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THE CHARACTERISTICS OF BROADBAND, ISUl'ROPIC ELECTRIC FIELD 
AND MAGNETIC FIELD PROBES 

Motohisa 

A f e a s i b i l i t y  s tudy  and a p r e l i n i n a r y  eng inee r ing  test program have been 
conducted t o  e s t a b l i s h  performance s p e c i f i c a t i o n  l i m i t s  and p re l imina ry  engi- 
n e e r i n g  d e s i g n  f o r  broadband, i s o t r o p i c ,  r ece iv ing ,  e l e c t r i c  f i e l i  and magnetic 
f i e l d  probes f o r  e l ec t romagne t i c  emiss ion measurements. Three e i e c t r i c  f i e l d  
probes  cover t h e  f requency r ange  from 20 Hz t o  1 2  G H z .  T w  magnet ic  f i e l d  
probes cover t h e  frequency r ange  from 20 Hz t o  32 Mlz. The t a n g e n t i a l  s e n s i -  
t i v i t i e a  and t h e  dynamic range of t h e s e  broadband i s o t r o p i c  e l e c t r i c  f i e l d  and 
magnetic f i e l d  probes  a r e  s p e c i f i e d .  P re l imina ry  eng inee r ing  d e s i g n  and 
suppor t ing  t e s t  d a t a  a r e  a l s o  included. 

Key words: Broadband probe; d i p o l e  antenaa;  dyramlc range; e l e c t r i c  f i e l d  probe; 
i s o t r o p i c  probe; loop antenna;  magnetic f i e l d  probe; t a n g e n t i a l  s e n s i t i v i t y .  

1. IWRODUCTION 

The purpose of t h i s  r e p o r t  is t o  provide  r e s u l t s  of a  f e a s i b i l i t y  s t u d y  and a n  eng inee r ing  
t e s t  program t o  e s t a b l i s n  performance s p e c i f i c a t i o n  l i m i t s  ~ n d  pre l imina ry  e l e c t r i c a l  d e s i g n  
f o r  broadband, i s o t r o p i c ,  r e c e i v i n g  probes  f o r  measurements of e l e c t r i c  and magnetic f i e l d  
emissions.  Here, a  broadbald i s o t r o p i c  probe c o n s i s t s  of a d i p o l e  an tenna  f o r  a n  e l e c t r i c  
f i e l d  probe, and a loop antenna f o r  a  magnetic f i . . ld  probe. These antenna e lements  a r e  then  
f e d  i n t o  a  d e v i c e  that performs a  ba lance - tounba lance  t r ans fo rma t ion  (e.g.. a  b - lun ,  a  
d i f f e r e n t i a l  a m p l i f i e r ,  e t c . )  and a n  a m p l i f i e r  i f  necessary .  Three  e l e c t r i c  f i e l d  probes  
cover  t h e  f requency range from 20 Hz t o  1 2  Gar. Two magnetic f i e l d  probes  cover  t h e  f r e -  
quency r ange  from 20 Hz t o  32 MHz. 

The f requency ranges ,  t h e  t a n g e n t i a l  s e n s i t i v i t i e s  based on a  s i g n a l  t o  wise r a t i o  of 
3 dB f o r  v a r i o u s  bandvidths ,  and t h e  dyramic r anges  based o n  1 dB compressloo p o i n t  a r e  
s p e c i f i e d  f o r  each e l e c t r i c  f i e l d  and magnetic f i e l d  probe. Engineering d e s i g n  and 
suppor t ing  t e s t  d a t a  a r e  a l s o  i n c l u l e d  i n  t h i s  r e p o r t .  

2. ELECTRIC FIELD PROBE PEBPOREUINCE 
T h i s  s e c t i o n  d e f i n e s  t h e  performance s p e c i f i c a t i o n  limits aud o p e r a t i n g  c h a r a c t e r i s t i c s  

of t h e  e l e c t r i c  f i e l d  probes.  The r e c e i v i n g  c h a r a c t e r i s t i c s  of t h r e e  types  of l i n e a r  an- 
t ennas  wi th  t h r e e  d i f f e r e n t  i vad ing  mechanisms a r e  i w e s t i g a t e d  t h e o r e t i c a l l y  and exper i -  
men ta l ly  t o  cover the frequency r ange  from 20 Hz t o  12 GHz. 

The rece ived  v o l t a g e  VL(f) of a  l i n e a r  antenna a c r o s s  a  load  impedance Z ( f )  is g iven  
I." 

L 

vhere  h e ( f )  i s  a n  e f f e c t i v e  l e n g t h ,  ZO( f )  is a n  inpu t  impedance of a l i n e a r  antenna,  

Einc(f) is  a n  i n c i d e n t  e l e c t r i c  f i e l d  t o  a n  an tenna  and f  is frequency. 'Then, t h e  t r a n s f e r  

f u n c t i o n  of a l i n e a r  antenna. S ( f ) ,  is de f ined  t o  b e  

I n  each case ,  1.e.. l o v  f requency e l e c t r i c  f i e l d  probe (LEP), middle f requency e l e c t r i c  
f i e l d  probe (MEP), and high f requency e l e c t r i c  f i e l d  probe (REP), t h e  t r a n s f e r  f u n c t i o n s  of 
s p e c i f i c  antennas  a r e  f i r s t  c a l c u l a t e d  t h e o r e t i c a l l y  and v e r i f j e d  experimentally. Then, t h e  
an tenna  pover p a t t e r n s  a r e  i n v e s t i g a t e d  expe r imen ta l ly  t o  ensu re  t h a t  ckese  s p e c i f i c  l i n e a r  



antennas can be made i n to  i so t rop ic  probes. Final ly,  t he  tangent ia l  s e n s i t i v i t i e s  and the 
dynamic rangee of each e l e c t r i c  probe a r e  estimated theore t ica l ly .  

