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scan  angle  corresponding to  the  location  of  the  beacon. Con- 
sequently,  we  conclude  that  the self-survey technique ac- 
curately  coheres  a  nonrigid  array. 

The  radiation  pattern was measured,  after self-survey and 
beam  forming,  for  three  configurations of the  flexing  array  and 
for  numerous  beam-pointing  directions. A typical  radiation 
pattern  focused  at  broadside  (beam-forming angle = 0') is 
shown in Fig. 2. The  pointing  accuracy is evident.  The  width 
of the  main  beam is consistent  with  the size of  the  array [ 5, p. 
401. The relatively  high  sidelobe level  is in n o  way  a  conse- 
quence  of  self-survey,  but  rather  the level expected  of  an  array 
containing so few  elements [ 5 ,  p. 1421. Comparison of the 
radiation  patterns  for  the  different  array  configurations  showed 
variations  in  the  height  and  placement  of  particular  sidelobes; 
however,  the average  sidelobe level  was not  affected  by  array 
flexure. 

The  main-beam gain and  pointing  error  measured  relative 
to  a  perfectly  cohered  beam  was  recorded  as  a  function of 
scan  angle  from  broadside  for  the  three  array  configurations. 
The gain  loss  and  squared  pointing  error  were  averaged  over all 
scan  angles  within the  spread  of  the  beacons  and over all three 
array  configurations to obtain an average  gain  loss  of L = 
-0.061  dB  and  an rms pointing  error of 0.021'. This  pointing 
error is very small, and  the gain loss is approximately  the  same 
as  the  predicted value. 

The gain loss is plotted as a  function  of  pointing  angle  for 
several  trials in [ 6 1 .  The  shapes  of  the  curves  are  as  predicted 
by  the analysis  in [ 3 ] .  That is,  there is little gain loss for 
pointing angles within  the  spread of the  beacons;  the gain loss 
rises somewhat  for  pointing angles near  the edges  of the  spread 
and  becomes  large  for  angles  outside  the  spread. 

The  tolerance  theory  in [3] indicates  that  beacon angle 
measurement  errors  should  cause  a  pure  beam-pointing  error 
in a  nearly  linear  self-cohered  array. In order  to  test  that 
theory, we repeated  the self-survey  processing  a number of 
times  for  three  array  configurations,  using  beacon  angle esti- 
mates  to which known  errors were added.  The main-beam 
characteristics  were  measured  after self-surveying with  each 
different  combination  of  beacon angle errors. A typical  result 
is shown in Fig. 3.  (The  errors  in  the  beacon angle  measure- 
ments  are  shown  in  the figure.) The gain plot is almost  identical 
with  the gain plot  in  the  absence of beacon angle errors  (see 
[ 6 ]  ), verifying the  prediction  that  the  error  would  be  a  pure 
pointing  error.  The  mean  beacon angle measurement  error  for 
Fig. 3 is  positive  (corresponding  to  a  negative  mean  beacon 
placement  error).  Consequently,  we  would  expect  the  mean 
pointing  error t o  be  negative as shown in the figure. 

The  tolerance  theory  in [3] predicts  that  the variance  in 
pointing  error will be  roughly  equal to  the  rms  of  the  beacon 
angle  errors for  pointing angles within  the  spread  of  the bea- 
cons  but will be  large for  pointing angles outside  the  spread. 
The  pointing  error  for  an individual  trial  (Fig. 3) need  not  fol- 
low  this  pattern. We obtained  the  pointing  error as  a function 
of pointing  angle  for  eight  different  sets of beacon  angle meas- 
urement  errors  for  each of three  array  configurations. We 
normalized  the  pointing  error  plot  for  each  trial  by  the  rms  of 
the  beacon angle errors  for  that  trial,  then  determined  the 
mean  square  pointing  error  as  a  function  of  the  pointing angle. 
m e  resulting  curve was in close  agreement  with  the  predicted 
curve  of  pointing  error  variance [ 6 ] ; that is, the values of the 
normalized  curve  were  slightly less than  unity  for  pointing 
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Fig. 2. Typical  radiation  pattern  after self-survey. Vertical  arrows in- 
dicate  beacon angles. 
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Fig. 3.  Effect on focused  main  beam  of  beacon  angle  measurement 
errors. Errors are 1". -2", 3", - 1". Solid  arrows  indicate  accurate 
beacon angles. Dotted  arrows  indicate  error-corrupted angles. 

