free res i stance in ser i e s with a

no ise volta g e source with the mean squa re v alue g i v e n by (5.1)

From network theory we know that the maximum power which may

b e trans f erre d from the generator to a l oad o ccu r s under

"ma t c h e d " conditions , with the load equal t o the complex con­

jugate o f the source irnpedance. This g ives f or the maximum

avai l able no i s e power:

Nav = k TB (5 .2)

Noise of this na tur e i s cal led The rma l Noise, to signify i t s

dependence upon temperature. We note that the noise power is

independent of the value of the r esista nce . Throughout the

rnic rowave r e gion t he generated spec t r um rernains eons tant , con­

st ituting wh at i s t e r me d White Noise .

All practical . r e c eiv e r s generate no ise t o s ome extent. A mea­

sure of the noi s e of the rece iver compa red wi th the noise of

a n i d e a l rec eiv er (with no i ntern al noise s ources) consti tut es

t h e No ise Fa c t o r:

(5.4)F =

F = total noi s e power at t he output = N ( 5 . 3 )

o u t p u t noise power due to the s o uree kToBG

By convention T
o

= 290oK , e lose to o rdi nary room t emperature ;

G is the power ga in . If the signa l power ent ering the receiver

i s P , we c an write:

P/kToB

GP/N

Provided the input source resistanee tempe r a t u r e is 290°, tne

noise facto r is equal to the signal - to-no i s e ratio at the i n­

put of the r e c e i v e r (amplifier ) d ivided by that at the o u t pu t .
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We nate that the no ise f igure has a minimum va l ue o f 1, or

zero , me a sur ed in dec i bel s , cor r e s po nd i ng t o a n ideal net ­

work with no i nterna l no i se sour ces .

The tota l output nolse power cons ists of tWQ terms:

( 5 . 5 )

wher e 6N accounts for t he no ise c reat ed with! n t he network.

Fo r l ow- no i s e amplif iers the no ise performance is f requen t ­

l y e xpressed by an effective no ise t empera t ure , T, def i ned

a s tha t t empe r a t u r e at the input of t he ne twork which y iel ds

the actual noise 6N at the output .

We obt a i n the following r ela tion:

kToBG + kTBG To + T
F= = (5.6 )

T = To (F- l)

R
q

enR 1

E1er
R R

L
g

E j
Lo s s y l i ne Equ ivalent circuit

(5 .7)

Fi g ur e 5.1 Illustration of 1 0 5 5 Y line wi th equ i va len t c ircu i t
containing noise generators

Any l e s s e s in transmission l i nes , dup lexer s and antennas r esult

in nois e . In the four terminal net wor k in figure 5 . 1 the trans­

mi s s i o n l i ne i s represented bya r e s i s tor between the s ource and

the l oad of the system . The source could , fo r lns tance , be an

antenna and the load a low-noise ampl l f i e r . The ana lys i s is, how­

ever, quite general . In the illustration t he no i s e generated by
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R a nd R are represente d by equivalent voltage sour ces in-
g

serted in t h e respect i v e branches. We assume that R l s at

temperature T and tha t t h e s o urce has the standard tempe­

r a tur e T. We a l sa assume that t he noise sources are uncor­

related .

The a v ail a ble power galn (actual ly a l oss) , defined a s the

available ou t put powe r d ivi d ed by the available inpu t power ,

is :

G = R

R + Rg

= l

L
(5 .8 )

Our

N =

analysis gives for t he outpu t noise:

RTo + RgT
- kB

R + Rg

(5.9)

(5 . 10)

By c ombining (5.3), (5.8) and (5 .9) we o b ta i n :

F = l + (L - 1 )-!­
To

Correspondingl y t h e temperature t o the i n p u t of the trans-

mission line i s:

Ti=T (L -1 ) (5 . 11 )

Let us next brie f l y c a nsider the noise behaviour of a c hai n

of cascaded stages. We assurne t ha t t he stages are matched at

the output, i mplying that the s tage g a i n s are equal t o the

available gains. We may wr ite fo r the noise facto r:

F =
Nint

kToBGl G2••• .Gn

(5.12)

where Gl, G2, etc. are the stage gains.

Th e total output noise will have con tri b u t i o n s from each

stage:

(5 . 13 )

Denoting the effective system t emperature Te we have :

(5 . 14 )
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Combining t he l a s t tWQ expres s ions :

TZ T3 T

Te Tl + + + + n ( 5 . 1 5 )= ....
Gl G1GZ G1GZ Gn - l

Furth ermore we find for the system 's nei se fac tor :

Fe = Fl + + + o... + (5.16)

(5.1 5 ) and (5.16) bring out an importan t fea t u re : if the gains

of the stages in a cascaded n e twork, i n p a rt icu l a r the galn of

t he fi rs t stage , are high , the over a ll neis e pe rfor rnance of the

system essentially depends upan t h e nai s e contr i b u t i o n of the

f i rs t stage . This is the reason why there a r e o f t en stringent

requirements on the quaiity of the preampl if iers i n l ow-noise

a pplic a tio n s. The amplifiers should be located a s elose as pos­

s i b le t o the source .

5.2 Ante n n a TIaise

The pawer available at the output termi na ls o f an antenna wil l

be proport i o n a l to the energy f l u x den s i t y , Sm' of the source

being measured.

(5.17)

where the subscript mindicates t ha t t h e pelarization is matched

to that of t h e antenna. The proport iona l ity con s t a n t , A( 0,O) , is

the Ef f e c tiv e Area of the antenna , a qua ntity which depends upon

the dir e c t i o n of the incoming rad iation . A(e ,~) is general ly less ,

at mo s t equal to, the geometrical a ntenna a rea a nd des c r i bes h ow

e ffective the antenna is in making the e x trac ted powe r available

at t he antenna output .

In practice radiation is arriving f rom al l di r ections. Contri­

butie n s from different parts of space a r e u ncor r e l a t e d . As a re­

sult t he tota l power is composed of compo nent s from different 10­

cat ions in space adding linearly .
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Radio Brightne s s is defined as the f l ux d e nsi ty per u n i t sol id

a ngle o f sky a s a function of direction . For matched po lar i zat ion

we may wr i t e:

wh e r e ~n is t h e elemental solid angle .

By c ombini ng expressions (Sal?) and (5 . 18) , a nd integrating o v e r

t h e who le sky , we obtain the tota l power at t h e antenna o u t pu t :

(5 . 19)

Byequa ting the received power , Pt ' to t he ther rna l nei s e f rom a

r e si s t o r of temperature Ta:

P = k T ( 5 .20)
t a

It is t h e temperature of this fictitious res is tor t hat i s c a l led

An t enn a Temperature. It should be noted t hat as defined h e r e , t h e

an t enn a temperature is an average quant ity depen d i n g u pon the r a­

diation arr i vin g from al l directions , i ncluding contr ibutions c o ­

ming i n thro u g h the side and back l o b e s. Should t he a n t e n n a be

po sitio n e d in such away that the s ide l obe s i n t e r s e c t t h e g r o u n d ,

a no t a b l e contribution may be due to the no ise from the "ho t " g rou n d .

I t sho u l d be noted that Ta indicates a power l e v e l and need h ave

no rel a t i o n to any real temperature.

5 .3 Ga l a e tic and atmospheric noise

The sources of cosmie radio noise fo rm a broad d i f f u s e b a nd con­

c entra t e d along the galaetic equator a nd toward t h e g a lae t i c cen ­

t r e . Sup e r p o s e d on this background a re nume rou s di sc r e te "radio

s tars ", of which those in the constellations of Ca s s Lo p e La a nd

Cygnus ma y be best known. As a result of t h e nonuni fo r mity o f t he

s o u r c e distribution antenna temperatures general l y v ary with poi n ­

t ing dir e c tion . Higher temperatures are observed fo r l ow e lev a t i o n

angle s than for antennas pointing ver t ically . At f req u e nc i e s a bove

l GH z noi s e generated by the atmosphere dom i na te s o v e r t he g a lae t ic

compone n t .

