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GENERAL CONSIDERATIONS AND GROUND INSTRUMENTS

b y  R. C. A. E d g e

1. —  General
T his is the  second repo rt of SSG 19; the  first repo rt, delivered a t the 

1960 G eneral A ssem bly a t H elsink i h as now been incorpo rated  w ith  the  
proceedings [1 ]. T he p resen t list of m em bers is given a t A ppendix II. 
As a re su lt of th e  H elsinki m eeting  the scope of th e  SSG was w idened to 
include fresh  developm ents in  a irbo rne  and sate llite  borne system s of 
distance m easurem ent. A report on these by P. H. K e n n e y  is given in  
P a r t  II. T he G roup h as m et once since H elsinki, a t M unich in O ctober 1962. 
In  th e  m ain  th is  rep o rt depends on personal com m unications and  d iscus
sions, an d  on published  reports , articles, etc. A list of the references 
consulted  is at A ppendix V. A part from  th is  the scope of the rep o rt is 
as in  1960, only fre sh  developm ents since th en  being considered.

2. —  Terminology
T he term ino logy  and abbrev iations used in  th is  rep o rt are  given below. 

It is recom m ended th a t  th is  term inology be adopted  by the  I.A.G. for w orks 
w ritte n  in  E ng lish  and  th a t  su itable F ren ch  equ ivalen ts be devised and 
adopted .
a) E lectrom agnetic  D istance M easurem ent (E.D.M.)

A ny process or technique of d istance m easu rem en t w hich depends on 
a com parison  of signals by electrom agnetic  m eans.

(*) R ep ort p resen ted  to th e  13th G eneral A ssem bly of th e  In te rn a tio n a l U nion of 
G eodesy an d  G eophysics an d  the  In te rn a tio n a l A ssociation of Geodesy, Berkeley, 
A ugust 1963.



b) Electro-O ptical D istance M easurem en t (E.-O.D.M.)
A ny m ethod of E.D.M. based on a com parison  of ligh t signals.

c) M icrowave D istance M easurem en t (M.D.M.)
Any m ethod  of E.D.M. based  on a com parison  of rad io  m icrow ave 

signals.
d) Observation

A single observation  a t a  single setting  of the  ap p ara tu s .

e) Set, or Se t o f O bservations
A set of two or m ore observations a t different se ttings of the  ap p ara tu s  

m ade in  order to e lim inate  ce rta in  e rro rs  w hich, for th e  ap p ara tu s  concer
ned, are in h e ren t in  a single observation , e.g. for the  te llu rom eter a set of 
read ings of the four ‘ A ’ p a tte rn s  a t a single ca rrie r  frequency , or for the 
geodim eter a set of read ings in  th e  different phase positions and  including 
ligh t conducto r readings.

f) M easurem ent
One or m ore sets of observations w ith  o ther in s tru m en ta l settings 

varied as necessary  (e.g. in  the  case of the te llu rom eter, c a rrie r  frequency) 
com bined w ith  m easu rem en ts  of o th e r  re levan t q u an titie s  (e.g. m eteorolo
gical m easurem ents) and  capable of yielding a precise (even though by 
itself am biguous) resu lt.

g) D eterm ination  o f D istance
A series of m easu rem n ts of a d istance from  w h ich  am biguity  has been 

elim inated  and  in  w hich  ex tern a l fac to rs such as in s tru m en ts , d irection  of 
m easurem ent, tim e of day, etc. have been varied  in  o rder to m in im ise 
system atic  erro r, and  to  provide a definitive value for use in  succeeding 
calcu lations.

