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in the order of 1.10". The  errors were almost exclusively due  to  tape 
deficiencies (dropouts or lumps). 

The NR.Z format can be used if the  data clock and  the timing 
reference of the recorder are synchronous. In  this case, the frequency 
standard represents an error-free data clock in  the reproduce process, 
since the signal is highly time-base corrected with reference to  the 
standard. Since instrumentation recorders are normally  available for 
an a,nalog bandwidth of 6 MHz, they can be used, in the synchronous 
mode, to record up to 12 Mbit/s serial NRZ. Digitial data  at 10 
Mbitis  has been recorded and reproduced with excellent signal 
quality. 

A very significant reduction of bit errors  can be achieved with 
the %channel version of rotary-head recorders, where eight heads 
are distributed  around  the  rotating  drum so that  the recorded 
tracks of the 2-signal channels are interleaved, and simultaneous in- 
formation  in the two channels is recorded a t  a distance of about 0.8 
inch of track  length (45' on a 2-inch diameter drum).  The two 
channels can be used for a full redundancy recording and, if the track 
of each channel is reduced to 0.005 inch, i.e., one-half of that used in 
a single-channel recorder, no loss of packing  density is incurred. 
The  fact  that,  the  two channels are reproduced in a highly time-stable 

manner  makes possible the  addition of the  two signal channels  in the 
FM mode, before limiting and detection, without producing tran- 
sients. If a dropout occurs in one channel but  not simultaneously  in the 
other,  the level of the combined FR.I carrier drops  by 6 dB.  This is of 
no consequence because of the subsequent  limiting. The demodulated 
signal does not  vary in  amplitude. Since the probability of two  drop- 
outs occurring simultaneously  in the two channels is extremely small, 
an error rate of less than 1.10-8 has been achieved. 

Iligital recording capabilities  expected in  the near futnre  are based 
on an 8-channel recorder with 12-MHz bandwidth per channel. 
Using the  redundancy method, four channels a t  24 Nbit/s each, 
i.e., a data  stream of 96 Mbit/s, can be recorded with  an extremely 
low error rate, or approximately 200 Mbit/s  with moderate error 
counts. 

A digital recorder with  very low error rate  has  an  important 
application when the recording of signals a t  extremely good SNR is 
required. Since analog wideband recorders are restricted  in their SNR 
performance, digitizing of such  critical  information  can  circumvent 
this limitation. For instance, a t  100 Rilbit/s and 10 bits per  sample, 
yielding a SNR of 62 dB rms/rms, an analog bandwidth of 5 MHz c4an 
be accommodated. 

Abstracf-The  output voltages from various fluxgate probe types 
are found  to have the  same general form,  and  an analytic model has 
been developed with which the output may be calculated. In the 
saturation region where the output pulse is developed, the differ- 
ential permeability can be closely approximated by an exponential, 
dB/dH = klHk2,  where k, and k;! are on the order of 100 and -2.0, 
respectively, for cores of Superanalloy or Permalloy 80. Using this 
model, the effect of the nature of the excitation function on output 
pulse amplitude  and  width  and the effect of the squareness of the 
core  characteristic  can be clearly demonstrated, and  good agree- 
ment with experimental results has been obtained. 

T 
INTRODUCTIOX 

HE E'LUXGA.TE magnetometer, known today  as  a 
sensitive field measuring  instrument,  dates  back to 

the  late 1930s or early 1940s. The device was further de- 
veloped and used during World War I1 for  detection of sub- 
marines, and since then  has been  used ext,ensively in  air- 
borne  geophysical  surveys. [l] - 1 4  During  recent  years, it 
has been  used for space I t  is the  purpose of 
this  paper  to present, an analytic model for the fluxgate 
probe  as  an extension to  an  analysis begun  in an earlier 

First',  to unify t,he analysis a,s far  as  the different 
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probe  types  are concerned, some various  types will be 
briefly reviewed. 