angles within  the 40' spread of the  beacons  but large outside 
the  spread. 
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circuits  for  frequencies up to 30 MHz are  presented. High per- 
formance is obtained by using  unusual amplifier types  having  a 
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virtually  grounded  input  electrode  of  the  input  active  device, and a 
large  amount  of  negative  feedback  over  several  stages.  The  realized 
antennas  with  a  physical  length  of 0.5 m have a flat  frequency 
response from 5 kHz to 30 MHz and  extremely low distortion  (second- 
order  intercept >+70 dBm, third-order  intercept >+50 dBm).  The 
antennas  are  thoroughly  protected  against  statics:  without  sacrificing 
the  high  dynamic  range.  Output power levels  up to +28 dBm can be 
handled.  The  electric  field  strength may exceed 10 V/m. The 
equivalent input noise  field  strength  amounts to about 25 nV/rnf i .  

I. INTRODUCTION 

An  undisturbed  reception  of  radio signals in  the  frequency 
region 10 kHz-30 MHz is strongly  hampered  by  (external) 
atmospheric,  man-made,  and  galactic  noise.  It is obvious  that 
there is n o  reason to strive  for  a  noise  contribution  of  the re- 
ceiving  system  that is far  below  the received external  noise. 

Even with short-very  high  impedance-antennas  (1 < X) 
it  appears to be  possible to maintain  the  external signal-to- 
noise  ratio,  provided  that a  specially  designed  amplifier is in- 
serted  between  antenna  and receiver. Following  common 
practice,  we will indicate  such  a  combination of an  antenna 
and  an  amplifier  directly‘  connected t o   i t  as an  active  antenna 
[ 1 1, [ 21. Because  of  the  small  physical  dimensions  of  active 
antennas,  their  application is  very  attractive  in  mobile receiving 
systems  and  in  antenna  arrays. 

An  active  antenna  can  have  various  additional  advantages. 

Its  transfer  function  can  be  made  broad-band  and  frequency 

0 Its  output  impedance  can be  accurately  matched to   the 
independent  and  can be accurately  fiied. 

characteristic  impedance  of  the  cable  to  the receiver. 

Because an  amplifier  forms  a  part  of  the  active  antenna,  noise 
and  distortion  products  are  inevitably  added  to  the received 
signals. Design efforts  must  therefore  be  focused  on  minimizing 
these  contaminating signals and  maximizing  signal-handling 
capability. 

Amplifier  noise  minimization  offers  the  possibility  of re- 
ducing  antenna  length.  The  reduction  of  intermodulation dis- 
tortion  and  the  enlargement  of  the  signal-handling  capability 
increase the  suitability  of  active  antennas  on  locations  where 
strong  interfering signals are  present.  Other  important design 
aspects  are  the  accuracy of the  antenna  transfer  function  (for 
application in antenna  arrays)  and  the  protection  against  statics. 

In this  communication  we wiU present design considera- 
tions  for  broad-band  active  antennas  for  the  10 k H z 3 0  MHz 
range. The resulting  configurations  have  significantly  better 
properties  than  those  reported  until  now.  The  major  improve- 
ments  are  consequences  of  a  new  approach  that  does  not  use 
basically new  amplifier  techniques,  but  that  breaks  with  a  cur- 
rent  prejudice  that  implies  that  the  input  impedance  of  the ac- 
tive-antenna  amplifier  should  be  high  for  optimum  perform- 
ance [ 31.  The  keys  to  the  improvements  are as  follows: 

0 the  application of  a  large amount  of  negative  feedback 
around several  cascaded  stages,  instead of  the use of cas- 
caded  stages  with  local  feedback,  and 

0 a  virtual  grounding of the  input  electrode of the  input ac- 
tive  device  by  special  types of feedback  at  the  input, allow- 
ing  protection  without  degradation  of  the  linearity  and  the 
accuracy  of  the  antenna  transfer  function. 