3. —  Basic Physical Questions
a) Velocity o f L ig h t

No new rigorous de te rm in a tio n  of C() has been repo rted  and  the best 
value rem ains 299 792.5 ±  0.4 k m /s . E.D.M. m easu rem en ts  in  general do 
not suggest th a t the  value needs to  be changed a lthough  P o d e r  [37] has 
suggested th a t there  is a system atic  tendency tow ards positive e rro r in 
refractive index d e term in ation  w hich  m ight be com pensated  by th e  adoption 
of a  slightly  h igher “ geodetic velocity ”. (See p a rag rap h  26). P rof. K a r o l u s  
of Sw itzerland is developing a p p a ra tu s  for rem easu ring  C0 [2] bu t no 
resu lts  have been reported . The M ekom eter developed by Dr. F r o o m e



of the  U. K. N ational P hysical L abo ra to ry  (see p a rag rap h  8) used in 
con ju n c tio n  w ith  in te rfe ro m etric  m easu rem en t using  a L aser beam  (see 
p a rag rap h  35) appears po ten tia lly  capable of a de te rm in a tio n  to  ±  1 p a r t 
in  107.
b) R efra ctive  index

The fo rm u lae recom m ended in  th e  1960 R eport have now  been adopted  
in  a  R eso lution of the I.U.G.G. [3]. T hese fo rm ulae  are  still the  best avail
able. It has been poin ted  ou t how ever th a t the  m ethod  of apply ing the  
recom m ended form ulae  for ligh t w aves is no t clearly  ind ica ted  in  th e  
R eport or the R esolution. Both the E d l e n  F o rm u la  an d  th e  B a r r e l l  and  
S e a r s  F o rm u la  give the  refractive  index  for pu re  m onochrom atic  light, 
th a t is ligh t of a single w avelength . In in s tru m en ts  such as the  geodim eter 
m od ula ted  ligh t is used w hich, even if m onochrom atically  filtered, consists 
of a  group  of w aves of slightly  differen t lengths. T he energy  con tained  
in  such a group  of w aves m oves w ith  a velocity (the group velocity) slightly  
d ifferen t from  th a t  of the  equ ivalen t m onochrom atic  rad ia tion . T his m ay 
be com pensated  by using a special refrac tive  index (jiy) w h ich  is re la ted  
to  the  refrac tiv e  index of the  equ ivalen t or effective m onochrom atic  
rad ia tio n  as follows :

dn dn
n g =  n G +  o  — -—  =  n G —  Ado dA

w here
A =  the equ ivalen t or effective wave length  of the  rad ia tio n  in  m icrons 
a = the  equ ivalen t or effective wave num ber of the  rad ia tio n  

n G — the refractive  index of pure  m onochrom atic  ligh t of wave length  
A or wave nu m ber a  .

T hu s using  the  B a r r e l l  and  S e a r s  F o rm u la  the  follow ing expression 
gives n g :

(h.  —  1) 10* =  2876.04 + ~ 3>< 16288 +  5 X  0 '136A 2 A 4
T he value of n g th u s  obtained should be used and  not n G in  com puting  n L 
the  refrac tive  index  in  am bien t conditions. An am endm en t aim ed a t 
rem oving the  p resen t am biguity  is being in corpo ra ted  in  R esolution  No. 1.

It has also been po in ted  ou t by J .  M i t t e r  [42] th a t to ob ta in  abso lu te 
u n ifo rm ity  the vap ou r p ressu re  tab les used should  be stan dard ised . He 
recom m ends those based on th e  fo rm u la  of A . S p r u n g  [44] for th is  
purpose. He sta tes how ever th a t all w ell-know n tables are sa tisfac to ry  in  
use w ith  the  exception of those of J e l i n e k s  [59] and  J o r d a n  - E g g e r t - 
K n e i s s l  [60] (upon w hich the  tables of the B.I.P.M . are based) and  of 
A l b r e c h t  [61]. T here  seem s little  to be gained th erefo re  by s tan d ard isa tio n  
a ltho ugh  defective tab les should  c learly  no t be used.