Anoth e r important radio noise source is t he sun . At l GHz t he f l u x
- 23 - 2 - ld ensit y from Cassiopeia amounts to about 2 .6 10 Wm Hz • At the

- 21 -2 -lsame fr e q u e n c y the sun contributes with abou t 3 .6 10 Wrn Hz

It should be noted, though, that the solar radiation may i nc reas e
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by s everal o rders of magnitude during s olar storms.

Figure 5 .2 shows how the galaetic background and the hot spot

naise , e xpressed in terms of averaged antenna temperatures , varies

with fre que nc y.

10000

1 000

1 00

Ga l a c t i c b ac kg -ou-vl

1 00

MH z

1000 1 0000

Fig . 5. 2 Galaetic noise
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6 WAVE POIARIZATICN

6 . 1 Introduction

'Ihe tenn wave ooJarizatioo refers to the behaviour of the e l ectri c

field vee:tor in electraragnetic waves , In the gene r a l case pol.ar'Lzatdon

is elliptical, L e . for a given location the l ocus of the t ip of the

electric fie l d vector describes an e llipse . Linear po.l.ardzatiLon results

when the ellipse degenerates inta a line, with the l ength of one of the

axes approach ing zero.

The EI SCAT facility will be provide:1 with several p::>larization options .

In both the UHF- and the VHF-systan can ene f r eely select between right­

am. Ieft--hand circular pojurfzat.Ion . In addi t i on , in the UHF-systan, li­

near p::>larization with the electric field vec:tor podntunq in an arbi trary

direc:tion may be realized . 'l11e possdbi.Li.ty for l inear polarization is also

inherent in the VHF":facility, though not with the serre flexibility as built

inta the UHF-f eed for freely selecting the polarization plane.

6.2 Definitions and basic r el at i ons

= quantities varying hanronical1y with t ime am differing by rr/ 2 (90°)

in phase are referred to as being in t.i.Ire or phase ~ature. In can­

plex representation a 900 phase factor appear as eJ~= j . 'IW:J vector

quantities ii am jo are consequently in !*Jase quadrature.

Orthogonal vector s are scrret.Irree said to be in s@ce quactrature . I f ä
end b referrerl to above satisfy the relation :

a . b = O

the vectors ä and j b are bcth in space and tirre quadrature.

(6.1)

- ~vector notation ~ vectors v and u are definerlProviding f or canplex

to be 0rt.hog0nal i f:

~.

v . u = O (6 .2)

In the framework of harnonic tiIre variations a ccrnplex vector represerres

an ellipse. '!tie general definition implies that tw::> vectors are a rtho­

gona! if and anly if the ellipses which represent than have the sarre axial

ratia, opp?site sense of rotation , and major axes perpendlcular.
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z

--~

I
I /;>':::=':';
1/

x

Figure 6.1 Right-handed circularly pofardzed wave t.ravel.Ltnq along z-axis

The rotations used. in the past for right- am l e f t-ha.rxi sense of rota­

t i on appear to have eaused much confusion.

Figure 6 .1 r epresent s a circular wave propagating along the z-ans . Viewed

f ran the origin the f ield vector rotates countercl cckwi se along the z-axi s .

HCMeVer, for any f ixe::1 location the rotation is clockwise with respect to

time. In keeping with m:::dern usage this wave i s described as having righ t­

hand p?larization_" We rray enphasize , though , that r i ght - hand polarization

with respect to time i.rnPlies left-hand rotation wi th r espect to space , and

vice versa. In complex notation wave po l a r i za t i o n is defined a s

the ratia of the y- and x-field componen t s

(6. 3)

6 . 3 Theory

Le t us consid e r a plane wave travell i ng alang the z-axis with

the components:

EX = El eos (wt - k z ) (6.4)

E
y

= E2 cos(wt - kz + 6 ) (6. 5)



- 44 -

El and EZ are (rea l ) c onstants, k = 2n/X a nd 6 is the phase

difference o f Ey and Ex. Th e t otal field may be written :

(6 .6)

A A

Where i x and l y deno t e unit vec t o r s a long the x- and y-axes .

Ex pa nd i ng (6 .5) for z = O:

Ey = E
2[COS

wt e o s 6 - sin wt sin 6] (6.7)

From (6.4 )

e os wt = (6 .8)

sin wt = j l - (6 . 9)

8y in troduc lng (6.8) and (6.9) in (6.7 )

E = E [:~ eos o-j 1 - (Ex ) 2 'sin oJy 2 El

whi c h gives :

t ime is eliminated :

(6 .10)

- 2 (6.11)

Equation (6. 1 1) represents an e l l i p s e in its most g eneral

form , the axes o f t he e l l i pse not c o i nc i d i ng with the x - and

y-axes .
y ' y

The field c ompone nts Ex a nd

Ey may be expr e s s e d i n t erms

of t he components Ex ' and Ey '
i n a coordina t e system rotate d

t h r o ug h a n a rbitrary angle a

x '

- -/----:7\:""-----L--;/-- + x

Figure 6 .2 Elliptical

polarization
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E = E
, e os a - E • s i n ax x y

E = E • sin a + E • eos ay x y

( 6 . 1 2 )

(6.13)

In general the new el l ipse conta ins a product term

CEx 'Ey
l

• For a=y the x'- a nd y'-axes coincide with the a xes

of the ellips e a nd t h e product term disappears (C=O).

Nating this propert y we obtain a n e x pres s ion f or y:

tg 2y = (6.14)

Introducing for the r a t io E2/E1:

we obtain:

with ex '" y the e llipse equation becanes :

(6.15)

(6. 16)

E ' 2
x + (6 .17)

where A and B are the lenghts of the major and minor axes of the ell lpse.

By substituting (6.12) and (16 . 13) in (6.11) we find:

R
2

COS
2y + s in2y - R s in 2y cosa

R2Sin2y + oo52y + R s in 2y cos6

(6 . 18 )
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Discuss i on:

l) Circular pojarLaat.Ion

+A = B, R = 1, 6 = - TT/Z

Fran (6.3) and (6.4) , with z = o :

+E = E cos Iot; - n/2) = + E sin wty o o

(6. 19 )

(6 . 20)

Figure 6.3 illustrates the poåardzatdon behaviour for 6= + TT/2 and.

&= - n/ 2

y

0= n/2

, r ight- harrl. c ircular

, left- hand c ircular

Fi gure 6.3 Dependence of sense of rotation upon phase

In corpkex description we have:

E = E e jwt
x o

and. for the pol.arfzat.Iom

+p = - j

(6 .21 )

(6 .22)

(6.23)

p = j ocrrepords to left-hand sense of rotation . p = -j represents

right-harrl rotation.



- 47 -

2) El l iptical pojartaatjon

As already descri.bed in the previous sections this rrost general

poj.arf.za t f on may be established by an interaction of two or-the­

gonal l inearl y polarized fields. By an examination of (6 .17) we

are l ed to conclude that the tWJ field ocrconenes es tabl i sh an

elliptically polarized wave if either :

a) the b.Q fields are of equal amplitudes hut with phases appro-

priately ehosen or

b) the t:w:::> field ccrcpcnent,s are in phase quadrature with approprf­

ately chosen arnplitudes

-'We rrey nate that an elliptical wavefonn may also be produced. by

s uperi.rnp:>sing two opp:>sitely harrled circul ar f iel ds .

y y

x

6/2
--------lIoOE---+--L--.-.. x

Figure 6.4 Coord.inate systan transfornation

In figure 6.4 are depicted t:w:::> rotating vectors al and a 2, al being

right-handErl, a
2

rotating with the left-hand sense. '!tl.e phase diffe­

r ence of the ~ ccnconents is ö. Let us introduce a new coordinate

sys tern with the x '-axls as indicated in the figure. By inspection of

the f igure:

(6.24)

(6 . 25)
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, 2 2
E E '

x + Y = 1 (6.26)2 2
(al + a2) (a l - a2)

Equation (6 .26) descriJ::es an e l l i pse with halfaxes a1+a2 and al-~'

we rrey digres s here to present a rrore general description, again re­

verting to canplex vector notation . As referred. to in section 6.2 a

uniform elliptically pol.ar'Lzed plane wave may be represente:::l in the form

E(t) = t ej (wt-kz) (6.27)

where e = Er + j Ei and Er and Ei are real vectors perperrlicular to the

z-axis and independent of p::>sition and tiJre (not necessarily in space

quadrature) . Fbr a demonstrratdon of this f act see Kales (l951).