In  the first' group,  the  probe  element consists of a single 
rod or tube of high-permeability  material  about  which  are 
wound the  excitation  and  output windings [Fig. l(a)] .  
Actually,  in  practical  units,  the  same  winding  has  been 
used  for both  excitation  and  output'.[']  The second  har- 
monic of the  output  voltage, which  is  generally  used as  a 
measure of the  component of the  ambient field along t'he 
probe axis, is obtained from the  tntal  out,put  voltage 
through filtering. 

In the second group, the filtering of odd  hannonics  is 
accomplished by connecting the  out'put of t,wo group one 
probes in oppositionr21 [Fig. l(b)]. A closed core form of 
this  type is the ring-core designr6I [Fig. l(c)] .  

In a  third  group is a  probe  which  is closely relat'ecl to 
t8he mu-metal  wire  nlagnetomet'er  wit'h  the  wire  replaced 
by  a hollow tube['] [Fig. l(d) 1. ,4n excitation  winding is 
wound  toroidally  around  the core and  the  out.put winding 
is circumferentially wound.  Cancellation of odd  harmonics 
is accomplished by  the  ort'hogonality of the  two windings. 

It is possible, under  certain  assumptions, t o  show that 
the principle of operation of each  probe  type is the  same, 
and  the  analytic model  presented  applies to  either design. 
The  analysis shows that probe  sensitivity  is  related  to  its 
geometry  and to  the  shape of the hysteresis loop, and a 
model  is  derived  which permits  quantitative  calculations 
of the  output  voltage  to be  made. 
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ANALYSIS the first  two terms for small ambient fields giving 

I:or the probe of Pig. l(a) in the presence of  a field H,, 
e,  = NA(dH/dt) X - pd’ the voltage  induced in  the secondary  due to a periodic (5) 

excitation  voltage e,  of odd symmetry which drives  t,he 
core well into  saturation. t,mice each  excitation  neriod. is for 0 < 1 < 2’’. 

6B 
Purl 

The d H / d t  tern1 is relat,ed to  the excitation  voltage  by 

for 0 < t < T/2 ,  and where N, is the number of excitation  winding turns,  and 
e,  -NA(~~H/&)  x ~ O - S [ ( ~ ~ ) ~  - 6 ~ ( ~ ~ ~ f ) ,  + . . , ] the  perturbation 6R may be expressed as 

( 2 )  6B = p,H, (7) 

for T / 2  < t < T ,  where 

N ---number of output’ minding turns 
L4 -core area 
dH/dt-excitat,ion field 
pd =dB/dH 

where pa is the  apparent or effective permeability of the 
rod-like core to  the field H,. 

Substituting (6) and (7) into (5) gives 

eo = e,(N/N,)Pa(pd’/Pd2)HZ 

= e,(N/N,haFdf, (8 )  
6H -perturbation  in H within the core due t o  the 

where F ,  = p a ’ / ~ d ~ . [ ~ ]  

( p J ,  =dB/clH for 6H = 0 For the element design of Fig. l (b)  or (c), the odd 

(pd’) ,  =d2B/dH2 for 6H = 0. harmonic  filtering  is accomplished by  the bucking  action 
of the induced volt,ages on opposite sides of the probe. 

A perturbat,ion  in B is substituted for the  perturbation  in These  induced  voltages are given by (3 )  and (4), and  the 
H giving output is given by (5). If pa is defined for each  section of 

presence of the ambient field 

6B the core 
e ,  = N A ( d H / d t )  X lo-* ( p d  3- - p d r  + . . .)  ( 3 )  

P d  e ,  = e,(N/N,)2paFHH,. 

for 0 < t < T/2 ,  and The  apparent permeability  is  related to  the ballistic 
demagnetization  factor K b9 

for T / 2  < t < T.  The subscripts of the pd and pa’ terms 
have been  dropped for convenience. 

and when K is small enough, (9) may be written as 
_ _  

The filter of Fig. l(a) removes  odd  harmollics of e,. By e,  2 ~ , ( N / N , ) ~ ( P ~ ’ / P ~ H , .  (11) 
taking one half the sum of corresponding terms of (3) and 
(4), the result  is the even  harmonic  portion of e ,  defined 
over the ent’ire  period. This  function  is  approximated  by I< A 3(dZ/”1.6 (12) 

For a ring-core probe 
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where AI[ is the core mean  length  and A is the cross-sec- 
tional  area. 