ELECTRO-OPTICAL DISTANCE MEASURING INSTRUMENTS 

4. —  The Geodimeter

T here have been  developm ents to th e  Model NASM 4 w hich w as 
described in  th e  1960 R eport. The Model 4D has been produced w ith  a 
m ercu ry  vap ou r ligh t source w hich  is said  to  give a m uch  im proved range 
of up  to 5 km  by day and  40 km  by n igh t. T his m odel has been tested  by 
the  U nited S tates Coast and  Geodetic Survey [4, 5] w ho have found th a t 
it gives good re su lts  a t 5 km  in  b rig h t sun lig h t. On 5 trian g u la tio n  sides 
and on a precise trav erse  in  F lo rid a  it  w as found  to  give extrem ely 
consisten t re su lts  w h ich  differed from  those of a Model 2A G eodim eter by 
betw een -j- 3 to  -j- 5 cm in  the  case of th e  tr ian g u la tio n  sides w hich 
varied  in  leng th  from  10 km  to  24 km , an d  by less th a n  3 cm on the 
precise trav erse  w ith  legs vary ing  from  8 km  to  14 km . T he zero correction  
obtained w as how ever abou t 5 cm  d ifferen t from  th a t advised by the  
m an u fac tu re rs . F ro m  these resu lts  it w ould  app ear to  be confirm ed th a t 
the  G eodim eter NASM 4 is su itable for first o rder w ork .

5. —  Russian SVV 1 E.-O.D.M. Instrum ent

T his is an  im proved version of th e  in s tru m e n t no ted  in  the  1960 report. 
I t is described by V .A . V e l i c h k o  [6 ]. T he ligh t source h as been im proved 
and  the tra n sm ittin g  and  receiving system s have been m ade sym m etrical 
and  (apparen tly ) in terchangeable . As a  resu lt, range has been increased 
to 20 km  and  accu racy  im proved to  2 ppm . T he in s tru m en t has been 
successfully  used to  check the  scale of tr ian g u la tio n  and  has been tested  
against a nu m ber of Invar m easured  bases. T he resu lts  of these tests  are 
included in  A ppendix I. A s tan d a rd  e rro r of m easu rem en t of ± 1 .2  cm 
±  0.6 ppm  is deduced from  these. T h is  is com parable to  th e  estim ated p.e. 
of the  G eodim eter NASM 2 in  the  1960 R eport, i.e. ±  1.5 cm ±  0.7 ppm . 
On the  basis of these  resu lts  it  is considered  th a t  the  su itab ility  of th is  
in s tru m en t fo r f irs t o rder w ork  is confirm ed.

6. —  Czech Technical University Instrum ent

T his is an  experim ental in s tru m en t, developed jo in tly  by the  R esearch 
In s titu te  of Geodesy and  the  In s titu te  of R adiotechnics in  P rague, w hich has 
been described by Borivoj D e l o n g , B ohuslav  S o k o l i k  and  P rem ek N e u 
m a n n  [7 ]. It operates on a princip le very  s im ilar to th a t of the geodim eter, 
using ligh t w aves m odulated  a t 5 M c/s by m eans of an  oscillator linked 
to a K err cell. An aux ilia ry  signal abou t 10 K c /s  different is m ixed w ith  
the outgoing and  re tu rn in g  signals to  enable phase com parison  to tak e



place a t low  frequency . T he range  o f th e  exp erim en ta l in s tru m e n t is 
lim ited  to  250 m  an d  th e  m ean  e rro r of a single m easu rem en t is said  to  
be ±  5 cm  ±  5 ppm . It is th u s  c learly  no t a firs t o rder in s tru m e n t in  its  
p re sen t form . H owever it  is sta ted  th a t  w ith  im proved  optics its  range  
could be ex tended  to  2 or 3 km .

7. —  The Russian GDM Electro-Optical Instrum ent
T his in s tru m e n t described by Y u .  V .  P o p o v , 1.1. A d r i a n o v a  an d

I. A . K o r o l e v  [8 ] is a sm all po rtab le  version  of an  earlie r exp erim en ta l 
in s tru m e n t w h ich  is inco rpo ra ted  w ith  a theodolite  so th a t  bo th  d istances 
an d  angles can  be m easured  together. I t is designed for sh o rt d istances 
(up to 2.4 km  by day) and  h as re la tively  low accuracy . I t em ploys d iffrac
tio n  ligh t m o d u la tio n  a t u ltra  sonic frequency . It is evidently  no t su itab le  
for f irs t o rd er w ork .