An additional  improvement  can  be  obtained  by  applying two 
negative  feedback  loops t o  prevent  the loss  of  output signal 
power. 

11. DESCRIPTION OF  THE RECEIVING  SYSTEM 

The active  antennas to  be  dealt  with  are  composed of  a 
short passive antenna  rod  (1 Q X) and  an  amplifier  directly 
connected  to  it.  The  antenna  rod is assumed t o  be  placed  on 
a  supporting  structure.  The  amplifier  ground  may  therefore 
carry  a  substantial  common-mode voltage. The  virtual  ground 
mentioned  above  refers to  the  differential  input signal of  the 
amplifier. The  influence of supporting  structures on the  an- 
tenna  parameters  has  been  described  by  Lindenmeier [ 3 ] .  Fig. 
1  shows  a  complete  receiving  system.  The  equivalent  circuit 
of the passive antenna is given in  this  figure. E is  the  electric 
field  strength, hef f  is the effective  height,  and C, represents 
the  antenna  impedance. 

The  function of the active  antenna is t o  convert  accurately 
the  information  present in the  electromagnetic  field  into  an 
electric  power  delivered to   t he  receiver  containing  the  same in- 
formation  without  the  addition  of  contaminating signals such 
as noise or intermodulation  products. 

Referring to  Fig. 1, the design  goal can  be  formulated al- 
ternatively:  the  transfer  function U R ~ / E  = ha,  (the effective 
active  antenna  height)  must  be  realized as  noise-free,  linearly, 
and  accurately  as  possible.  The  last  requirement  in  particular 
refers to  the  application of active  antennas  in  antenna  arrays. 

Furthermore,  a  protection  against  “statics”must  be  attended 
to.  For  this  purpose,  low noise,  high  speed,  high  current  diodes 
are  suitable,  and  it will be  assumed that  these  diodes  are  placed 
in  parallel  with  the  input  electrodes of the  input active  device. 

The  output  impedance 2, of  the  amplifier is conveniently 
chosen to  be  equal to   the generally  accepted  characteristic im- 
pedance  of 50 a. In consumer  applications  such as car  radios 
this  last  requirement  can  be  abandoned, giving some relief  with 
respect t o  signal-handling  capability. 

111. THE AMPLIFIER  SIGNAL-TRANSFER  FUNCTION 

The  realization  of  highly  accurate  and  linear  transfer  func- 
tions  requires  the  application  of  negative  feedback  with  large 
(open)  loop gain. Optimum  results  can  be  obtained if the  loop 
gain is made  as  large as  possible, but still  consistent  with  band- 
width  and  stability  requirements.  Therefore,  feedback is pre- 
ferably  applied  around several  stages  (overall feedback),  pro- 
vided that  the poles  of the  loop  transfer  function  are  sufficiently 
manageable. 

Various types of feedback  can  be  considered. An important 
design consideration is that  those  types of input  feedback  are 
preferred  that do not seriously  degrade the noise  performance 
limits  set by the  input active  device  of the amplifier.  More- 
over, the  feedback  should  force  the  input  electrode  of  the  in- 
put active  device to  ground  potential  (“virtual  ground”), so 
that  the  input  protection  diodes  do  not  disturb  the  linearity 
nor  the  accuracy  of  the  antenna  transfer  function, 

Configurations  with  floating  input  ports  (such as conven- 
tional  voltage  amplifiers  and  voltage  followers)  are  inferior be- 
cause  of  their  voltage  dependent  and  inaccurately  known in- 
put  capacitances,  composed of the input-device  feedback ca- 
pacitance,  the  capacitance  of  the  protection  diodes,  and  some 
wiring  capacitance.  The  configurations given in Fig. 2 meet 
the  above  condition  of  a  virtual  ground,  and have frequency 
independent  transfer  functions in addition.  These  are given 
for a  sufficiently  large  loop gain and  with Zo = Z I  by 