If for the configuration of Fig. l(d) the permeability 
is  assumed t30 be  isotropic, the voltage  induced  in the  out- 
put coil is 

e, = NA(dH,/cZt) X 10-8(clB,/dH,) (13) 

and 

dB,/cZH, = ~ ( F , H , ) / ~ H ,  

Substituting (14) into (13) and using (6) gives 

For cores having  large  length-to-diameter  ratios, (15) 
differs from (11) only by a factor of two. Thus, under the 
assumpt'ion of isot,ropy in pd, the derived outputs from the 
three probe types  have  the same  form. The  output e, 
reaches  a  maximum when the product of e p  and a non- 
linear term in dB/dH reaches  a rnaxin1un1, and  the ampli- 
tude o f  the maximum is linearly proport(iona1 t,o t'he field 
Hz. 

To optimize the scrlsitivity to Hz, the product p u F x  
should  be  made  as  large as possible and  the excitation  func- 
tion so designed that at the  t,inx  this nmximurn is reached, 
e, is also a maximurn. It can be seen experimentally t'hat 
the  output pulse from a  practical  probe  is  formed  only 
after  the core is driven  into  saturation,  past  what  might 
normally be regarded  as the knee of the hyst'eresis loop. 
This  means  that, if the analytic model is correct, p u p H  
reaches  a  maximum in  the  saturation region. It has been 
observed that,  the  output pulse width is on the order of 
10 to 20 ps when the core is excited at frequencies  from 0.: 
kHz to 1.0 kHz. Then for a  reasonably  smooth  excitation 
voltage, e ,  or dBjcZt may be considered const'ant at t'he  in- 
stant  the  output pulse is formed.  Substitut'ing 

e, = N,il X 10-8clB/clt (16) 

into (9) gives 

e, = 2NA X 10-8(dB/dl),uL,FxH, (17) 

for the t,inle period during which the pulse is formed, and 
e, is essentially zero elsewhere. Integrating (17)  with re- 
spect to time gives 

11 e,clt = ~ N A  x ~ O - S H , ~ ~ , F ~ ~ B  (1s) 

which shows that, t,he volt-seconds of the  output pulse is a 
constant of the core parameters  and H,, and is independent 
of the excitation  function. That is, one may obt'ain a large 
amplitude  narrow pulse or a smaller  amplitude  fat'ter 
pulse. Also, (18) shows that following the volt-seconds 
generated  by  integration  from Bi  to B,,,, during one half- 
period  (assuming the nraxinlum of p,FH lies within B, < B 
< B,,,), t,here is another pulse of opposite sign generated 

when the cycle reverses and  int'egration is from B,,, to  B,. 
The signs of F ,  and pa do not change, but since the linlit,s 
011 the right-hand  integral of (IS)  are reversed, its sign  also 
changes. The sign for the left-hand  int'egral may change 
only if e, changes  polarity. 

THE ~ U O U E L  

By plott,ing  experinlentally  obtained  values of  cZB/dH on 
log-log coordinat'e  paper, it was found that for  Super- 
malloy and  Permalloy SO over the range  from  approxi- 
mately 0.3-3.0 Oe, 

/.Ld = klHk2 (19) 

was a rensonable fit to  the experimental data.  The values 
of kl and k2 were found to be on the order of 100 and -2.0, 
respectively. 