If uand vare an arbitrary pair of ccnpjex,

in t he plane of the complex vector

in the f orm

- -+ - * -+ - -*-+E = (E • u )u + (E • v -l v

orthogonal unit vectors

E, then E rrey be represented

(6.28)

(6.29)

'ro check the validity of (6 .28) fOIl1\ the sca1ar product

E . \i* =
- - -+ -+ - - ... -+
(E • u* )u . u* + (E • v* )v . u* (6.30)

TI1e last term disappea.rs since il and vare orthogonal. il . u· = L

Fran 'the orthogonality of uand vwe find

(6. 31)

It may be concjuded fran equation (6 .29) that a given elliptica11y

po.lazLzed fie l d rrey be r'escdved inte b.o orthogona1 e1liptically

p:>larized fields in an infinite nunber of ways. Equation (6.31)

states that the pccer density of the el l i pt i cal wave is ccrrposed of

the poser densities of any tw::> orthogonal elliptically pol.ar'Lzed field

ccmponenta •

3) Linear pokardzatdon

Fbr 6=0 equations (6 .4) and (6 .5) represent a line in the xy-plane
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whose s lope is

(6. 32)

We may oote that linear pckard.zatdon may also be .real.Lzed by super­

irrp::>sing b.o circular fields of equal anplitudes . This is easily seen

by inspecting equations (6.24) and (6.25). If a
1
""'2 the orientation of

the r esultant field remins fixed akcnq the x t-exra,

6. 4 Antenna p:?larization rnatching

We wil l not delve inta a detailed treabrent of the arrtenria matching

probl em. 'Ihose who are interested may consult available literature

(f .inst . Slchak & Milazzo, 1948; Kraus, 1966).

M3.tching of a receiver antenna to an i.ncani.ng wave is the condition

for maxiIm.ml poser transfer. For ma.tching to occur the antenna must

have the sarre pol.ardzatäon as the inpinging wave. By antenna poja­

rlzation is rreant the polarization of the wave produced by the an­

terma used for transmission .

A ci.rcularly pol.arazed anterma will be blind to waves arriving with

the oppos.Lte po.lar'Lzat.Ion, 'Ihis rreans that the antenna , oonfigured to

operate for one sense of rotation only , will fall to detect its image,

interpreted as the wave returned to the antenna upon reflection. Upon

reflection a right-handed wave is turned. inta a wave having left-han::1

rotation. To receive this field the antenna must be activat ed to ope­

rate in the polar.tzat.Ion rrcde ortbogonal to that transmitted.

6 .5 Polarization in multistatic operation

6 .5 .1 Linearl y p:Jlarized wave field

Fran (4 .7) and (4.24) it will be knc1.m that the scattered posar is pro­

portäonal to sin2f;, where I; is the angle between the e lectxi cal field

vector of the wave irnpinging upon the scatter vo lurne and the direction
2

to the observer. Further the received pccer depends upon l / (Rt Rr ) ,

where R
t

and R
r

signify the distances fran the scatter centre to the

traJ'lSTlitter and receiver respectively.

For one rerote station the optimal vector orientation would be normal,

to the plane through the transmitter beam and the rerote l ocation, pro­

vided Faraday rotation is negligible (see section 6.6). With tw::> re­

rrot e stations, as we have in the EISCAT facility , a canpranise mast; be
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sought. It has been suggested (We steri und., 1979) that a sensible

arrancerent. woul.d re to adjus t the poj.arIzatäon settings of the

tra.nsnitter and receiver antennas so as to optimize the prcrluct

of the scatterec1 posers r ece ived. at the ~ resrote sites . An exarrple

of relative posers received at Kiruna and SCrlankylä , using this ap­

timalization procedurer is shown in figure 6.5 .

Kiruna

0.8

-@

So d a riky l ä

•

Figure 6. 5 Felative posera received a t Kiruna and SCrlankylä
when the p:Jlarizations are chosen to maximize the
productia of the posers received at the tv.u stations.
The ccnputat.Ions r efer to a height of 100 km (M.rrdin 1979)
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In practical tenns the indicated operational schere v.ou.ld necessitate ,

for each station, sets of tabled values for the pojar.tzataon settings

as :function of the poaLtdons of the scatter vet ores .

6.5.2 Circular p:>larization.

Let us oonsider the gearetry i llustra ted in figure 6 . 6 .

T R

Flgure 6.6 Polarization in bistatic scattering

A c ircularly po.lar'Lzed wave impinges on the scatter vo j .ure a t O.

Vi ewed tran the receiver at R the circle described. by the l ocus of the

field vector a t the scattering location O appeara to be an e j Hpse , the rna.­

jor axis being along the normal. to the plane through the """ antenna

beams . 'Ihe l ength of the minor axes is found to be 005 2y.

J\crording to equation (6 .26) the elliptical fiel d observed i n the direction of R

can be regarded as ccnposed of circulary pokardzed waves with arrpli-

tudes al and a2,

(6 .33)

(6 .34 )

(6 .35)
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(6 .36)

'Ihe total poser of the elliptical f ield transnit t e:i in the direc:tion
of R relati ve to that scattere:l for optimal linear poäar.tzatfcne

(6 . 37)

If the receiver antenna is polarized to detect the daninatJ.n9 circular

rrode, the recei ved poser rray be written:

(6 .38)

'Ihe frac tion of the availabl e poser which i s detected :

(l + leos ly l )2

2 (l + ooi ly)

2100s lyl

l + cos
2

2y
(6 . 39)

We note the following cases :

(i) ly = 900 R = 0.5

The incaning wavefield at R appears to be linearly polarLzed,

ccrrespondinq to equally st:ron:;J circularly pokardzed waves, half

of the poser being carrie:J by the detected wave.

(ii) ly = 00 R = l

Thi s approximation applies for the case when the distance beeseen

transnit t er and receiver is sma.ll ccrrpared with the distance to

the scattering vo.lume ,

It should be noted (indicated in f i gure 6 . 6) that the sense of rotation

of the fie ld vector describing the ell i pse observabl e at R ohanqes for

2y = 90°. '!his has the implication that i f one wishes to continue racer­

ving the daninating circular rrode , the hand. of rotation of the receiver

anterma polaxtzat .ion should be changed whenever a change of the scatter

volurre coordinates makes the angle 2y to go through 90°.

In figure 6.7 , a and b , and 6. 8 we shOIJ the poser ratias 6.37 to 6 . 39

ccnputed for tw:J and three different height Level,e,
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,.", ~"""'vt:l

HIl' ...

"."'

Fi gurc 6 . 7 a Ratio of tota l power- o f c l .Hpt.Lcc.l field scat.t.cr cd i n the
d i rcction of R and the [X"MCr scat.tc red Ln the same dirccti on
for optimal Länear co.leu-Lza t Ion (ex-rreas i o n 6 . 37) .
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•••

f--.J---- - - +-t- - -;.....- ...

f i gure 6 .7 b Power of daninating circular rrcde relative to fXJW&
scattered for optimal l inear pokarIzat.Ion (exp ress ion 6 .38).
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___ u ...........