A , ,  = Ur/U,=-i  C,/Cf (a) 

A , ,  = U,/U, = f It. (b) 



906 IEEE  TRANSACTIONS ON ANTENNAS AND PROPAGATION,  VOL.  AP-28,  NO. 6, NOVEMBER 1980 

Fig. 1. Receiving  system  with  active antenna. U, is open  (passive)  an- 
tenna voltage; C, is bassive) antenna impedance. 

(b) 
Fig. 2. Active antenna amplifer configurations with frequency-in- 

dependent transfer  functions  and  virtually  grounded input electrode 
(vg) of input active  device. 

The  configuration of Fig. 2(a)  has  a  low  input  impedance  and 
the  transfer  function is, therefore,  largely  insensitive to para- 
sitic  impedances  at  the  antenna  footpoint.  The  configuration 
of Fig. 2(b)  has  a  high  input  impedance.  The  (small)  wiring 
capacitance C,1 may  have  some  influence on the  transfer 
function. 

The  type of feedback  at  the  output  should  preferably  not 
reduce  the  signal-handling  capability. A combination of shunt 
and  series  feedback is advantageous  for  realizing  the  desired 
5042 output  impedance,  thus avoiding the usual output  power 
loss of 3 dB caused  by the 5042 series  or  shunt  impedances 
[41. Fig. 3 gives two basic configurations.  Their  transfer 
properties  in  the  case of infinite  loop  gain  are  summarized  in 
the figure  legends. 

The so-called  transimpedance  amplifier of Fig. 2(a) is at- 
tractive in spite  of  its  output  power loss  in the 50-f2 series 
resistance  at  the  output  because no transformers  are  needed. 
It is  particularly  suitable  for  applications in low-cost  car-radio 
antennas.  Moreover, it lends  itself to  manufacture as an  inte- 
grated  circuit. 

IV. NOISE CONSIDERATIONS 

The  noise of the  total receiving  system is composed of three 
distinguishable  contributions: 

a the  external  noise  generated  in  the passive antenna,  which 
can  be  estimated  for  a  specified  time  and  location  from  the 
CCIR  report  322 [ 51 and  can  be  characterized  by  the ex- 
ternal-noise  field  strength eenr resulting  in  an  antenna  volt- 

0 the noise  generated  in  the  amplifier,  which  can  directly  be 
age Uaen = eenheff; 

cb) 
Fig. 3. Active antenna amplifier  configurations  with combinations of 

series and shunt feedback at  output in order  to  avoid output power 
loss. (a) For Z O  = ZJl + nC1/C2) = ZRX: UmlV,= -Ca/2C2. (b) 
 or Zo = Z,-n-.m = ZRX: URX/va = m/2. 

expressed  in  an  equivalent  antenna  noise  voltage u,, when 
the  antenna  impedance is known; 

0 the noise  generated  in  the  receiver,  characterized  by  its 
noise  figure FRX. It  can  conveniently  be  converted  into  an 
equivalent  antenna  noise  voltage U ~ R X  as  well. 

The  total  power  density  spectrum of the  equivalent  antenna 
noise  voltage  can  be  written as the  sum of the  converted  spec- 
tra: 

S(Ueq.tot) = S(uaen) + ~ ( u , R x )  + s(u,,). 

The relative  shares  of  these  noise  contributions  depend  on vari- 
ous parameters of the  system,  such as the  length of the  antenna, 
the receiving  frequency,  the gain of the amplifier,  and  the 
noise  parameters of the  input device of the amplifier. We will 
deal  successively  with the various  contributions. 