Substituting (10) and (19) into  (9),  the  output volt'age 
as a function of H is 

l ~ ~ k ~ H " ' - ~  
lclH '(1 + K/clHkz) 

e, = 2e,(N/N,) H ,  (20) 

for 0.3 Oe < H < 3.0 Oe. Since ep  is essentially constant 
during the  output pulse, and if the integration  is  limited 
to the intervals of t ,  H, and B  within  which the main  por- 
tion o f  the  output pulse is formed, 

For square-wave  excitation where saturation occurs at' 
1 = cT during the half-period 0 < t < T / 2  and for an 
arbitrary  time int,erval, (21) gives 

-1 time plot, of e, is obtained  by  substituting 

2N,il X B,,, 
cT 

ep  = ~ (23)  

into (20) and  plotting  against values of A2 as  computed 
from ( 2 2 ) .  The model also gives  a pulse for e ,  at  t. = T / 2  
when the square-wave  voltage reverses polarit'y. This pulse 
is of the sa,me amplitude  as  the pulse at t = cT but is of 
opposite  polarity. 

For a periodic alternating ramp excitation  described b5- 

e,  = ut, O < t < T / 2  

= -a(t - T / 2 ) ,   T / 2  < t < T (24) 

the voltage at'  saturation  and dB/cZt. is twice that for the 
square-wave  excit'ation. Using these  values  in (20) and 
( 2 2 )  gives an  output pulse for the  alternating  ramp excita- 
t>ion that is twice the amplitude  and one half the width of 
that, using square-wave  excitation. The e,  pulse generated 
at  t = T / 2  is  essentially zero in  this case, however, since 
e,  is essentially zero at  this point,. 
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Fig. 2. Calculated  relative  probe output vs.  escitatioll field for 
typical Supermalloy or Permalloy 80 ring-cores having demagne- 
tization factors of 0.007. 

Pd= 100 

I O 0  i i P O  

200 t i 2  

2'0 40 66 80 
nt - MICROSECONDS 

Fig. 3. Calcr1lal.ed time plots o f  xelat,ive probe olttpllt, for sqlrare- 
wave  excitation of 500 Hz. 

Using any cxcitatiorl functio;l that is not discontinuous 
just  as  saturation is entered, (20) and (22) can be used to 
obtain a time plot) of the  output pulse  by comput,ing e ,  and 
dBjd l  at  saturation. For such colnput'ilt,iolls, it is conven- 
ient  to  let  the  initial value o f  H be 0.3 Qc and calculate at 
successive values of H diffcring by a comn1on mtio. 

C X I , C ~ i I J z ~ T I o ~ S  BASEI) ON ;\IoDm. 

Calculated  plots o f  the fi,FH term  portion of (20) are 
shown for various  values of  the  paramet,ers k:, and A:, chosen 
to  be  representative of measured salllples of Supcrmalloq. 
and l'crmalloy 80 (E'ig. 2) .  A demagnetization  factor of 
K = 0.007 was used in the calculations t,o correspond to 
the size of ring-core used in  the rneasurelnents. Practical 
probes designed for  the  greatest possible sensitivity would 
probably  have demagnetization factors an order of nlagni- 
tude smaller than  this, and t,he  peak of the p,FH plot would 
be correspondingly greater.  Time  plots of p U F H  were cal- 
culated based on a core having a B,,, of 7000 gauss driven 
by a square wave of 500 Hz (Fig. 3). For  other frequencies, 

Fig. 4. Neasured probe ouLput voltzge VH. excitation field for it 

Vertical: 0.2V/(:m; Horizolllal: 0.h; Oejcm, H z  = 0.46 Oe, 
Supermallog ring-core with dernayrleii;.,ai,iorl factor of 0.007. 

:\rp = 380, iz:' = 100. 

t-he pulse mlplit~lde is proportior~al  to frequctlc?. and 
pulse width is inocrsely proportior1:ll t o  frequency. 