__ IU ...._. _ •.., li<oiorI<yil-.

Figure 6 . 8 Praction of total seeutered T"Q.oJCr contafncd in the
c1cr.'.inating circular r-ode (ex...srcsofon 6 .39) .
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6 .6 Faraday rotation

As indica ted in section 6.3 an elliptically (or linearly) po j.ardzed

wave can be regarded as being ccrcposed of a r ighthande:l and a l eft­

harrled wave. D.1e to the presenee of the earth 's rnagnetic f ield the

ionosphere is an anisotropic medium, offering different propagation

corxUtions for the tw:J oppoaätiefy pol.arfzed wave ccsrconenta , 'Ihe tw::>

waves wil l generally trave! with unequal velocities and be subject to

d ifferent damping. As a consequence of this the direction of the

resultant field vector, being everywhere the ccmpos.tte of the t>.u

carq:onent vectors , will change along the propagation path.. Generally

the arrount of rotation depends upon the integrated electron density

a long the path and the angle , <P , betseen the wave vector and the qeo­

magnetic field.

y-

r
Ordinary wave

EXtraordinary wave

Figure 6.9 Illustration of Faraday effect for waves propagating
along the rnagnetic field Bo'

For the l ongitudinal case h'lhich apply for the EISCAT radar frequencies

as l ong as <P is not clese to 900
) the Faraday rotat ion rnay be expressed

as :

s
o ~ 2.365 • 104f -2 f oos ~ BNds (radians)

o
(6.40)

where Ne = electron density

B = strength of geamagnetic field

f = frequency
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The integrat e.::1 total colunnar electron content of the Ionosphere

is knocn to vary with season and state of disturbance. Nonnally

the integra ted density (vertical direction) is between 1016 and

1017 m- 2 . D.1rmg severely disturbe::1 conditions va lues as high as

8'1017 m-Z have been rreasured at middle latitudes (Taylor , 1966).

With an Inteqrated density of 1017 m- 2 the Faraday rotation for
. o

one-way transmission may amount; to about 8 for the EISCAT UHF-

frequency.

17 - ZEt; shou1d be rem:robered that a density of 10 m will only

conrespond to scattering vo.ltmes sufficiently high in the 10005­

phere that the bulk of i onization i s traversed by the radar wave .

In practical tenns the Faraday rotation effect i s l ikely to be

insignif i cant for mlF operation at D-,E- and lower F-regi on heights,

except during eevere disturbances.

The relation between the rotations experi erced at VHF arrl UHF may be

expressed as :

f UHF Z
f )
VIIF

With 0
UHF

= aD 'We obtain:

To account; for the return pa.ssage the values canputed abcve should

be doubled.

Tt i s conc 'luded that for the 1awer EISCAT frequency the Faraday rota­

tion i s expected to s ignificantly alter the ori entation of the pola­

rization el l ipse, even for the Iocer strata of the i onosphere. By

tra.nsni.ttin:] circular polarazatdcn an::l arranging for rec:eption of the

orth:lgonal rrcde (rronostatlc operation only) the optdrnal, scatterErl

poser will be r ecorded,

With the VHF systen the Faraday rotation will be exploite:::l for electron

density rreasurarents .

By differentiating equation (6. 40) we find :

N
e

= const
d0(s )
ds

(6. 41)
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indicating that the electron density is proportional to the dif­

f erential of the rotation angle with respect to range .

A practical way of designing a detection scheme for the Faraday

rotation effect in i.ncoherent scatter observations has been deviced

by Farley (1969). The technique descri.bed involves sequencies of cir­

cularly pol.ar-i.zed pul.se transmissions , switching the hand of rotation

f ran pul.se to pul.se , Upon reception the signals are proceased by syn­

chronous detectors . The pliase differen::es, tf> (5 ), between the tw.:J sig­

nals are extracted by crosscorrelation . By nunerical ly differentiating

the phasea stored for adjacent range gates the electron density pro­

f lIe s are derived.

6.7 The EISCAT polarizer

A schematrio representation of the EISCAT polaraser is shc::Mn in figure

6.10.

H

2

E

H 2 2 ~IlOR-
1800 1800

Hybri d Hybr i d

-.!. l l E VER

I-nT
Tx

o

Rx

l

Figure 6.10 The EISCAT pol.aräzer at the transmitter station

The feed design at the rerrrrte stations differ fran the confi gura­

tion at~ in that the pararretric amplifier at thes e stations

is inserted between the rom (rmre correctly the CMr - Orhtogonal

M:lde transducer) and the pol.ardzer, In the 'rrcmse f eed systen the

polar i zer oonnects directly to the CMI'. 'Ihrough l imiter netscorks

one channel of the pararnp 15 ooupled to one por-t; o f the poäardzer ,

the other channel connects to the duplexer (TIR switch) . 1he pola­

rizer versions also differ in that at Kiruna and Sodankyl ä they are
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realised in coaxial technique, whereas at~ the pokarfser is

des igned by use of waveguide ccngonenta,

'!be principle of operatioo of the p:>larizer is described in volure

IV of the "TIW Systems 32 ~Eter Antenna Operations • Mllntenance

M:tnual" and by Hagfors in a recent oote entitled "Transnitter Pola­

rizer Contral in the EISCAT UlF Systan" .

The pojarf zer is built with tw:> 1800 hybrids and tw:> 1800 phase

shifters . Phase relatioos for the hybrids are depicted by the

s tarl ike gra!*l of figure 6.10. A signal at the 'IX-FOrt of the f irst

hybrid divides in tw:> out-of-phase signals of equal arrplitu:le . The

relative poase of the signals feeding the second hybrid i s detel:mined

by the setting of the first phase shifter. It wiH also be noted that

the anplit udes of the signals awearing at the rorizontal and verti­

ca! FOrts of the <:Mr are defined by the phase shift, <PI ' introduced

by the f irst shifter . The seeond phase shifter determines the relative

phase of the output; signals .

we rnay di s tinguish between the foHC<-ling pol.ardzatdon nodes:

l . Linear {X?larizat i on

E

<P = {
2

tg a = (6.42)

a

Figure 6.H Linear po l .arfzat.icn

Special cases :

- Horizontal pckardzatdon

- Vertica! pojardzatäcn

<P =l
<P =l

Nate that for <PI = 180
0 the signal arrplitude at the vertical FOrt of the

CMI' is zero irrespective of the value of tD2 .
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2. Circular p?larization

- Lefthand

- Righthand

3. Elliptical p:>larization

Fram (6 .15) , (6 .16) and (6.18)

we readily obtain:

t g ( + -a) = tg B

<l'1
R ~ cctq - 2-

<l'1
t~

= zoos <l'2 --''---- (6 .43)

(6 . 44)

R
2COs2B

+ sin
2B

- R sin 213 cos l.P
2=-."-,,....--- -..,,-- - ----=--

R
2

Sm
2a

+ cos
2

a + R sin 26 005 <02

(6 . 45)

Figure 6 . 12 Elliptical polarization

Fbr a description of the practical arrangenents irnpl erented to contrel

the poj.arfzat fon setting we refer to the Operation & Maintenance Manual.

Matrix representation

In matherratical tenns it is convenient to treat the pol .arfzer by use of

canplex notation and matrix algebra. As shc:Mn by Hagfors the output of

the hybrid may be written:
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(6 .46)

the subscripts beine] in accord with the rotation used in the manual.,

fur the firs t phase shifter the rnatrix is given by :

(6. 47)

the e ffect t:eing to intrcduce a phase delay in the f eed path oormecting

the portie 1 o f the = hybrids.

The matrix o f the seeond phase shifter rnay be written:

N =
2

(6.48)

Carrying out the matrix rm.iltiplication we obtain the matrix for the

entire poj.arfzer unit:

Setting "H = O and "E = 1 we have:

<P t o<P1 0<P1 j_o _0_1_ e:r--y- -e-:r--y-
~ = -j (1 - e J<PUh = - j e J 2 2 =

(6 .50)

- j<P:2 - j<Pt / 2 [ /~.l 2 + e- j<P:t / 2
e e

2

(6 .51l

J=
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expressions we find:
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'wt
factcr e J and taking the real parts of the

E1; =
lP1 lP1

s in - 2- cos (wt - - 2-) (6.52)

(6.53)

which agree with the derivations gi ven in figure 2. 4 in the manual.

Fbr reception the pcdar'Laat.äon matrix i s :

- j (l

- j lP
_ j (l + e l)

- j lP
1- e )

-jlP - j lP
e 2 (1-e l

- j lP -jlP
e 2 (1+e l

(6.54)

In the following we consider sare exampl.es of reception for various

settings of the polarizer.