2.1 Low Frequency E l ec t r i c  Field Probe (LEP)  

The technical  approach t o  be used fo r  a low frequency e l e c t r i c  f i e l d  probe ( U P )  i s  an 
e lec t r ica l ly -shor t  d ioo le  in order t o  achieve a broad bandvidth. The LEP covers the f re -  
quency range between 20 Hz and 10  HEz. A f i e l d  e f f e c t  t r an s i s t o r  (PET) amplif ier  is used 
fo r  the  Lnpuc s tage  with d i f f e r e n t i a l  mode operation, in order to  r e j e c t  comnan mode. . 
The schematic diagram f o r  t h e  LEP is s h o w  i n  f i gu re  1. 

For an e lec t r ica l ly -shor t  d ipo le  antenna (i.e., Bhcl). the  e f f ec t i ve  length, h,(f), and 

the input impedance, Zo(f), of t he  antenna a r e  given by [11 

and 

The symbols have t he  fol loving meanings: h is a half physical length of a d ipo le  antenna i n  

meters, B i s  a wave number i n  meters-', cn is the  f r e e  space impedance i n  ohms, and n is a n  - 
antenna f a tne s s  fac tor  (i.e.. fl - 2 Ln(2hIa) vhere a i s  an  antenna rad ius  i n  meters).  

With an SET input  s tage,  the antenna 4s considered t o  be terminated with a purely 
capac i t ive  load. Since the load impedance of t he  antenna is given by 

where C is the capacitance of an PET amplif ier  i n  farads,  the  load voltage,  vL(f) ,  ac ross  t he  
antenna terminal is 

- h/2 Einc(f) 

" L ( ~ ) -  l+c lcs  V/AZ (6) 

vhere 

n - 1  
' - ~ - 2 + ~ n 4  (8) 

-. 
and vo is the speed of l i g h t  i n  f r e e  space. Thus, t he  t r an s f e r  funct ion of an  LEP i s  given 

which i s  independent of frequency. In  prac t ice ,  the  input  hpedance of: an  PET amplif ier  is 
not  pure capaci t ive,  but has a r e s i s t i v e  zomponent a s  well a s  a capac i t ive  component. This 
r e s i s t i v e  component of t he  input impedance w i l l  cause a 6 dB per octave ro l l -of f  a t  the low 
end of the frequency range. 



Pre l imina ry  experiments ve re  performed uaing t h e  15-cm long d i p o l e ,  1.e.. h  - 7.5 cm 
v i t h  0.6 cm rad ius .  The exper imental  r e s u l t  f o r  t h e  t r a n s f e r  f u n c t i o n  of t h e  e l e c t r i c a l l y  
a h o r t  d i p o l e  is  shown i n  f i g u r e  2. P l e a s e  no te  t h a t  t h e  t r a n s f e r  f u n c t i o n  of t h e  e l e c t r i c a l l y -  
s h o r t  d i p o l e  wi th  an FET a a p l i f i e r  i s  ve ry  f l a t  t o  -f 3  dB from 2  kHz t o  400 MHz. Vhen t h e  
capac i t ance  of t h e  PET a m p l i f i e r  used f o r  our  experiment i s  assused t o  be 5.9 pF. t h e  
t r a n s f e r  func t ion  of t h e  antenna i s  g iven  i n  dB by eq. (9: a s  

20 l o g ] S L E p ( f ) / =  -41.1 dB. (10) 

This  t h e o r e t i c a l  r e s u l t  ag rees  v e r y  we l l  v i t h  our  exper imental  d a t a  f o r  t h e  f requency range  
f r o u  2  M z  t o  400 Wz. Vhen t h e  inpu t  r e s i s t a n c e  of t h e  PET a m p l i f i e r  is assumed .to be 
100 kn, t h e  t r a n a f e r  func t ion  of t h e  e l e c t r i c a l l y - s h o r t  d i p o l e  r o l l s  o f f  a t  -6 dB p e r  oc tave  
due t o  t h e  inpu t  r e s i s t a n c e  of  t h e  EET a m p l i f i e r  below 2  M z ,  as shovn i n  f i g u r e  2. Above 
400 MHz, t h e  1 5  cm long  d i p o l e  becomes e l e c t r i c a l l y  long s o  t h a t  t h e  t h e o r e t i c a l  express ions  
f o r  t h e  e f f e c t i v e  l e n g t h  and t h e  inpu t  impedtnce given i n  eqs.  (3) and (4).  r e s p e c t i v e l y ,  
v i l l  no t  be va l id .  

It should be remembered, however, t hac ,  i n  p r a c t i c e  i t  i s  not  p o s s i b l e  t o  bu i ld  a high 
inpu t  impedance FET d i f f e r e n t i a l  a m p l i f i e r  v i t h  high comon mode r e j e c t i o n  above 1 0  Mlz v i t h  
p resen t  s t a t e  of t h e  art .  For t h i s  reason t h e  h ighes t  frequency of LEP is  l i m i t e d  t o  
1 0  PMz a s  s p e c i f i e d  previously .  