8 . —  N. P. L. Microwave Mekometer
T h is is an  experim en ta l in s tru m e n t w h ich  h as been co n stru c ted  a t 

th e  N ational P hysica l L aborato ry , T edd ing ton , E ng land . I t h as been 
described by K. D. F r o o m e  and  R. H. B r a d s e l l  [9 ]. T he in s tru m e n t w orks 
w ith  a ligh t beam  po larisa tion  m od u la ted  by passage f irs t th ro u g h  a p lane 
p o la rise r and  th en  th ro u g h  an  am m onium  d ihydrogen  ph osp ha te  (ADP) 
c ry sta l to  w h ich  an  a lte rn a tin g  e lectric  field  of frequency  9.4 G c/s is 
applied. T he effect of an  electric field on th e  ADP cry sta l is to  ren d e r it 
b ire frin g en t. P o la risa tio n  th u s  a lte rn a te s  betw een the  p lane an d  th e  ellip 
tica l and  th e  ap p a ra tu s  is so a rran g ed  th a t  th e  signal re tu rn in g  via th e  
d is tan t re flec to r again  passes th ro u g h  th e  ADP crysta l w here, depending 
on the  phase difference of the  outgoing an d  re tu rn in g  signals, th e  ellip tical 
p o la risa tio n  is e ith e r cancelled or enhanced . T he am o u n t of ellip tical 
p o la risa tio n  rem ain in g  is m easured  by m eans of an  ana lyser enabling  th e  
ph ase  re la tio n sh ip  to be deduced w ith  g rea t accuracy . T he a p p a ra tu s  h as 
th e  in h e ren t advantage as regards accu racy  th a t  the  phase  com parison  of 
th e  outgoing an d  re tu rn in g  ligh t signals is d irect. I t is no t f irs t necessary , 
as in  the  case of th e  geodim eter, to convert one or o ther of th e  ligh t signals 
to an  e lectric  signal. T here  is th u s  no prob lem  of u n ce rta in  e lectronic delay. 
T he  exp erim en ta l ap p a ra tu s  operates over a  50 m  distance an d  h as been 
found  to  be sensitive enough to  resolve changes of p a th  len g th  of 0.05 m m . 
At p resen t abso lu te  accuracy  is lim ited  by th e  perfo rm an ce  of th e  9.4 G c/s 
oscilla tor used, w h ich  is only 3 ppm . T h ere  w ould  how ever be no serious 
difficu lty  in  im prov ing  th is  to  b e tte r th a n  0.1 ppm . Used in  con ju nc tion  
w ith  in te rfe ro m etric  m easu rem en t of d istance , now  fac ilita ted  by the  advent 
of th e  L aser w ith  its  h igh ly  coheren t beam , th e  ap p a ra tu s  app ears  to have 
th e  po ten tia l capab ility  of de term in in g  th e  speed of ligh t to  b e tte r  th a n
1 p a r t in  107. T he developm ent of th e  M ekom eter as an  in s tru m e n t fo r 
d istance m easu rem en t in  the  field  is being stu d ied  by M essrs. H i l g e r  and  
W a t t s  of L ondon.



MICROWAVE DISTANCE MEASURING INSTRUMENTS 

9. —  Electrotape DM 20
T his in s tru m e n t is p roduced  by  th e  Cubic C orporation  of th e  U.S.A. 