A .  Noise  Contribution of the  Amplifier 

The active  system  can  be  characterized by two  equivalent 
input noise  sources ueq and ieq.  The  equivalent  antenna  noise 
voltage uea  can be determined by converting  the  current 
source i,, into a voltage  source.  Supposing  that the  sources 
u,, and  ieq  are  uncorrelated, we find 

From  this  expression  it  follows  that  the  influence of the equiv- 
alent  current  source is larger  at  lower  frequencies  and  for  higher 
antenna  impedances. 

For  short  antennas  in  the  VLF  and LF frequency  band, 
S(ieq) must  be  extremely  small,  and  the  field  effect  transistor 
(FET) is therefore  the  obvious  choice  for  the  input  device. Fig. 
4 shows  a  simple  equivalent  circuit of the  junction  FET  with 
its  noise  sources i ig,  ig, id, and  idf. 

In  addition,  the  load  impedance Z I  and  its  associated  noise 
source il are  shown,  together  with  the  input  noise  sources 
u2,, and  iZeq of the  second  amplifier  stage.  The  antenna is 
supposed  to be directly  connected to the  FET. 
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Fig. 4. Equivalent circuit o f  junction FET input stage  with  noise 
sources of FET, load, and  second  stage. 

The  feedback  network  components  are  not  taken  into ac- 
count  for  the  time being. The  thermal  channel  noise of the 
FET  is  represented  by  the  sources ii, and id. It  can  be  shown 
that  the  influence of the  induced  gate  noise ii, can  be disre- 
garded  in  wide-band  amplifiers [6].  The  spectrum of id is 
given by S( id )  = 4kTcgrn,  where  the  constant c has  a  value 
between 1 and 1.5 [ 71. The  sources i, and i d f ,  representing 
the  shot noise  of  the  gate  leakage  current  and  the  excess  noise, 
respectively,  only  play  roles  at  very  low  frequencies.  Further- 
more,  noise  currents will be  added  at  the  input  by  the  presence 
of bias and  protection  components. We will  give them  atten- 
tion  separately. 

The  current  sources id, ii, and iZeq  can be combined into 
one  source io whose  spectrum is given by 

S(io)  = S(id)  + S(ii) + S(i2,q).  

This source  and  the  source u Z e q  can  be  transformed  into  an 
equivalent  noise  voltage u,, with  a  spectrum: 

under  the  reasonable  assumption  that uZeq and i z e q  can  be 
considered  uncorrelated. When the  first  amplifier  stage is a 
common-source  stage, A u O  and Zto can  be  defined  with  refer- 
ence to Fig. 4 as 

The  second  term  in (2) can easily be  made  very  small  for  a sec- 
ond  stage  with  a  bipolar  transistor as  well as with  a junction 
FET, provided  that ZI  has a  sufficiently large  value. The equiv- 
alent  input  noise  current of the  second  stage,  however,  may 
not  be negligible when  this  stage is equipped  with  a  bipolar 
transistor,  because  its  bias  current is  necessarily  large for realiz- 
ing  adequate  signal-handling  capabilities.  Consequently,  its in- 
put  shot  noise is large. A FET is advantageous  in  the  second 
stage  as well. The second-stage  noise  sources  and  the  noise of 
the  lcad  impedance  can generally  be  disregarded  when  a  com- 
mon-source  input  stage is used [ 6 ] .  In that case, the  minimum 
noise  contribution of the  amplifier  becomes 

In  general,  the  feedback  networks  have  some  influence on the 
noise  performance.  In  the  transformer  feedback  case of Fig. 
2(b),  this  influence is  negligible  because  of the  nonenergic 
(instantaneously  lossless)  feedback  network [ 4 ] .  

In  the  configuration  with  shunt  feedback  at  the  input  (Fig. 
2(a)),  the  feedback  capacitance C f  slightly  deteriorates  noise 
performance. As can  be  shown,  it  adds  to  the  total  capacitance 
in  the  numerator of (3).  Parasitic  shunt  capacitance  at  the in- 
put  (protection  diodes)  can  be  taken  into  account  in  the  same 
way [4 ] .  Similar  considerations  apply to  the  configurations  of 
Fig. 3.  