1 ) Po!arizer set for transmission of a l inear field at an angle a

with the vertical

According to (6 .42):

(j) = zo
l

(6 .55)

I.et us assorre tbat the incaning f ield i s as g i ven in f i gure (6 .13)

Vertical

B

IT- a a

A

Hori zontal

Figure 6 .13 Directions of incaning field
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Incx:rni.ng f ield

case Di.rection el (mr ) e2 Iverc)

- j e j llV 2 -jIP j IP 12 .
A At angle o with vertical (l-e l) e J (l"",-3IP1)

2 2

jIP 12 . . j IP1/ 2 .
B At angle n/2-o with vertical -e l (l"",- 3IPl) -Je (l-e- J IPl)

2 2

Outl'lt

Case Tx-port Rx-port

A e - j IP/ 2
O

B O e- j IP1 / 2

Nate that the angle a is detennined by the tristatic scatter gec:rretry and

the field direction which optimizes the reception at the G.o rmote station

(possibly with the Faraday rotat ion taken Irrto accounc) •

2) Reception of circular p::>larization . Polarizer se t u:) .for transmiss ion

of a righthand wave.

I ncx:rni.ng wave Outl'lt

Sense of rotation e (mr) e
2

(vert) Tx-port Rx-port
l

I.efthanl l j O - (H j )

Righthanl l -j (l-j) O

We notice that to have the signal poser awearing at the Tx-port requtrea

that the antenna is configured. for transmiss ion of the sarre polarization

as pertaini..ng to the incaning wave,
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3) Reception of elliptical p:>lari zation , provided a cireular wave is

tra.nsni.t ted

we es swre that the receiver antenna i s set up for transmission of an

elliptical weve-field as given by (6 .50) am (6 .51).

We may write for the canplex vector descr ibing the ellipse:

(6.56)

~ and :\, being unit vectors in the horizontal arrl vertical directions.

If the inccrning wave descri.bes an el l ipse identical to that defined by

(6 .56) s ignal p:Mer will appear at bcth the 1«- am the Tx-pcrts . To

ascertain that all the signal IXJWer shall appear at ~ por-t only, the

ina:rni.ng field ellipse mest. be orthogonal to the anterma pokarfaatdon

e l l i pse .

To obtain the ortho:]onal vector of the vectcr (6.56) we: take the vector

product.

E
orth

= E x il (6.57)

where Il i s a unity vector def.ined as

l [ - j"'2 - j "'l •E = - e (l -e ):L..+orth 2 H

(6.58)

(6.59)

By multiplication with the receiver matrix :

Reverting to real expressions :

(6 .60)
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I)
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(6 . 61 )

(6. 62)

In practical tenns the procedure of ma.tching the antenna to the incaning

elliptical wave will be:

(1) Fran the geanetry of the problen detennine the axial ratia and

the direction of the major axis of the el l ipse (see 6. 5.2), assuming

a circular transm.itted field (and neglecting Faraday rotation).

(ii) Specify the ort:hogonal ellipse by rotating the received f i e ld

ellipse through 900
•

(iii ) Use relations (6.43) to (6.45) to deterrmne the set t ing of the

phas e changers of the pol.ardzer ,

We rote that the pocer of the elliptical s i gnal field will be recorded

by setting the pojarrzer for right- or leftharrl c ircul ar pojardzatäon

and rreasuring the signals at 00th the HK arrl the 'Ix-por-c, Figure 6.8

displa y s the loss incurred by recording only the daninat ing e l arent of

the tv.1o circular ccmponenta of which the ellipse i s ccsrposed,

6.8 Discuss i on and conclusions

In analysing the polarization problan in tris tatic operation there are

three general , partly irreconcilable, requfrerent.s e

(i) The p:>larization should be selected so as to optiroize the received

scatter pccec-

(i i) The pol.ar.tzat.ton setting should be simple , involving as little

as pcssdbl.e of on-line canputational efforts an:::1 necoenica t operations

within the pojarIzer

(iii) FOr the subsequent data analyses the reception should preferably

be "matched" , in the sense that the essenedet part of the signal p::wer

should eppear at one port of the polarizer

The follCMing ccerrents are part!y made by general considerations arrl
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partly by assessment of the results displayed by figure 6 .5 , 6.7 am 6.8.

1) For the transmit t er station the requiranent under (1 ) is rret; irrespective

o f which p:>larizat i on is selected . For linear and c ircular p:>larization the

matching requiranent (iii) is also sati sfied for this station in the case of

no Faraday rotation . With Faraday rotation matching can only be achieved in

genera l with circu.lar r;:olarization. With l inear p:>l ari zation matching wculd

necessitate reconditioning the polarizer during the time interval between

transnission o f a pulse and the r eception. :-breover, a continoous reeorrli­

tioning of the polarizer would be required i f several height ranges should

be explored. Techni ca lly this i s not feas ible.

2) For the Lcser height regions linear poåarfzatäon is the one that best

sat i s f i es (1 ) for the ~ resrote stations.

3) Linear p:Jlarizati on does no t rreet the corrlitions labelled (ii) above ,

To optimize the r eceived p:JNer would r equire resetting the p:>larizers at

all three sites each time the coordinates for the scatter volurre were

changed , preferably by reading precalculated arrays of location/field­

direction relationships. A possible s irnplification may be obtained by

relaxing the requiranent for continuous optimization and keeping the p:>­

larizer setting constant within reasonably large cel l s in the three­

ddrrensdonal, array structure . If Faraday rotation is to be included several

arrays wculd have to be filed. , prescribing the r equired. adj us tment as a

functiLcn of electron density .

4) Since a transnitt ed. circular wave in genera l appear at the resrote sta­

tions as e l l iptically polarized , the matching requirarent (iii) at these

stations would involve resetting of the pokarf zers each time the pcsftdon

of the scatter vo lume changed , al.Iowdnq for the associated alterations in

the or i entat ion and fonn of the received e l l ipse. By adopting the siJnpler

procedure of proces s ing only the daninating c i r cu1ar rrcde one avoids re­

setting the pojarIzer (except pcssdhl.y for the r are events when 2( goes

through 90° ) a t any s ite . This i s the rrode of opera t i on which best meets

with condi tion (ii) .
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5) According to f i gure 6 .8 , for heights above 300 km no appreciable

arrount o f IXJWer i s l ost by recording only the daninat ing c ixcular m:x:1e

at the remote s tations.

6) For heights above 3-400 km little is gained by reta1n1ng linear

pcl.ardzatnon f or the K1..rtma station. Even for a height of 100 km the benef it

of the linear p:>lari zation teros to beccme insignificant for latitudes

above 70-71° N. Since the distance 'rrrmse/scdenkyl.ä i s about; bN'ice the di­

s'tance TrcIns«t/Kiruna for Scrlankylä linear polarization retains i t advantage

over circular pol.ar.tzatfcn . to larger heights arrl over larger spans of lati tu­

de and l ongi tude. However, above 600 km the benefit of l inear pcj.ar tzaetcn

terrls to diminis h even for this station.

7 ) I t s hould be emphasdzed that Faraday rotation is essentiailya probj.en

with linear p:Jlarization (it will intrcx:1uce difficulties with matched e l l i p­

tical reception in the circular transmission m:x:1e) with the scatter volure

raootely Located (a t high a!titudes or at long dis tances in oblique geanetry) .

1's d<m:mstrated by the ccnprted f igures , and underl ined in the preced1ng

paraqraphs , the benefi t of l inear potart aataon decreases with increasing

distance to the scatter volume. We are therefore in a sanewhat favourable

posft.Icn, that these t\o,o effects tend to counteract.