an d  is a developm ent of the in s tru m e n t o rig inally  know n as M icro-dist 
(see 1960 R eport). The DM 20 is a  m in ia tu rised  and  fu lly  tran sis to rised  
version of the  orig inal in s tru m e n t an d  it m akes use of a 10 G c/s (3 cm 
band) ca rrie r  wave. It has a d ig ita l read  ou t giving the  range in  m etres 
based on an  assum ed refrac tiv e  index . The ca rrie r  wave frequency  m ay 
be varied  from  10-10.5 G c/s in  8 d iscre te  steps. In  tr ia ls  by  the  U.S. A rm y 
[10] it w as used to m easure  d is tances from  100 m etres to  71 km . (See 
A ppendix I). On lengths from  100 to  500 m  it gave m ean  erro rs  vary ing  
from  3 m m  to 19 m m . On the  Belvoir T aped Base of 1 700 m  agreem ent 
w as 3 m m . F o r g rea ter lengths (4 900 m  to 40 700 m) it w as com pared  w ith  
G eodim eter NASM 2 m easu rem en ts  an d  in  one case f irs t o rder trian gu la tion . 
T he w orst difference w as 11 ppm  on an  8 400 m  geodim eter m easured  
length . On the  71 km  length  m easu rem en t w as unsuccessfu l ow ing to 
am biguity . T he in s tru m en t w as less affected by g round reflection  th a n  w ere 
10 cm  in s tru m en ts . E lectro tape has also been tested  by the  U.S. Coast and  
Geodetic Survey [5] on 6 tr ia n g u la tio n  sides vary ing  in  leng th  from  10 km  
to 24 km . C om parisons w ith  G eodim eter 2A m easurem ents  gave agreem ent 
vary ing  betw een 3 ppm  and  20 ppm . (See A ppendix I).

T ests by the  S tate of Nevada, D ep artm en t of H ighw ays [43], include 
com parisons w ith  10 taped  bases (see A ppendix I) vary ing  in  leng th  from  
30 m  to 24 km . In general ag reem en t w as to 7 ppm  or better, th e  w orst 
being 14 ppm . Some lines, in c lu d in g  one of 13 km , proved im possib le to 
m easure, p resum ab ly  as a re su lt of g round reflection, and  had  to be sp lit 
in to  two segm ents. L ines over w a te r  proved difficult to m easure  w hen  it 
w as w indy, possibly because chan g ing  reflectiv ity  m ade the  signal unstab le . 
T he grea test length  m easured  w as 54 km .

T he in s tru m en t has also been given extensive tests  by  the  T echnical 
U niversity, H anover [49] in  th e  course of w hich it w as com pared  w ith  
a nu m ber of test nets in  G erm any as well as w ith  certa in  lines an d  bases 
w hich had  been m easured  by geodim eter, te llu rom eter an d  Invar tape. The 
resu lts  of com parisons w ith  geodim eter and  Invar tap e  are  included  in  
A ppendix I. Of the  test net resu lts , on ly  those for the  M unich tes t net are  
available and  here an  u n ce rta in ty  as to the scale of the  ne t p reven ts very 
f irm  conclusions being draw n. It w ould  appear from  the  resu lts  bo th  of 
earlie r te llu rom eter tests  and  th e  E lec tro tape  tests  th a t th e  scale of the  
recen t (1958) tr ian g u la tio n  m ay  be erroneous as the E.D.M. re su lts  are 
consisten tly  grea ter (by up  to  15 pp m ). However com parisons w ith  the  
earlie r B avarian  trian g u la tio n  give agreem ent rang ing  from  0 to  6.7 ppm  
for 11 sides of lengths betw een 19 km  and  58 km . In  general the  in s tru m e n t 
perform ed sa tisfac to rily  and  in  p a r tic u la r  w as found  to  give sm aller g round 
sw ing th an  the  10 cm  te llu rom eter.



T he resu lts  so fa r repo rted  are insuffic ien t to  confirm  finally  th a t 
E lec tro tape  DM 20 is suitable for firs t o rder w ork . O nly a few com parisons 
have been reported , and of these som e are ou tside  f irs t order to lerance, 
b u t in  th e  absence of fu lle r details it is im possib le to say w hether or no t 
th is  w as dué to th e  in s tru m en t. In  p rincip le  th e re  seem s no reason  w hy 
it  should  not be capable of use for f irs t o rder w ork  an d  it is recom m ended 
th a t it  be accepted  provisionally.