In the  low  frequency region, the  influence of the noise  of 
the leakage  currents  of  the  FET  and  the  protection  diodes,  the 
thermal  noise  current of  a  bias resistor  and  the excess  noise 
must  be  considered.  In  the  case of  a junction  FET as the  input 
device, the excess  noise  contribution  can  be  disregarded.  The 
other  sources  can  be  combined  into  one  white  noise  current 
source ig', producing  an  equivalent  antenna  voltage  spectrum, 
given by 

causing  an  enhancement of the  amplifier  noise  at  low fre- 
quencies. R,' is an  equivalent  thermal  noise  resistance  com- 
posed of the bias  resistance  and  the  equivalent  thermal resis- 
tances of the leakage  currents  of  the  protection  diodes  and  the 
FET. 

The  frequency 01 for which  this  spectrum  equals  the  FET 
thermal  noise  spectrum is given by 

Some  typical values  of circuit  parameters  are c/g, = 500 R, 
R,' = 5 - 1 0 8  R, and C,, + Cgd + C, = 15 pF,  resulting  in fi zz 
20 kHz. For  shorter  antennas  this  frequency will be  higher. 

It  may be  concluded  that,  for  frequencies  higher  than fi, 
the active  antenna  can  be designed such  that  the  amplifier 
noise  contribution is determined  only  by  the  parameters of 
the  FET  in  the  input stage  and  by  the  antenna  impedance. 
Feedback  components  and  protection  diodes  only  slightly 
deteriorate  noise  performance,  because of some  additional 
shunt  capacitance  at  the  input.  The noise  contribution  df  the 
bias  resistance,  protection  diodes  and  gate  leakage  current 
dominate  at very low frequencies.  It  cannot  be  neglected  for 
antennas  specially  designed  for  the  VLF  band. 

B. Noise  Contribution of the  Receiver 

If the noise  figure FRX of the receiver  is known  and  its 
source  impedance, Le., the  amplifier  output  impedance,  equals 
50 R, the receiver  noise  can be represented  by  a  voltage  source 
in  series  with  the  receiver  input,  the  spectrum of  which  is  given 
by 

This  source  can be transformed  into  an  equivalent  antenna 
voltage,  by dividing it  by  the  open  voltage gain Uo/U, of  the 
amplifier. 

For  the  configuration of Fig. 2(a),  for  example,  the  spec- 



908 IEEE  TRANSACTIONS ON ANTENNAS AND PROPAGATION,  VOL. AP-28, NO. 6, NOVEMBER 1980 

trum of the  equivalent  antenna  noise  voltage  becomes 

c; 
s(ueRX) = s ( u R X )  7 

Ca 

A typical  value  of F R X  is FRX S 10 dB, so that S(u,,) = 
4kT( 10.50). 

The  ratio  of Cf and Ca is preferably  chosen so that S (ueRx)  
can  be disregarded  with  respect to  the  amplifier  noise S(u,,), 
which  requires  a  sufficiently  large  active  antenna  transfer  func- 
tion.  On  the  other  hand,  the  amplifier gain cannot  be  made ar- 
bitrarily  large  because  this  conflicts  with the  required large 
signal-handling  capability. 

C. External  Noise 

In Fig. 5 a  typical  plot  of  the  expected  noise  field  strength 
for a  certain  time  and  location  as  calculated  from  CCIR  data 
[ 51 is shown.  Two  curves  are  shown  for  the  atmospheric  noise 

. with Fa,  = 10 dB and Fa, = 60 dB. Fa, is the  external 
noise  figure for f = 1 MHz. For  its  definition we refer to the 
CCIR  report 322. 

In Fig. 6, plots  are given of the rms noise  contribution  of 
the receiving  system  as  a  function of the antenna  capacitance 
and with the  amplifier  gain as  a parameter  for  the  configura- 
tions of  Fig. 2. The  noise  figure  of  the  receiver is supposed  to 
have  a  value FRX S 10 dB. For  the  input device bf   the ampli- 
fier  the  following  parameter  values  are  taken: C,, + Cgd = 5 
pF, c/g, = 400 R. 