In the discussion in this seetrion we have dealt only with linear and c ireular

transnitterl waves , We might conceäve of se.lected events when sareone would

like to trarurnit elliptically pol.ar'Lzed waves, f.inst . wi th the purpose of

reroving the ellipticit y of the rarotely received waves . It appears to the

autfor , though, that these are likely to be rare and exclusive incidents

without mich practical signif i carce .
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7 VHF ANI'ENNA SWl'IUlYARD

As indicated in the sketch below the VHF antenna consists of four

40 x 30 ffi panels , each panel furnished. with its own notor drive,

fac ilitating Independent; ITO\I'E!reJ1ts of the sections in the magnet ic

meridian plane.

Ma.gnetic north

40 m

Vertical field (EV)

Ho r i zontal field (E,,)..
l 2 3 4

30 m

Figure 7.1 VHF arrt enna configuration

The rrechandcal, flexibility cannot be fully exploited with the transnit/

receive syst ern as presenUy configunrl. Et; wi ll , hcMever , In addition

to single bearn operation , accarodate a dual-bearn m:x:le, with panels l & 2

and 3 & 4 act ing as independent antennas . The selection of the s ingl e-bearn

or dual-beam option is accanplished by an autaratic switchyard.

The switchyard is l oca ted on a concrete pad at the centre o f the antenna

base , The constnIction , delivered by Spinner (Gernany) , i s realized in

coaxial technique (approximate diameter of the coaxia l line 300 rrm) , and

inclu:1es t\\O 90
0

hybrids , b.O rrotor-driven switches and f eed paths as in­

dicated in figure 7. 2 belcw,

An array of crossed. dipoles , with axcs paraliei and transverse to the

antenna axis provide the horizontal and vertical field ccmponent a a s indi­

cated in figure 7.1.
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7 . 1 Schrnati c layout and "'-Drking principle

Hl V
l __J/4~12

- +- -1+--
SWl ---

Sl (0/1800
)

~

x
t.+x

RX " L+x
S2 (0/1800

)

Coaxial -+ 3,switch
2 I/2 2 x->./4

l

RX

TX
l l TX2

Figure 7 .2 Schanatic presentation of VHF antenna switchyard

With the switching elarents SW l and SW 2 in the indicat ed posd.tdons

the antenna is configured for dual-beam operation, transnit ter l and 2

feeding ant enna sections l & 2 and 3 & 4 respect ivej .y, Note that the

phase paths for the vertical and horizontal dtpoke arrays have the sarre

l engths. This rreans that the phase quadrature pertaining to the hori­

zontal and vertical field ccnponent.s at the hybrid outputs is retained

also at the dipole teJ::rni..nals.

With the switches SW l and SW 2 in the alternative poai.täons (Lndfcated

by dashed lines) the antenna is set up for singl e-l:eam radiation. In this

case the entire oorizontal and vertical dipol e arrays are f ed by trans­

mitter l and 2 respectively. Note that in this case the phase paths for

the = horizontal and the = vertical feeds differ by >./4 (or 90
0

) .

The e lanents S l and S 2, indicated in the drawing , introduce phase de l ays

of 0° or 1800
• These elerents are not instalied in the switchyard as presently

configured, hut are eons.idered as v.orth.....ru.le rrodifications at a later stage

(see note by Hagfors , labelled Sl>C 15.12).
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7.1.1 Transnissi on in single-beam op::ration

2

90°

90° hybrid

An equivalent schare for the single-beam operation is depicted in

figure 7 .3 .

Hl 112 V V

I
RXl

Flgure 7 .3 Fqui valent representation

I.et us denote the transmitting matrices oorresponding to hybrids

and subsequent phasinq elerents M:t and M:2 .

We have:

~ ~

fl = Ml el

~ ~

f 2 = M2 e 2

(7 . 1)

(7 . 2 )

f =
l

(7 .3)

e =
l

(7 . 4)
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and

_l [-j l] _l[-l-j]
~ --f2 j l • ~- 1f2 l -j

Consider the folla....ing cases r

(7.51

(il (7. 6)

"Rx=e =0
l ~

(7.7 )

Hence forth we assurre that condition (7.7) i s always fulfilled .

We obtain:

(7 .8)

(7.9 )

= = -j (7 . 10)

The antenna radiates lefthand circular pol.arfzatf.on,

(ii ) "Tx = l
l

~ = - l (7 . U)

In this case the pojarfzatdon is righthand circular.

In conducting Faraday rotation experfrrent.s with the VHF radar it

might be desirable to alter the hand of the circular p::>larizati on

f ran pul.se to pulse. Fran tOO derivations above it will be seen that

this requires altering the phase of one of the transmitted signals by

1800 fran pulse to pul.ae ( we assure that the phase i s changed in~
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f eed l ine only) .

, .

(i ii ) "Tx = l
l "Txz= + j (7 .12)

Performing the matrix multiplications w= f ind :

"11
1

"Hl
= + l (7 . 13 )

cor'respondtnq to linear pJlarization wi th the plane of p::>l ari ­

za t i on inclined ± 45° with respect to the vertical axis .

Vertical

p::>larizatlon pl ane

"Txl
= l l

"Tx2
= -j j I

Horizontal

Figure 7. 4 Linear pcfar'Lzat.Iona in s ingle-beam operat ion

7 . 1.2 Transniss i on in dual-beam rrode

SChanatic representation of the p:llarizing netw::Jrks for dual-beam

transmis sion is ShONIl in figure 7 . 5.
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H V2

900 hybrid

RXl
I

TXZ

Figure 7 .5 Switchyard representation in dual-beam opera t .ion

With

~
~l

~ ~Z
f l =

eyl
f Z =

eyz
(7 .14)

and

~
"RXl ~

eRXz

e = e = (7 .15)l
~l

Z
~Z

the transmiss i on rratrices beccrrer

[
- j lJ

~ = Mz =.F l -j

In this case we always have :

eyl eyz
- j- = - =

~l ~Z

(7.16)

(7 . 17)

For both anterma halves the transmissions are l efthand ci.rcular

irrespective of the phases of the s ignals at the hybrid input ports.
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Polarization flipping , or transmissions with l inear pojarfzat.Iona ,

are not possible in dual-team operat ion.

7. 2 Recepti on

7.2.1 Single-beam

Matrices (figure 7.3):

~ = } [-~ n
~= F[=~-~]

(7 . 18)

(7.19)

In this case we find that al l the s i gna l p:::1WeT appears at the TX1­
and ~-ports irrespectlve of whether the p::>l arizat lon is circular

or l inear.

I2t us OCM assurre that the switchyard ha.d been equipped with the extra

phasdnq e lerents S l and S 2 (figure 7. 2). programred to present 0°

phase change to an outgoing signal but 1800 to an incaning wave.

NeM the reception rratrices are :

l

F
l

~ = ­{2

[-i-i]l -l

C-~]

(7 .20)

(7.21)

As examples we select :

(i) "v
l

"v ~ :!:i
2

(7. 22)

l (7 . 23 )

representing a Lefthanded (+) or righthanded (-) c ircularly poäar.ized

wave,
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We Und:

(7 .24)

and

(7 .25)

(7 .26)
(ii) "» = "v = "H = "H = l

l 2 l 2

corxespondfnq to a l inear f iel d propagating in the antenna

broadside direction.

We obtain :

(7 .27)

(7 .28)

we see that in bcth casee (1) and (i i) the entire signal p::Mer

appears at the receiver ports of the switchyard.

7 .2 .2 Dual- beam

'Ihe receiver matrix is g i ven by <7 . 16 ) .

According to the findings .in 7.1. 2 the transuitted waves are always

l e fthand c ircular , leading to righthand pojardzat.Ion of the i.ncaning

scattered field.
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We obtain:

(7 . 29 )

Aga in we find that the poser i s avaiable at the rece iver por-c,

7 .3 Peed system beyond the switchyard

In f i gure 7.6 is shcMn a sketch of the poser distribution nehtur k

beyond the switchyard . (Fran "Feques t for proposal." (VllF- anterlna) ) .

We nete that :

(i) The prirrary racliating system consists of 128 eross ed ddpokes ,

32 dfpol.es for each of the f our panels . Fi gure 7 . 6 shows the

coaxial line system for ~ p:>larization (horizontal or verti­

cal) for one panel. Level C in the Lower- l efthand portdon of

the schene eecrespords to the feed podnt.a labelled VI or Hl

(V
2

or H
2)

in the switchyard presentations depi c ted in the

preceding part of this chapter .