To obtain a timc p!ot  of e,  for a general  excitation func- 
t,ion, det,crnline the value of e p  at, saturation arid sub- 
stitutc  this  value  into (20) to find t,he r11aximun1 of the 
pulse. The pulse width for. the general function is t o  
the pulse widt,h o f  the  Fig. 3 plot as the square-wave 
saturation volt,age is to  the sat,ur:ition volt>age o f  t3he gcr~ - 
era1 function. 

The calculat,ed plots show that t,he output is irlcreascd 
by decreasing kl and increasing the ma,gnitude of 16,. That 
is: the slope of the hyst,eresis loop should flatten out) early 
and suddenly as a function of H giving a narrow loop hav- 
ing very  square knees. Also, implicit in (9) is t,he de- 
pendency of the  output amplit,ude on frequency,  output 
t,urns, and B,,,. However, as ment,ioned before, while 
operation at  higher frequency gives greater  output volt,age, 
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the pulse width  is  correspondingly  decreased so that t,he 
duty cycle remains the same.  Even so, more  output 
pulses are  obtained per unit  time  at  the higher  frequencies, 
making  it  advantageous to operatme at  as high  a  frequency 
as possible. 

EXPEIZIMEXTAL RESULTS 

An  experimental  plot to be  compared to  the calculat,ed 
plot of Fig. 2 is shown in Fig. 4. This  plot of e, is for a com- 
plete  excitation cycle using  an alternating  ramp function 
shown  in  Fig. 5(a,).  In comparing this  plot  with  the calcu- 
lated  plots of p,FH, it is apparent  that  the measured  peak 
occurs  for  somewhat  larger  values of H than was calcu- 
lated.  This  is  apparently  due  to  the imperfectness of the 
fit of the exponential  curve for & at  the beginning of the in- 
terval 0.3 Oe < H < 3.0 Oe. The calculated  peak of paFH 
obtained  from the experinlent’s1 data is 1.1, which agrees 
closely with the middle  curve of Fig. 2. 

The waveforms  in  Fig. 5(a)  and  (b)  are  for 500-Hz ex- 
cit’at’ion  where the excitation volt,a,ge was adjusted to cause 
sat’uration  just before the end of each  half-period. The 
pulse  widths of the  output pulses are roughly one-half that 
predicted  by  the model. Again, this discrepancy appears 
to be due  to t’he  sensitivity of the  output  to p d  in  the early 
portion of the region 0.3 Oe < H < 3.0 Oe where the model 
docs not fit’ quite  as well as it does near  the  center of the 
region. 

COKCLUSIOS 
A model has been  presented for  the fluxgate  probe  that, 

agrees well enough with  measurements  to suggest its value 
in optimizing  probe  sensitivity. For nmxjnlum sensitivity, 
the model indicates that in  addition  to  having a  large 
value of I?,,,, the core material  should  have  a  narrow 
hysteresis loop with  square  corners.  Perhaps  the chief’ 
value  in  such  a model is that select,ion of core nlat,erials 
can  be  based on defined core pnrameters. 
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T 
HIGH-FIELD 1’ULSING O F  9 PARTIALLY SWITCIIEI) CORE 

HE PROCESS of‘ high-speed flux reversal in tape 
cores of 50 percent nickel-iron has been  well defined by 

Bean  and ItodFell[’l and  by E’riedlaender and Lelialtov.[21 
According to  this model, for sufficiently high fields, flux 
reversal in tape cores of at least f .4 to 1-mil thickness  initi- 
ates  at  the large tape surface and proceeds through t,he for- 
mation of planar  domain walls along the surface of the 
tape.  This act’ion takes place along the entire  length of the 
t’ape at  approximat’ely the same  time. 

This conclusion has been based  upon the analysis of 
variations of the average flux density  in  a  tape core for 
various sequences of applied field pulses. Current is driven 
through a toroidal  winding  placed  on  a core to  generate  the 
applied  magnetic field. A separate  toroidal winding is used 
to observe the  rate of change of flux;  this signal is termed 
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