To provide  an  impression  of  the  required  antenna  length  for 
a  certain  application  we  have  plotted  in  the  same  figure  the 
(rms) external  noise  contribution as  a function of the  antenna 

, length  for  various  frequencies,  based  on  the  plot of  Fig. 10  
with Fa, = 60 dB. The  antenna  length  and  antenna capaci- 
tance  are  assumed to  be  related  as Ca/Za = 10  pF/m, which is 
about  typical  for  antenna  rods with I S d. From this plot  it 
can  be  seen  that  very  small  antennas  can  be  applied  in  the VLF 
region. For  higher  frequencies  larger  antennas  or  better  input 
devices  '(high UT, low  noise)  are  necessary to have external 
noise  contributions of the  same  order of magnitude  as  the 
noise  of  the  receiving  system. 

V. LINEARITY  CONSIDERATIONS 
The  mere  application  of  the  proper  types  of  feedback  at in- 

put  and  output is not a  sufficient  measure  for  realizing  a highly 
linear  transfer  function.  Important  prerequisites  are  a  large 
magnitude  of  the  loop gain  and  a  high  linearity  of the  loop 
transfer  function.  The  realizable  magnitude  of  the  loop  trans- 
fer  function is largely  determined  by  the  transit  frequencies 
of  the  available  active  devices  and  by  the  number of manage- 
able  poles  in  the loop transfer  function. 

The  compensation  techniques  needed  for  a  flat  stable  fre- 
quency  response  should  reduce  loop  gain  only  in  those  fre- 
quency  regions  where  a  reduction is inevitable.  Moreover, the  
compensation  should  be  designed  in  such  a  way  that  it is not 
accompanied  by  a  deterioration  of  the  linearity  of  the  loop 
transfer  function.  Balancing of the stages,  especially  of the 
output  stage,  can  further  improve  linearity.  The design of  the 
active  antennas  presented  in  the  next  section is based on  the 
above  considerations [ 61. 

VI.  EXPERIMENTAL  RESULTS 
A .  Circuits  Description 

In  order t o  illustrate  the  fruitfulness  of  this  new design 
approach,  where  the  active  part  of  the  amplifier  has a vir- 
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Fig. 5 .  Expected  noise field strength  for  certain  time  and  location. 
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Fig. 6 .  Rms noise  contribution of  receiving  system  for  configurations 

of  Fig. 2 with  amplifier gain (Ca/Cf or n) as parameter  (curved  lines). 
In addition,  contribution of external noise is plotted as function  of 
antenna  length  for  various  frequencies (straight lines). 

tually  grounded  input  electrode  and  a  large  amount of  nega- 
tive  feedback  over  several  stages is used,  two  different  active 
antennas  have  been  constructed. Fig. 7 shows  the basic  reali- 
zations.  The  amplifiers A and B can  be  inserted into the 
dashed  framework.  The  surrounding  circuitry  accomplishes  the 
input  protection  and.the  supply of dc  power  through the coax 
cable.  The  internal  circuit of the  amplifier is shown  in Fig. 8. 
Heavily drawn  lines  indicate  the  signal  path.  Terminal  num- 
bels  correspond to those  of Fig. 7. 

B. Measurements 
All measurements  were  made  with  a  simulated  antenna con- 

sisting  of  a  voltage  source  in  series  with  a  IO-pF  capacitor (Fig. 
1). In  Fig. 9 the  noise  and  intermodulation  performance  of the 
active  antennas is summarized.  Second-  and  third-order  inter- 
cept  points  and  noise levels at  the  output  are given. Further- 
more,  the  intermodulation  products  and signal output  power 
are given as functions  of  the  electric  field  strength. 
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Fig. 7. Active  antenna  with  two  different  amplifier circuits A and B 
with  protection  and  dc  supply circuitry. 

Fig. 8. Internal  amplifier circuit. Numbers 1-5 correspond to those  of 
Fig. 7. 