(ii ) The ultimate distribution e 'lerrent; is a 3 dB directional coupjer

wi th a dinmy Ioad, When the beam i s in the broadside di.rection

the phase paths for a ll dfpol.es are equa l. In this case 00 power­

is dissipated in the durnny Ioad , By systeroatical ly increasing

the phase paths (by rnanually replacing cables) along the di pol e

array, i t will re possdbke to steer the beam up to 24° fran the

broadside direction . 'Ibis type of beam steering will be asso­

c iated with an increase in the V@'ffi at the ddpol e tenninals

(Egil Hauger , "Phased Linear Array" , EI SCAT VHF-anterma docu­

ment) . A part of the reflected lX'I"'1" will be dissipate:l by

the durrmy load (for sean angles of 200 al l the refl ected p:::wer

will be dissipated by the dtmny load) (Kildal "Feeder Elments

for the EISCAT VHF Parabol ic Cyl inder Antenna") • '!be rest of the

reflected poser will be coupl ed to the output; and Input; por-ta of

subsequent pocer dividers • A part of the reflected p:Mer rnay also

appear at the gx- por-ta of the switchyard. . I t i s difficult to a ssess
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the arrount of pccar which rray oouple to the RX-port under

these circumstances. It has been suggested that the speci f i ­

cation of the~ which the coaxial T/R-switches must handle ,

should be pcatponed until nea.su.rarents have been made on the

ccmpl.etie anterma (Hagfors SAC 15 .12) . An option which is can­

sidered , is to rrove o..u pin-dicde svåtches del ivered as integral

parts of the VHF-antenna duplexer to the switchyard and

let tihen serve as the receiver proteetera .

7 .4 Dlscussion

I t ererges fran the derivations in sections 7. 2. 1 and 7.2.2

that with the present systern (without the 1800 r*>asing eäerents)

the scattered signal IJC1'I€r in Single-Beam operation appears at

the TX-p::>rts of the switchyard , whereas the poser wi l l be avail­

abl .e at the RX-pJrts in the Duak-Beam rrode , This rreans that the

receivers must re relocated. each time one goes f ran one operatäo­

nal rrode to the other. In the Single-Bearn rrcde the receivers must

oonnect to the receiver por-ts of the duplexer in the transnitter

hal l, whereas in DJal-Beam operation they woujd have to be at the

switchyard l ocation.

The major advantage of having the 1800 phasing e larents inserted

in the systern is that ene thereby dispenses with the necessity of

relocating the receivers by m3king the p:Mer appear at the RX­

por-ts also in the Single-Bearn ncde ,

A drawb3.ck with the installation of the extra phas ing elerrents may

be the differential darrqJing thereby introduced in the tw:> feed 11­

nes branching off each hybrids (extra darrqJing in H2 and V2 Hnesl ,

In transnission this will tend to SClI'eW'hat distort the pcl.ardaa­

tion behaviour in that the horizontal and vertical amplitudes at

the tso antenna halves are not exact ly equal. In r eceptdon the

dif f erent i al darrping will cause a fraction of the recedved poser­

to appear at the TX-I:Orts.. With a ra:::eiving systen designed to

rronitor the effect at~ port only (at each hybrid), the p:JWer at

the TX-ports will be lost.

Unt il we kna-.' the characteristics of the phasing elarents possibly
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to be installed, we cannot assess heM serious the effect of the

differential damping will be. It is likely, though , that the darrping

will increase with increasing deviation fran the transmitted Ere­

quencies , therefore being rrcre of a probien for plasma-line recep­

t ion (at 5-10 Miz frern the transmission frequencies) than for 1on­

line detection .
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PARAMETRIC AMPLIFI ERS

8. 1 Introcluction

Parametric amplifiers f ind t he ir lise in low Doise app l i c a t i o n s .

The key element in many practical amplifiers i s a s p ecially de­

signed p-n junctio n, termed varae tor d iade o r s i mpl y v a r a e tor .

This may be ope rated at temperatures below r o om temperature ,

opening a possibili t y for diminishing the terma l Doise by

cooling techniq u e s .

In the followin g we f irst briefly introduce t h e ampl ify i ng p ro­

cess by studying a simple L-C circuit . We therea f t e r go o n to

cans ider a more genera l scheme for power arnp lif ica t i o n .

8 .2 Simple rrechanism for energy transfer

Consider the r eso na nc e t a nk of figure B. l

- .
r

d +6
- - - - '----.-

Figure 8 .1 L-C c ircuit with variable freguency

Suppose that the p lates of t he conde~ser a re pulled apart , by

an add itional di stanc e Ö, each time the condense r voltage g o e s

through a po si tive or negative maximum.

Work must b e d one in separating the charges on t he p l a te s . The

energy is trans f er r e d to the electric field between t he plat es .

By increasing the d istance between the capasi tor p l ate s the ca­

pacitance is r educed . According to the fo r mula V = q/C , wh ere V

is voltage , q t he capacitor charge and C the capac i t a nc e , we find

that the capaci t o r vo ltage is enhanced by t he repositioni ng of

the p lates .

Le t us furthe r assume that the plates are pushed back t o their

original position each time the charge on the pl a t e s is z ero .

No energy is require d for th is operation. Figu r e 0 . 2 illustrates

t he mechan isrn de s cr i b e d. The net result is an incr e ase o f the

energy (and the osciJlator vo ltage) of t he tank c i r c u i t , the

energy provid e d by the ~, periodical ly c ha ng i n g the pl a t e di-·

stance at twice the oscillator frequency.
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Figure 8.2 Effect of varying the spacing between the paraliei

capacitance plates

In the simple exam~~e we have studied here we nate that there

must be a fixed r ela tionship betwee n pump and os c i l l a t o r signa l s

to effect the e nergy bui ldup . Th is r estriction may be removed by

adding a second t a nk a nd l etting the var iable capacitance be the

c oupling e lement bet ween the two t ank clrcuits . The second cir­

c uit is often t ermed t he ld ler , t he i dling frequency belng the

difference be t we e n the pump a nd s i g na l frequencips. We will not

e laborate on t his c ircuit extens ion here , hut instead focus Dur

attention on s ame general re lations for power transfer .

8.3 Pc1Ne.r anplificati on

Figure B.3

We let the s inusoidal input voltage

and current of t he amplifier shown
in f Lqu z e 8. 3 be represented in

the conventional way as t he rea l

parts of the complex voltage and

cu r rent :

Schematic
ampl ifier

of power

(B .1)
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(8 . 2 )

where Vi n a nd lin are complex amplitudes . The i nput powe r is:

Pi n = , Re {
(8. 3)

•lin is the conjugate of the complex current ampli tude .

We as sume t hat the output voltage vo u t and c urrent i
o u t

can

be r epre s ente d by a eons tant term and a ser ies of sinuso i d a l

t erms as fo l lows :

ro ro

vou t (t ) = V + Re{L L V exp I jcc t) }o m,n m,n
m=o n= -oo

ro ro

i
o ut

(t ) = I + Re{L L I exp(jw t) }o m,n m,n
m=o n=-ClQ

(8 . 4)

(8 .5)

where wm ,n = mw 2+nw1 " The frequency w2 i s ind e pe nd e nt o f the

signal frequenc y w1 " ro and n are i nt e ge rs , ro being summed over

po sitive va lue s only. Average output power :

ro ro

Po u t Vout (tj iout(t} Po + L L P (8 .6)m,n
m=O n=-oo

P = , Re (V I' ) (8. 7 )m,n m,n m,n

If a ny o f the power terms P which depends upan the i nputm,n
frequency (n '* l) i s greater than P

H i
, the c ircuit c an be con-

s idered t o be a power amplifier . In a conventiona i AC ampl i f ier

power ga i n i s achieved by canversion from DC powe r . However , po­

wer ampli f icati o n can also be obtained by convers i o n from power

a t the inde pend en t frequency w2 "

We may di s t ingui s h between the fo llowing cases :
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(i) n = l , m = O

(ii) I nl= l, m ;;; l

(ii i) n > l, m = O

parametric amplificat ion

frequency changing , mi x ing

harmonie frequency generation ,
frequency multiplication

I n case (ii) the circuit is a150 terrned a paramet r ic converter .