Consider an e l e c t r i c a l l y  s h o r t  d i p o l e  v i t h  a l e n g t h  of 30 cm and a r a d i u s  of 1.5 cm v i t h  
FET a m p l i f i e r s  a s  t h e  inpu t  s t a g e  f o r  an LEP. Vhen t h e  capac i t ance  of t h e  inpu t  s t a g e  FET 
a m p l i f i e r s  is assumed t o  be 6  pF, t h e  t r a n s f e r  f u n c t i o n  of an LEP i s  

-7 
SLEP(f) - -3.59 x 1 0  o r  -28.9 dB. 

The t a n g e n t i a l  s e n s i t i v i t y  ( i . e . ,  S/N = 1, o r ,  a s i g n a l  t o  n o i s e  r a t i o  of 3  dB) can be 
e s t ima ted  as 

The symbols have t h e  f o l l o v i n g  meanings: k is Boltzmanns' conscant (3 1.38 x .JKJL(l), 
T~~~ is a n  antenna temperature  i n  ke lv ins ,  r( i s  an  antenna r a d i a t i o n  e f f i c i e n c y ,  To is 

a n  ambient temperature  i n  ke lv ins ,  T  i s  t h e  e f f e c t i v e  inpu t  n o i s e  t a p e r a c u r e  of an 
amp 

FEP a m p l i f i e r  i n  ke lv ins ,  and B is a  bandvidth i n  Hertz.  Here Tan;n + (1-n)Tn i s  t h e  w i s e  - 
c o n t r i b u t i o n  due t o  t h e  antenna and T  i s  t h e  n o i s e  c o n t r i b u t i o n  due t o  t h e  a m p l i f i e r .  I f  

amp 
t h e  antenna is  surrounded by 290 K environment, t h e  n o i s e  temperature con t r ibu ted  by t h e  
antenna vould be 290 K r e g a r d l e s s  of i t s  r a d i a t i o n  e f f i c i e n c y ,  n .  Assuming t h a t  t h e  n o i s e  
f i g u r e  and t h e  r e s i s t i v e  i n p u t  impedance of a n  FET a m p l i f i e r  a re .  r e s p e c t i v e l y ,  1 0  dB and 
1 Xi?, t h e  t a n g e n r i a l  s e n s i t i v i t i e s  of t h e  a c t i v e  antenna f o r  v a r i o u s  bandvidths  f o r  t h e  
frequency range from 20 Hz t o  1 0  HHz a r e  l i s t e d  below. 

a 17.6 vV/m,  o r ,  24.9 dBvV/m v i t h  1 0  Hz bandvidth (BW) 

55.7 uV/m. or. 34.9  dBuV/m v i t h  100 HZ BW 

176 u V / m ,  o r ,  44.9 dBuV/m v i t h  1 LHz BW 

The dynamic range of  a n  LEP i s  l i m i t e d  by t h e  FET d i f f e r e n t i a l  a m p l i f i e r  characcer-  
i s t i c s .  It is est imated t h a t  t h e  maximum i n p d t  r f  v o l t a g e  be fo re  1 dB g a i n  compression i s  
about  0.05 v o l t  rms f o r  a  t y p i c a l  FET a m p l i f i e r .  Therefore,  t h e  maximum e l e c t r i c  f i e l d  t o  
produce 0.05 v o l t  rms a t  t h e  antenna t e rmina l  i s  1 .39  V/m o r  122.9 dBpV/m. Thus, t h e  
p red ic ted  dynamic range f o r  a LEP i s  98 dB f o r  1 0  Hz bandvidth. 



Similar ly,  the  dyDamFc ranges of the  LPP with various bandvidths a r e  a l s o  ca lcu la ted  
and a r e  s m r i z e d  belov fo r  t he  frequency I age from 20 Bz t o  10 MHz. 1 

e 98 dB v l t h  10 Hz ~ i i  I 
i 

e 88 dB with 100 Hz BZ 
i 

- I 
e 78 dB v l t h  1 kHz aY - ; 

I 
2.2 Mddle  Frequency E l ec t r i c  Field Probe (HEPL 

I 

The technical  approach t o  be used f o r  a middle frequency e l e c t r i c  f i e l d  probe (KEP) i s  a 
r e s i s t i v e l y  loaded antenna. The MEP covers t he  frequency range between 10 MHz and 1 CtIz. 
The schematic diagram of an  HEP is shorn i n  f i gu re  3. 

When an antenna i s  r e s i s t i v e l y  loaded such t h a t  its i n t e r n a l  impedance along the  antenna 
i s  given a s  

where 

and C(a,x) and S(a.x) a r e  t he  generalized cosine and s i ne  i n t eg ra l s ,  t he  e f f ec t i ve  length 
he(f)  and the driving-point impedance Z ( f )  o f  the r e s i s t i v e l y  loaded antenna a r e  then given 

0 

by 

and 

The more detai led discussions on the  cha r ac t e r i s t i c s  of a r e s i s t i v e l y  loaded antenna were 
given by solving the wave equation using the method of moments and a r e  given elsewhere by 
t he  author [2.3,4]. Then, using t he  e f f e c t i v e  length. he( f ) ,  and ;he driving-point bpedance,  

Z ( f ) ,  t h e  t ransfer  funct ion of t he  r e s i s t i v e l y  loaded antennas is calculated by use of 
0 

eq. (2 ) .  