Both  antennas  have  physical  lengths  of 0.5 m  and  diameters 
of 30 mm.  The  effective  active  antenna  length  equals 0.4 m  is 
constant  within 20.5 dB  in  the  frequency range 5 kHz-30 MHz. 
In this  frequency  range VSWR < 1.25. The  protection  circuit 
was tested  by  supplying  over lo6 1-cm sparks  of  a IO-kV auto- 
mobile  ignition coil directly to the  active  antenna  input.  This 
rather  rough  test  did  not  harm  the  circuit  in  any way. The 
high-speed protection  diodes  do  contribute  about 1 dB to  the 
noise level of  the  antenna. 1 

VII.  CONCLUSION 

In this  communication  we  have  presented  some design con- 
siderations  for  active  antennas  for  frequencies  below 30 MHz. 
It was pointed  out  that  optimum  performance  can  be  obtained 
with  amplifiers  having  the  proper  types of feedback  at  input  and 
output so that  the  noise  and  distortion  performance  are  not 
seriously  degraded  and  the  transfer  function is accurately 
established.  A  virtually  grounded  input  electrode of the 
input  active device is required  for  optimum  performance, 
and  at   the  output a  combination of series  and  shunt  feedback 
is advantageous. 

Fig. 9. Intermodulation  performance,  signal-handling  capability,  and 
noise  performance of two  active  antennas. Solid lines:  configuration 
A ;  dashed  lines:  configuration B. 

Measurement  results  were given, showing  that  these  types 
of active  antennas  can  be  used  on  nearly  every  location be- 
cause  of  their  extremely  low  distortion  and large  admissible 
electric  field  strength  (about 10 V/m), while they will out- 
perform  most  receivers as far  as  dynamic  range is concerned. 

In  cases where  still  larger  field  strengths  must  be  handled, 
a  reduction  of  the  effective  antenna  legnth (hac) is  necessary 
for a given supply  voltage.  The  noise  contribution of the re- 
ceiver to the  total  system noise  is  enlarged  in that case. 
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Fig. 1. Geometry of  elliptical aperture. 

~ ( x ,  y )  = (1 --r2)P cos2 6 + (1 - r 2 P  sin2 6. (5) 

Transforming  the  differential  surface  element  by  means of the 
Jacobian  transformation: 

dxdy = 1 ry E 1 =abrdrd6 
Radiation from  Unsymmetrically Excited Elliptical Apertures 

so that  (2)  becomes 
Abstracr-Expressions are derived for the  field  radiated by  an 

unsymmetrically  excited  elliptical  aperture  which  also  encompass  the 
special  case of an  unsymmetrically  excited  circular  aperture.  Tables 
and figures are presented for the caSe of symmetrical  excitation and 
for a  specific  example of unsymmetrical  excitations. 

where [4 ]  

2PP!Jp+ 1 (u )  
Ip = - c o s 2 a  - [ l  -Jo(u)] 1 1s I. ANALYSIS 

The field  radiated  from  an  elliptical  aperture of  area A = 
nab, major  and  minor  semi-axes Q and b,  respectively (Fig. l ) ,  
and  a  cophasal  aperture  distribution F(x, y )  can  be  approxi- 
mated  by [ 1 1 ,  [ 2 ]  

where 

F ( x , y ) =  [l-;-$]pcos26+ [l--;-$]Ori.’6. 

(3) 
This generalized  distribution  function will have  a  null  at 

the  edge of the  aperture  and  have  elliptical  amplitude  contours 
everywhere  when p = q .  The  parameters p and q can be varied 
to  obtain  a  wide family of field  distributions on the elliptical 
aperture. J. I. Glaser  has  analyzed the special  case  of  an 
elliptical  aperture  with p = q by  a  different  method 131. 

Letting 

I ’  Thus, 

x = ar cos 6 

y = b r s i n  6 

-c 2’0. - l)!Jj+ 1 (u) 
j+ 1 

j= 0 U 
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