8 . 4 'Ihe pararretric elerent

Nonlinear resistances as weIl as reactances may serve as para­

metric circuit elements. We will cansider the i rnportant case

where the parametric component consists of a nonlinear c apaci­

tance . Figure 8.4 exhibits a nonlinear q-v characteristic where

q i s capacitor charge and v the voltage .

Rest of
circuit

v

Figure 8 .4 Nonlinear charge-voltage characteristic

The charge and voltage may be considered to c onsist of two terms :

v = v + v
p q

18.8)

(8 .9)

Vp and gp represent voltage and charge when on1y the pump s igna l

i s applied. vq and qq include all frequency component s due t o the

application of the input signal to the pumped circuit . We as sume

that the pump signal is much greater than the input s ignal. For

sufficiently small input signal we have :

q = q + (~)
p d v q=q v qp

(8.10)

= (~)
dv q=q

P
v

q
18 . 11)
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d { (~ ) }
d t dv q=q v~

"
(8.12)

The increme n t a l capacitance is defined as :

c ( t ) = ( ~)
dv q=q

P

(8.13)

With t h e a p p r o x i ma t i o n s made , C(t ) does not d e pend upan the

s ignal applied . The relations quoted above are therefore l ine ar

t i me vary ing forms .

Energy is defined as the area under the q - v cu rve :

q

E = J vdq

o

8 .5 M3.nley-Ibwe eguations

(8 .14 )

The p ower f low in and out o f t h e non l i near d e vic es a t d i f f e ren t

fr e q u encie s are governed by certain c a n straint s . I n the case o f

nonline ar r e s i s t a nc e s they a re descrihed b y p agel s equations. A

corres pondin g set of relations e x ists for nonli near ene r g y storing ,

l o s sl e s s devices (reactances) , termed t h e Ma n I ey- Rowe e q uation s .

The y a r e q uoted below without proof :

m=-oo

L

k=o

kPk , m
wk , m

= o
(8.15)

00 00
mPk

L L
, m

= Ow
k =o m=-oo k ,m

(8 . 16)

where Pk i s the power flowing into the non linear c apac itance, m ----
a t a f requency wk = kw + mw ., m q p

A sche ma tic i l l u s t r a t i n g the use of the Manley- Rowe equat ions

i s g i ven i n t he figure below .
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- wp

.... ...L .I... ....I .1- _ _ __

Figure 8 o5 Circuit illustrating the use of the Manley-PDwe equations

As an example we consider a circuit where power is a l lowed

to fl ow only at the signal frequency wq ' the f requency w
p

and a t t h e general id l e r f requency r wp + wq o The Manl e y -Rowe

e q ua tions i n this case reduce to :

w w +rw
q q ~

p
~ +

+

p
l , r

rPl , r

w +r w
q p

= O

= O

(8.17)

(8 .18)

By convent ian power flowing into the nonli nea r capac i tor i s

po s i tive. From the first equation we f ind :

p

~=
P 1 ,0

w +rw
q p

wq

(8 . 19)

Powe r P l absorbed by the capacitor resu l ts in power f lowi ng
, 0

out of t he capacitor at the freque ncy w +rw o If r>l the cir-
- q P
c u i t a~ts as an upper-sideband converter , wi t h t he ma ximwn ga i n

b ein g equal to the ratio between t he upper - s i deband f requency

and t h e signal frequency , irrespective o f circuit con figu ra tion

a nd degree of nonl inearity.
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I f r<O and w + rw <O both Pl O and Pl turn out to be nega-q p , , r
tive and the amplifier may show negative resistance at the sig-

na l and idler ports . In this case, with a negative resistance

amplifier , the capacitor ~upplies power at both the s ignal and

the idler frequencies .

8 .6 capacitance of a reverse::1-biased r=n junction

In a para l lel-plate capacitor electric charge is stored on con­

duetors bounding an insulating layer. There are no charges in the

insulator affecting the electric field and the d ifferential capa­

citance remains constant

c = dq/dv = q/v (8 .20)

Now let us consider a monocrystai p-n semiconduc tor ;unction.

As a result of major ity carrier diffusion (hales in p-type and

electrons in n-type materia ls) there will be a region in the

vicinity of the junction partly depleted of free car r iers . However ,

the uncompensated impurity atoms, positive in the n-type and nega ­

t i ve i n the p-type regions, result in a space charge double l a ye r

and an e lectric field directed from the n-type to the p-type s ide

of the junction. The field varies with distance from the junction,

being greatest at the changover plane.

The amount of uncompensated space charge depends upon the b ias vol­

tage , a r e ve r s e-b i a s voltage increas ing the depletion-layer width ,

a forward-bia s having the inverted effect . It follows that the de­

pletion- layer capacitance

Clv) = dq/dv

varies with variations in the bias voltage.

(8 .21)

To obtain an expression for the depletion layer capac itance the

var iation of the impurity atom density distribution in the j unc­

tion reg ion must be known. Models for the p-n junction apply both

abrupt and l inearly graded density distributions . A typical Cd-V

c har ac t-er Ls t.Lc is depLct.ed in figure 8.6 . (The subscript d in Cd de­

no tes "depIe t Lon" ) ,
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Dep l et i on l ayer
c a pac i t ance/
vo l t age r e l a t i o

Pump w

v t

t

Figure 8 . 6 Voltage p..xmping of p-n j unction varaetor

The periodically varying t i me d e penden t capacitance , Cd(t) ,

ma y be resolved i nta a Fourier series:

~

Cd(t) = Co (l + l: C eos ( nwpt ))n
n=1

R

C 2 Yn
l f Cd( tleos (nwpt)d (wp t )= =n RCo - R

(8.22)

(8 .23)

The time va ry ing component is i ncluded in the r ight-hand sum­

mation term . The value o f t he coe f f i c i e n t Yn , in particular

Yl ' determine the performance of t he par ame t r i c amplifier. The

largest value of Yl is a l way s s ought. Yl is a most e ssentia i

quantity in e laborat ions to estab l i s h figures of mer it of pa r a ­

metr ic amplifiers. Another key t e r m is Rd , the series res istance

of the p-n junction . The angular eut-off f requency is that f re­

quency at which the capac it ive reactance equals the ser ies r e s is­

tance :
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(8 .24)

8.7 Design considerations

In figure 8 . 7 is shown a scheme for operating a e ne-port; negative­

resistance amplifier, t he mos t common of all parametr ic amplif ier

devices .

l

Load

I nput
signal

l'

Paramp Pump
signa l

Figure 8.7 One-p:>rt pararretric amplifier with circulator

The signal and the pump c ur r ents mix the varaetor e lement t o pro­

duce vo ltages and c ur rent s at many frequenc ies . We assume that the

idl ing filter allows o n l y the frequency

(8 . 25)

to f !ow . The idler curren t remi xe s with the pump cur rent in the

varaetor diade and produces an amplified signal at w at the out­
q

put port l-l'. The circulator i s inserted to separate i ncomi ng

and outgoing s igna ls.

The power gain is give n a s :

G =
Z. - Ran g

2
(8 . 26)

,
where Zin is the impedanc e l ook ing into the amplifier (1 - 1 ) and

R is t he characteristic resistanc e of the circulator. I n asses ingg
the noise properties the c i rcu l a tor loss must be taken i n t o account.

Also no i se produc e d at the idler f requenc y will contr ibute to the
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s ignal frequency noise. For an id ler frequency w =w - w t he
i p q

total ampl ifier noise f i g ur e i s:

R
F = ( l + .J!) (

I).
l +

"'q

'" -'"p q

(8 .27)

where ~ is the load resistance and Rd the serie s r e sis tanc e of

the varaetor diade .
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