The preliminary experiments were performed using a 15 cm long res i s t ive ly- loaded  dipole,  
i . e . ,  h - 7.5 cm v i t h  a - 0.127 cm. The photograph of t he  r e s i s t i v e l y  loaded dlpole is 
shorn i n  f i gu re  4. A commercially ava i l ab l e  balun (200 Cl balance t o  50 Cl unbalance) was 
used. The t heo re t i c a l  and experimental r e s u l t s  of t h e  t r an s f e r  funct ion f o r  the r e s i s t i v e l y  
loaded antenna a r e  given i n  f igure  5. The agreement i s  very good. It  i s  found f o r  f i gu re  
5 t ha t  the  t ransfer  funct ion i s  very f l a t  a b w e  200 HKz, whereas it r o l l s  off a t  -6 dB 
per octave belov 200 MHz. I n  order f o r  the  response of t he  E P  t o  be f l a t  across the  
frequency range from 10 MHz t o  1 GHz, t h e  gain G: t h e  broadband r f  amplif ier  is t a i l o r ed  t o  
have 6 dB gain increase per octave belov 200 MHz and t o  have a constant gain above 200 MHz. 

The f a r - f i e l d  rad ia t ion  pa t te rns  of the r e s i s t i v e l y  loaded antenna vere invest igated 
t he o re t i c a l l y  and experimentally a t  100 MHz. 1 G h ,  and 2.5 GHz. The r e s u l t s  a r e  shown i n  
f i gu re s  6, 7 ,  and 8. It 16  found from the  f i gu re  that an  i so t rop i c  KEP can be f ~ b r i c a t e d  
up t o  a t  l e a s t  3 GHz using three orthogonal r e s i s t i v e l y  loaded dipoles. 

4 



The t a n g e n t i a l  s e n s i t i v i t y  (i .e. .  S/N - 1, o r ,  a s i g n a l  t o  n o i s e  r a t i o  of  3 dB) is esti- 
mated i n  t h e  same way a s  desc r ibed  i n  s e c t i o n  2.2. It is assumed t h a t  t h e  broadband ampli- 
f i e r  used f o r  t h e  NEP hss a n o i s e  f i g u r e  (NF) of 5 dB inc lud ing  t h e  l o s s  due t o  t h e  balun. 
Using eq. (11) t h e  t a n g e n t i a l  s e n s i c i v i c i e s  a t  v a r i o u s  f r equenc ies  w i t h  v a r i o u s  bandwidths 
a r e  c a l c u l a t e d  and a r e  summarized belov. 

a 89.5 u V  o r  39 dBuV/m ac  10 HIiz v i t h  1 kHz BU 

40.0 c-' )r 32 dBuVlm a t  25 Miz wich 1 kHz BW 

31.7 r b  o r  30 dBvV/m a t  400 MHz w i t h  103 kHz BW 

22.5 u V  o r  27 dBuVlm a t  1 GHz with  100 U z  BW 

She dynamic range of a PEP i s  l imi ted  by t h e  low n o i s e  broadband r f  ampl i f i e r .  A t y p i c a l  
output  power of a broadband a m p l i f i e r  at 1 dB ga in  compression i s  -10 dBm wlth  a ga in  of 
30 dB at  10  m z .  Thua, t h e  maximum r f  v o l t a g e  t h a t  can be app l i ed  t o  t h e  a m p l i f i e r  is 

7.07 x V. To produce t h i s  maximum r f  vo l t age  a t  t h e  antenna terminal .  t h e  maximum 
e l e c t r i c  f i e l d  t o  che antenna is  1.26 V/m, o r  122 dBuV/m. The dynamic range, is, chus 83 dB 
v i t h  1 kHz BW. 

S imi la r ly .  t h e  dynamic ranges  of t h e  PEP with v a r i o u s  bandwidths a r e  a l s o  c a l c u l a t e d  
and a r e  summarized below f o r  t h e  frequency range from 10  MHz t o  1 GHz. 

83 dB with  1 kHz BF 

73 dB wich 10  W z  BU 

a 63 dB wich 100 Uiz BW 

2.3 High Frequency E l e c t r i c  F i e l d  Probe (HEP) 

She t e c h n i c a l  approach t o  b e  app l i ed  f o r  a high frequency e l e c t r i c  f i e l d  probe (HEP) 
is a r e l a t i v e l y  s h o r t  l i n e a r  antenna wich r e s i s t i v e - c a p a c i t i v e  loading. The schematic 
diagram f o r  an HEP is shorn i n  f i g u r e  9. The t e c h n i c a l  reason vhy res i sc ive -capac i ty  
loading is chosen f o r  t h e  HEP i s  a s  follows. I f  a l i n e a r  antenna wich pure  res isc ive- loading 
is t o  b e  used, t h e  maximum d i p o l e  phys ica l  l eng th  before  antenna p a t t e r n s  degrade is found 
t o  be on  t h e  o r d e r  of  t h r e e  (3 )  times t h e  ha l f  wavelength a t  t h e  h ighes t  frequency of  i n t e r e i t  
a s  i n d i c a t e d  i n  f i g u r e  8. Thus, i f  t h e  h ighes t  frequency of  i n c e r e s t  is 1 8  CHz, t h e  