10. —  Tellurometer MR A 3
T his, the la tes t version of the te llu rom eter, operates w ith  a 10 G c/s 

(3 cm ) c a rrie r  frequency  in  place of the  3 G c/s (10 cm) frequency  used 
by th e  earlie r MRA 1 and MRA 2 in s tru m en ts  (see 1960 R eport). It is fu lly  
tran s is to rised  and  m ore com pact, the an ten n a  being con tained  w ith in  the 
ex tern a l fibreglass cover. It is available w ith  e ith e r d ig ital read  ou t or a 
m odified  cathode ray  display , rec tilinear in  form  in stead  of c ircu lar, 
w h ich  can be accu ra te ly  read  w ith  the aid  of a para lle l cu rso r. T he ca rrie r  
w ave len g th  m ay be varied  from  10 to 10.5 G c/s. T he in s tru m e n t has been 
tested  in  th e  U.K. on the  R idgew ay an d  C aithness Bases [11] the  resu lts  
being show n in  A ppendix I. The accu racy  seem s a t least as good as th a t of 
th e  MRA 1 and  2, and  th e  use of th e  h igher c a rrie r  frequency  seem s 
m a teria lly  to reduce g round  swing. No trou b le  from  th is  cause w as 
encoun tered  on th e  C aithness Base w hich  dem o nstra ted  excessive ground  
sw ing w hen  f irs t m easured  w ith  the  MRA 1 in  1957 (see 1960 R eport). The 
range a tta in ab le  w ith  the in s tru m en t appears com parab le  w ith  th a t of the  
ea rlie r in s tru m en ts , a lthough  possibly slightly  less. In  som e in s tru m en ts  it  
has been found  th a t the fibreglass cover of the  an ten n a  causes erro r. T his 
is being rectified , b u t it is suggested th a t for f irs t o rder w ork  it is advisable 
to operate  w ith o u t th e  cover. No rep o rt of any  tes t of a tta inab le  range has 
been received. T he resu lts  received ind icate  th a t the  in s tru m en t is suitable 
for f irs t o rder w o rk  and  it is recom m ended th a t it  be accepted provisionally  
pend ing  co n firm atio n  by fu rth e r  resu lts.

11. —  Wild Distomat DI 50
T his in s tru m e n t produced by W ild , H eerbrugg in  con ju nc tion  w ith  

A lbisw erk, Z urich , w orks w ith  a c a rrie r  wave freq uency  of 10 G c/s (3 cm ). 
I t h as  a d ig ital read  out, and  the  follow ing perfo rm an ce  claim s are  m ade 
[ 12] :

R ange ..................................... 100 m  to 50 km
A ccuracy .............................. 2 cm ±  betw een 1 and  10 ppm

T he an ten n a  is bu ilt as a separate  u n it from  the  contro l un it, being 
connected to it by a heavy cable w hich  enables th e  an ten n a  to be placed 
up  to 15 m  aw ay from  the  control u n it du ring  operation  (e.g. on a m ast). 
No rep o rts  of tests  have been received and  it is no t therefore  possible to 
m ake any  recom m endation as to its su itab ility  for f irs t o rder w ork.



12. —  Fairchild Micro-Chain MC-8

T his in s tru m e n t is being developed a t th e  D u m on t L aboratories of 
the F a irch ild  In s tru m e n t C orporation  for the  U.S. A rm y. It app ears to 
operate  on sim ilar p rincip les to  th e  te llu rom ete r using  a variab le ca rrie r  
frequency  of 10-10.5 G c/s. T he claim ed range is 100 m  to 50 km  w ith  
accuracy  to ±  1.5 cm  ± 4  ppm . I t has a d ig ital read  ou t [30]. No p e r
form ance figures or fu r th e r  in fo rm a tio n  are available.