maximum d i p o l e  l eng th  allowed must be l e e s  then 3 x cm - 2.5 cm. I n  p r a c t i c e ,  i t  i s  

very d i f f i c u l t  t o  f a b r i c a t e  a 2 .5  cm long l i n e a r  d i p o l e  antenna with  t h e  proper  r e s i s t i v e  

loading.  On t h e  o t h e r  hand, vhen a l i n e a r  d i p o l e  antenna v i c h  re s i sc ive -capac i t ive  
load ing  is t o  be used f o r  t h e  HEP, t h e  maximum d i p o l e  phys ica l  l e n g t h  be fo re  antenna 
power p a t t e r n s  degrades can be about  six (6) t imes t h e  h a l f  wavelength a t  t h e  h ighes t  
frequency of i n c e r e s t .  Th i s  means t h a t ,  i f  t h e  h ighes t  f requency o f  i n t e r e s t  is 1 8  CHz. 

t h e  maximum allowed d i p o l e  phys ica l  l e n g t h  i s  6 x cm 5 cm. I f  t h e  h ighes t  frequency 

of i n t e r e s t  could be lowered t o  12 GHz from 18 CHz, then  t h e  maximum allowed d i p o l e  phys ica l  - - 
L 3 l e n g t h  becomes 6 x + cm * 7.5 cm. I t  i s  f e a s i b l e  t o  f a b r i c a t e  a 7.5 cm long d i p o l e  wt th  - 

r e s i scance -capac i t ance  loading without  much d i f f i c u l t y .  

There i s  ano the r  seve re  r e s t r i c t i o n  which l i m i t s  t h e  h ighes t  f requency of t h e  HEP t o  
1 2  Gsz i n s t e a d  of 18 GHz. I n  o r d e r  t o  a s s u r e  equa l  c u r r e n t s  i n  t h e  two a m  of a d i p o l e  f o r  
a syuauetrical power p a t t e r n ,  t h e  arms should have t h e  same impedance t o  ground. Such a load  
should b e  f e d  by a t ransmiss ion l i n e  as a two-vire l i n e ,  which i n  t c e e l f  is  balanced t o  
ground. However, a t  h igh  f r equenc ies ,  p a r t i c u l a r l y  above 1 CHz, unbalanced c o a x i a l  l i n e s  
a r e  always used i n  p r a c t i c e ,  so t h a t  we encounter t h e  problem of  t ransforming from an 



unbalanced t o  a balanced system. Thr device thpc accomplishes the balanceto-unbalance 
t r a n s f o m t i o n s  is a balun. After  cur  extensive search  f o r  a high frequency broadbud 
balun, we a r e  not ab le  t o  f ind a balun t o  cover the  frequency range from 1 GHz t o  18 CRz. 
The only pos s ib i l i t y  which comes c l o s e  t o  our requirement is a 1-12 CHz broadband balun, 
which may be obtained from a comerc l a l l y  ava i lab le  f l a t  s p i r a l  antenna. Because of t he  
time schedule, i t  was not possible  a t  t h i s  time t o  perform a more extensive research e f f o r t  
f o r  both an antenna and a balun f o r  the  purpose of extending t he  frequency from 12 CHz to  
18  CXz. Therefore, a l l  engineering design and supporting t e s t  da ta  f o r  the  WS included i n  - 
c h i s  sec t ion  cover t he  frequency range between 1 Ctlz and 1 2  .Hz. 

A l l n e a r  antenna with capac i t ive- ree i s t ive  Loading was fabr ica ted  and l a  shown in 
f igu re  10. The present  l i n e a r  d ipo le  antenna with capac i t ive- res i s t ive  loading i s , 7 . 5  an 
long v i t h  0.127 cm radium. The f a r - f i e l d  r ad i a t i on  pa t t e rn s  of the  antenna a r e  icivestigated 
experimentally a t  2, 8, and 12 CHz. The r e s u l t s  a r e  shorn i n  f igures  11. 12, and 13. These 
f i gu re s  show thac an i so t rop ic  BEP can be fabricated up t o  12 CHz us'ag th ree  orthagonal 
l i n e a r  dipoles  wizh capaci t ive-resis t ive loading. 

The preliminary experimental resclts f o r  the  t r an s f e r  furrction of t he  sncenna a r e  shovn 
i n  f i g u r e  14. Typically, the t ransfer  fvnction of a l i n e a r  antenna with a resiscive-capaci t ive 
loading i s  -51 dB a t  1 GI& and -38 dB a t  10 FHz. 

The tangential  s e n s i t i v i t i e s  a r e  calculated i n  the  same way a s  before. Assuming thac 
the noise f igure  of a pre-amplifier i s  7 dB including the l o s s  due t o  a balun, the 
tangent ia l  s e n s i t i v i t i e s  a t  various frequencies with various bandwidths a r e  sum~orized 
below. 

9 71 pV/m, o r  37 dBpV/m a t  1 CHz with 10  LHz BU 

9 40 uV/m, o r  32 dB V/m a t  5 CBz with 100 kHz BU 

159 uV/m, o r  44 dB V/m a t  10 CHz with 1 IlXz BU 

The dynamic range of an XEP i e  l imited by the pre-amplifier. A typ ica l  amplif ier  with 
a gain cf about 20 dB has an  outplc power of 0 dBm ac 1 dB gain compression. l'hue, the 

maximum r f  input vol tage before 1 dB gain cmpre s s ion ' i e  2.24 x LO-' v o l t  rms. The 

maximum e l e c t r i c  f i e l d  a t  1 CHz to  produce 2.24 r 10'~ v o l t  r w  at t he  ante- terminal 
is 7.93 V/m. o r  138 dBpV/m. Therefore. t he  dynamic range of t he  HE'P for  10  Wz BY is 101 dB. 

S imi la r ly  the  dynamic ranges of t he  lEP f o r  v a r i o w  bandwidths a r e  c a l c u l ~ t e d  and 
sumar ized  below f o r  the  frequency range between 1 and 12 GHz. 

9 101 dB with 10 Wiz BW 

91 dB with 100 W z  BW 

81 dB with i hHz BW 

3. WCNETIC FIELD PBOBZ PERFOBHANCE 

A magnetic f i e l d  probe cons is t s  of an electr ical ly-small ,  balanced loop antenna. The 
response of a loop antenna is d i r e c t l y  proportionel co frequency. To make t h e  response of 
a loop antenna f l a t  over the  frequency range of In te res t ,  t h e  Q of a loop antenna i n  reduced 
through a loading res i s tance  a t  the  antenna terminal. The induced voltage a t  the  antenna 
t e d n a l  i s  then fed i n t o  a conventional d i f f e r e n t i a l  amplif ier .  The schemstic d?~gram of 
a magnetic f i e l d  probe using a loop antenna is shorn i n  f i gu re  15. I n  t h i s  s e c t b n ,  the 
t r a n s f e r  funct ion of an e l e c t r i c a l l y  small loop antenna with J loading res i s tance  i s  f i r s t  
discussed by considering t h e  response and the resonance e f f ec t  of the loop antenna. Then, 
using the  t ransfer  function of t he  loop antenaa with a loading resis tance,  the  preliminary 



designs and the  performance spec i f ica t ion  l i m i t s ,  i.e., t angent ia l  s e n s i t i v i t i e s  and d y i c  
ranges fo r  broadband magnetic f i e l d  probes fo r  the  various frequency ranges of i n t e r e s t ,  a r e  
discussed. 

3.1. The Transfer Function of an Elec t r ica l ly  Small Loop Antenna with a Loading 
Resistance 

The induced voltage Vi of an e l e c t r i c a l l y  small loop antenna is determined from ?(amell's 

equations with Stoke's theorem. and is given by 

where E is the  tangential  component of an e l e c t r i c  f i e l d  s trength,  t i s  the circumference inc  
of the loop, w is the angular f r eq~ency ,  II is the permeability. H is t h e  normal ccmonent of inc  
a magnetic f ie ld .  N is the number of loop turns,  and S i s  t he  a rea  of a loop. I t  should 
be noted t ha t  t he  induced voltage V of an e l e c t r i c a i l y  small loop antenna is proporiional i 
to frequency, the  number of loop turna, and t o  t h e  a rea  of a loop. To make the  reeponse 
of a loop antenna f l a t  over the frequency range of i n t e r e s t .  the  Q of t he  loop antenna is t o  
be reduced through a loading resistance.  

The reeonance i s  t he  r e s u l t  of t he  combined e f f e c t  of the d is t r ibu ted  capacitance of a 
loop, the gap capacitance, and the  capacitance of then amplif ier  along with the inductance of 
a loop. The equivalant c i r c u i t  for  an e l e c t r i c a l l y  emall loop antenna is shovn in  f igure  16. 
Here Vi is the  induced voltage. L is the loop i ducmnce .  C is the capacitance, R is the  
loading res i s tance ,  and VL is the  voltage acrose a load resistance.  Then, the response of 
an e l e c t r i c a l l y  small loop antenna is given by 

where 

R 1 
Q=-, Xo X o -  ~ W L - ~  6 - W  w o 

and 

the resonance angular frequency. The responae of an electr ical ly-small  loop antenna i n  dB 
(i .e . ,  20 log(vL/vi()  a s  a tunccion of notmolized frequency, *loo, is shown i n  f i gu re  17 f o r  

various Q 2 1. 

Combining eq. (16) and eq. (17). the t ransfer  fac tor  of an s 1 e ~ : r i z a i l y  emall loop 
antenna i e ,  then, given by 

v- 
1 

S(f ) = + - wo!JNS 1 
inc  1 ' a +  j ( 6  - a )  

The normalized t ransfer  fac tor ,  Sn(f) ,  of a loop with a l o d i n g  r e s i s t o r ,  i .e.,  



i n  dB as a funct ion of normalized frequency, m/uo, is given i n  f i gu re  18 f o r  various Q 5 1. 

It is c l e a r l y  found from f i gu re  18 tha t  t he  upper frequency end of t he  3 dB ro l l -of f  
point. wh. is  given by ~ 5 ~ 9  - 1 acd, s imi la r ly ,  the  corresponding lower frequency end of 

the  3 dB ro l l -of f  point,  mi, is given by 6,/Q - : Thus, from these  conditions, it is found 
t ha t  

The : $ e l f - r e s o m e  frequency of a loop should be determined a s  the  geometrical mean of its 
'.%:1est and lowest cut-off frequencies. 