RESEARCH INTO E.D.M. ERRORS

13. —- Tellurometer Zero Correction

Investigations by a nu m ber of au th o ritie s  ind ica te  th a t te llu rom eter 
zero e rro r  varies in  a cyclic m an n e r w ith  th e  ‘ A ’ read ing , th u s  :

e rro r =  b0 b2 s in  (2 a)
2 TC X  ‘ A ’ read ingw here  a  = ----------------------------------100

and  b0 and  b2 are  constan ts.
T his suggestion  w as f irs t m ade in  a  rep o rt to th e  I.U.G.G. in  1960 by K. P o- 
d e r , Chr. J . L e h n  and  O. B e d s t e d  of th e  D an ish  Geodetic Survey. F u r th e r  
investigations by B e d s t e d  and  o th ers  [13] [14] give th e  values show n in  
Table I below fo r the  con stan ts  b0 an d  b2 from  a n u m b er of de term in ations 
on lengths vary ing  from  179.82 m  to 192.93 m  w ith  th ree  in s tru m en ts  in 
various com binations :

T a b l e  I
Date .................... 26-27/4 1-2/6 28/6 28/6 29/6 29/61960 1960 1961 1961 1961 1961
Instrument ........ GI. 2-3 GI. 2-3 GI. 2-3 GI. 2-4 GI. 3-4 GI. 4-3

bo cm . . . . — 3.5 — 1.8 — 1.4 — 0.9 +  1.4 — 0.4
b 2 cm . . . . — 7.6 — 4.9 — 6.2 — 8.0 — 2.0 — 6.7m.s.e. bo cm . . . . ±  3.0 ±  0.2 ±  0.5 ±  0.8 ±  0.4 ±  0.8m.s.e. b 2 cm . . . . ±  1.3 ±  0.3 ±  0.7 ±  1.1 ±  0.6 ±  1.1

T here  is s ta ted  to be som e evidence for an  ad d itio n a l te rm  : 
b3 sin  a  sin 2 a

T he presence of such an  erro r has been confirm ed in  tes ts  ca rried  ou t by 
C. D. M a c l e l l a n  [15], by the  O rdnance  Survey of G reat B rita in  [16], by
S . B a k k e l id  of th e  Survey of N orw ay [17] [18], by Stig S u n d q v is t  and 
Ian  B r o o k  of Sw edish G eographical Survey [19], by H. J . M e c k e n s t o c k  
[36] and  by the  Geodetic Survey of C anada [20]. T he B ritish  resu lts  appear 
to confirm  th e  presence of th e  add ition a l te rm  b3 sin a  sin  2 a-



14. —  T his cyclic zero e rro r th erefo re  seem s well estab lished  a ltho ugh  no 
firm  exp lan atio n  has yet been given fo r it. E xp erim en ts are being ca rried  
ou t in  D en m ark  to  test th e  th eo ry  of K. P o d e r  th a t it  is due to  th ird  
h arm on ic  d is to rtio n  of the  X and  Y am plifiers. I t w ould app ear th a t  th is  
type of e rro r has only been observed on th e  T e llu rom eter MRA 1 and  
MRA 2, w h ich  is read  by m eans of a  c ircu la r cathode ray  display . I t is no t 
know n w h e th e r any  com parab le e rro r has been observed in  in s tru m en ts  
w ith  a  lin ea r CRT display  or a  d ig ita l read  out. P o d e r  considers th e  linear 
d isplay  least liable to  e rro r  [37].
15. —  It also app ears  to be estab lished  from  th e  investigations of B a k k e l id  
[17], P o d e r  [37] and  M e c k e n s t o c k  [36] th a t  the  zero e rro r varies w ith  
c a rrie r  frequency , ap p aren t tra n s it  tim e usu a lly  increasing  w ith  increasing  
frequency . P o d e r  h as suggested th e  te rm  “ in s tru m e n t sw ing ” for th is  
ph enom enon w h ich  he s ta tes arises as a re su lt of th e  m ix ing process. T he 
e rro r  is e lim inated  if  (as he s trong ly  recom m ends) the  sam e range  of 
c a rrie r  frequencies is used for ca lib ra tio n  and  for all m easurem ents . 
B a k k e l id  suggests th a t signal s tren g th  m ay also affect zero erro r, and  th is  
perhaps should  be investigated.