3.2 Low Frequency Wgnet ic  Field Probe (LWl 

The t e c h d c a l  approach f o r  a low frequency uagnetic  f i e l d  probe (LUP) is t o  use a loop 
antenna with a lnading resis tance.  The LPlP covers the  frequency range between 20 Hz and 
PO Mz. ~s discuseed in seccian 3.1, by s e l ec t i ng  400 Uz and 50 kEz a s  the  upper acd t h e  
iower 3 dB rol l-off  frequencies, the  salf-resonant frequency of a loop antenna, which is 
chosen a s  a geometrical mean of these frequencies, becomes f - 4.47 Lllz. Then, t h e  required 
Q f o r  the  loop i s  Q - 0.0894. The t r an s f e r  functio11 of the  Poop ant-, which is f l a t  
from 400 tlz t o  50 LBz is given by aq. (18). 

Uhen an e l e c t r i c a l l y  amall, twenty-turn, balanced loop antenna of 0.3 m in diameter i e  
chosen fo r  the  W, the  t r an s f e r  funct ion is given by 

VL SW(f)  - - - 4.463 x o r  -47 dB. 
"inc 

The tangent ia l  s e n s i t i v i t i e s  of t he  IW a r e  d e t ~ m b e d  in the  samm way a, dwcr ibcd  
in s e r ~ i o n  2. Assuming tha t  t he  wise f i gu re  arA the  input impedance of a t yp i ca l  ~ i f f e r -  
e n t i a l  amplif ier  used f o r  UP a r e  10 dB and 5 LR rerpect ively.  the  tangent ia l  s e n s i t i v i t i e s  
f o r  t he  frequency range between 400 Hz and 50 kEz a r e  given below. 

10  vA/m o r  20 dBuA1m (22 dBpT) v i t h  10 Hz BY 

31.7 : d / m  or  30 dBMm (32 dBpT) v i t h  100 Hz BU 

100 #Is o r  40 dBuA/m (42 dBpT) v i t h  1 lrHz BU 

Since the t ransfer  funct ion of t he  loop antenna v i t h  a loading r e s i s t ance  r o l l s  c f f  
a t  -6 dB per octave below 400 Hz, the tangent ia l  saxulitivities fo r  10 9z bandwidth a r e  
est imated t o  be. f o r  exemple. 35 d B d m  (or 37 dBpT) a t  100 Hz and 41  dBWm (or  43 dBpT) 
a t  50 Hz, provided t ha t  t he  wise f i gu re  of the  d i f f e r e n t i a l  amplifier s t ay s  10 dB a t  these 
low frequencies. 

The dynamic range i s  l imited by t h e  d i f f e r e n t i a l  amplif ier .  Assumlag t h a t  maximum input  
r f  vol tage co a d i f f e r e a t i a l  ampl i f ie r  Lefore 1 dB gain compression i s  about 0.01 v o l t  ma .  



- , ' 
~ ~ ~ .. .. . 

t h e  dynamic ranges of  t h e  LP(P f o r  t h e  frequen 
belov. 

137 dB v i t h  10  Hz BG 

r 97 d~ with 100 HZ BT~ . 87 dB v i t h  1 lrHz BG 

3.3 Middle Frequency Maguetic Field Probe (W) 

The t e ~ h n i c a l  approach f o r  a middle frequency magnetic f i e l d  probe (KHP) is t o  use a 
loop antenna with a proper loading res i s tance .  The MKP covers the  frequency change between 
50 kliz and 32 MHz. Aa disccqsed i n  s e c t i o n  3.1. t h e  self-resonance frequency i s  t o  be chosen 
a s  a geo.netricalmean of t h e  lowest and highest  cut-off f requencies ,  1.e.. f - 1.265 Hz. 
Tnen the  rrcquired Q of t h e  loop ante- should be Q - 0.0395. The t r a n s f e r  ?unction of  t h e  
loop antenna, which i s  f l a t  ac ross  the  frequency range from 50 LAz t o  32 UHz, is 

5(f) - - "L - 0.3945 SN. (23) Hint 
When an e l e c t r i c a l l y  small,  six-cum, balanced loop antenna with 10 cm i n  diameter is 

chosen f o r  KHP, t h e  t r a n s f e r  func t ion  of the  FW2 is given by .. 

Since it was observed experimentally t h a t  t h e  inductance of s ix- turn loop antenna v i t h  10 cm 
i n  diameter is  about 6.86 PZ, t h e  required loading r e s i s t n n c e  i s  2.15 n. 

The tangent ia l  sensitivity of an PIW is determined i n  the  same way a s  described i n  
s e c t i o n  2. I t  is a s s w d  t h a t  the  w i s e  f i g u r e  and the  input  impedance of a t y p i c e l  d i f f e r -  
e n t i a l  amplif ier  used f o r  M PPlP is 6 dB and 1 M, respectively. Then, t h e  t angent ie l  
s e n s i t i v i t i e r ,  f o r  the frequency range from 50 k& t o  32 MIz f o r  var ious  bandwidths a r e  
given below. 

21.5 pA/m o r  26.6 dBuA/m (28.6 dBpT), v i t h  1 0  kHz BU 

67.9 @/m o r  36.6 dBuA/m (38.6 dBpT) with 100 ! '2 BY 

215 @/m o r  06.6 dBuA/m (48.6 dBpT) f o r  1 W z  BU 

The dynamic range is l imi ted  by t h e  d i f f e r e n t i a l  nmplifier. Aesuming t h a t  t h e  mxioum 
r f  input  vo l tage  t o  t h e  d i f f e r e q t i o l a m p l i f i e r  before 1 dB ga in  comprerslon i 6  about 0.01 
v o l t  ms. t h c  dynamic ranges f o r  t h e  frequency range besueun 50 kHz and 32 K z  f o r  var ious  
baudvidths a r e  given below. 

88 dB. with 10 kHz BW 

78 dB, with 100 !&z BU 

68 dB, w i t h  1 MHz BW 



4. CONCLUSION 

A f e a s i b u t y  study and a preliminary engineering t e a t  program have been conducted t o  
e s t ab l i sh  the  preliminary designs and performence specification l imi ta  f o r  broadband, 
i so t ropic ,  receiving e l e c t r i c  f i e l d  and magnetic f i e l d  probes f o r  electroma$netic emleaion 
m e a s u r m t s .  

From the  f e a s i b i l i t y  study and preliminary engineering test program, i t  i s  concluded 
tha t  the following e l e c t r i c  f i e l d  ~ n d  magnetic f i e l d  probes performance requirements a r e  
feas ib le .  

4.1 E l ec t r i c  Field Probe Perfomance 

Low Frequency E lec t r i c  Field Probe (LEP) 

Frequency range: 20 Hz t o  10  WBz 

Tangential s e n a i t i v i t i e s  f o r  the frequency range spec i f ied  above: 

24.9 dBpV/m with 10  Hz BU 

34.9 dBuV/m with 100 Bz BW 

44.9 dBuV/m with 1 WLz BW 

Dynamic range: 98 dB with 10  Hz BU 

88 dB with 100 Hz BU 

78 dB with 1 U z  BU 

Middle Frequency E lec t r i c  Field Probe ( H E P l  

Frequency range: 10 HKz t o  1 GRz 

Tangential s e n s i t i v i t i e s  fo r  the  frequency range specif ied above: 

39 dBuV/m at 10 MHz with 1 M z  BU 

32 dBuV11u a t  25 KHz with 1 kHz BU 

30 dBuV/m a t  400 Miz v i t h  100 kHz BU 

27 dBpV/m a t  1 W z  with 1 C O  kHz BW 

Dynamic range: 83 dB with 1 M z  BU 

73 dB with 10 kHz BU 

63 dB with 100 kHz BU 

Sigh Frequency Elec t r ic  Field Probe (HEPl 

Frequency range: 1 GHz t o  12 GHz 

Tangential s e n s i t i v i t i e s  i o r  the  frequency range specif ied above: 

37 dBuv/m a t  1 GHz with 10 M z  BU 

32 dBuV/n a t  5 GHz with 100 kHz BU 

44 dBuV/m a t  12 GHz with 1 MHz BU 



Dynamic range: 101 dB wi th  10 k'zz BW 

91 dB with 100 kHz BW 

8 1  dB wi th  1 HHz BW 

4.2 Magnetic F ie ld  Probes 

Low Frequency Magnetic Field Probe (UP) 

Frequency range: 20 Hz t o  50 kHz 

Tangential s e n s i t i v i t y :  

For t h e  frequency range from 20 Hz tu  400 Hz: 

41 dBuA/m (43 dBpT) a t  50 Hz v i t h  10 Yz BW 

35 dBuA/m (37 dBpT) a t  100 Hz with  10 Hz BW 

For t h e  frequency range from 400 Hz t o  50 kHz: 

20 dBuA/m (22 dBpT) with 10 Xz BW 

30 dBuA/m (32 dBpT) with 100 Hz BW 

40 dBuA/rn (42 dBpT) with 1 kHz BW 

Dynamic range: 107 dB with 10 Hz BW 

97 dB wi th  100 Hz BW 

87 dB with 1 kHz BW 

Middle Frequency Hagnetic Field Probe (W) 

Frequency range: 50 kHz t o  32 KHz 

Tangential s e n s i t i v i t y  f o r  the  frequency range spec i f i ed  above: 

26.6 dBuA/rn (28.6 dBpT) with 10 kHz BW 

36.6 dBpA/m (38.6 dBpT) with 100 kHz BW 

46.6 dBuAlrn (48.6 dBpT) wi th  1 MHz BW 

Dynamic range: 88 dB with 10 kHz BW 

78 dB with 100 kHz BW 

68 dB with 1 HHz BW 
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Figure I. Schematic diagram for low frequency electric field probe (LEP). 
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Figure 2. Transfer function of an electrically-short dipole with FE'i load. 













F A R - F I E L D ,  2.5 GHz 

Figure 8 .  Far-field radiation patterns: a t  2 . 5  GHz. 



Figure 9 .  frequency electric field probe (HEP). 





Figure 11. Radiation pattern of dipole with resistive-capacitive 
loading at 2 GHz. 



Figure 12. Radiation pattern of dipole with resistive-capacitive 
loading at 8 GHz. 



Figure 13. Radiation pattern of dipole with resistive-capacitive 
loading at 12 GHz.  





LOOP ANTENNA 

DIFFERENTIAL AMPLIFIER 

LOADING RESISTOR 

Figure 15. Schematic diagram of magnetic f i e l d  probe. 





Figure 17. Response of electrically-small loop antenna. 
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