16. —  M.D.M. Ground Reflection Effects
The problem  of g round reflection , know n also as “ g rou nd  sw ing ” or 

“ m u ltip a th  ” has received m uch  study . T heoretically  g rou nd  reflection  
from  lan d  su rfaces m u st be reduced  by  the  adop tion  of a sh o rte r  c a rrie r  
w ave since reflection  ceases to be specu lar if su rface  irreg u la ritie s  exceed 
about

8 X sin  g w here : X =  c a rrie r  wave length
g = angle of incidence

E xperience w ith  3 cm  in s tru m en ts  such  as E lectro tape DM 20 and  T ellu 
rom eter MRA 3 confirm s th a t sw ing is generally  reduced  to  abou t l / 3 r d  of 
th a t  experienced w ith  10 cm  in s tru m en ts . The use of a  h igher frequency  
also m akes a  n a rro w er beam  possible, th u s  cu ttin g  ou t reflection  a ltog ether 
on rays w h ich  are  sufficiently  elevated.
17. —  It app ears  to be confirm ed by experience of th e  O rdnance Survey 
of G reat B rita in  [21] and  elsew here th a t screening or low ering th e  
in s tru m e n t to  th e  g round  w ill reduce ap p a ren t g round sw ing w hen it is 
excessive, a lth o u g h  usually  w ith  som e loss of signal s treng th . It is how ever 
debatab le w h e th e r such screening w ill necessarily  im prove accuracy . Its  
effect is p robably  to  produce a com plex series of p a th s  due to d iffraction  
an d  m ultip le  reflection  and  it is possible th a t  read ings w h ich  should  be 
tak en  in to  acco un t in  the  m ean are elim inated  ow ing to  low signal s treng th . 
(See p a rag rap h  20). If screening leads to serious loss of signal s tren g th  
th e  resu ltin g  values m u st be tre a ted  w ith  cau tion . Investigations by 
S u n d q v is t  an d  B r o o k  of the  Sw edish G eographical Survey [19] ind icate  
th a t w here  th e  cyclic p a tte rn  of the  sw ing g raph  is no t clear it is inadv isable



to a ttem p t to re s tric t the  accepted read ings to a com plete cycle of sw ing 
if  the  am plitude is less th an  4 m  jjl s, bu t to accept the  a rith m etic  m ean 
of the  whole range. T his m ay well be so, p a rticu la rly  on long lines w hen 
varia tion s due to varying refrac tiv e  index are likely to have a m arked  
effect on th e  “sw ing g ra p h ”. T he recom m endation  of th e  1960 R eport 
evidently  needs slight m odification in  these respects.

18. —  The m ost significant w ork  on ground sw ing is th a t by K nud P o d e r  
and  o thers, of th e  D anish Geodetic Survey, w hich w as described in a paper 
a t the  T ellu rom eter Sym posium  in  L ondon in  1962 [22]. M easurem ents 
of ce rta in  lines by the  O rdnance Survey of G reat B rita in  provide good 
confirm ation of P o d e r ’s theories [16]. The theory  deals w ith  lines 
m easured  over sim ple highly reflective surfaces such as calm  sea and 
show s th a t, w hen the  reflection coefficient is h igh and  the  excess pa th  
leng th  appreciable, the swing curve takes a charac teris tic  shape having 
fla t po rtions a lte rn a tin g  w ith  pronounced  negative double peaks. The 
am plitude  of the curve depends m ain ly  on the  reflection coefficient and 
its  period on the excess pa th  leng th . In  these conditions th e  arithm etic  
m ean  does no t give the best value for th e  line w hich should be obtained 
by com puting (or selecting) the  th eore tica l curve app ro p ria te  to  the  condi
tions, and  fitting  it as closely as possible at the  “f la t” portion . The position 
on the  ac tu a l swing curve of th e  “zero ” value of th e  theoretica l curve th en  
ind icates the  best value of th e  tr a n s i t  tim e. R. C. Ga r d i n e r - H il l  [46] 
has derived an  expression w hich gives the  distance of the  m axim um  (or 
fla t portion) of the curve above th e  theore tica lly  correct value for any line, 
depending on the  heights of the te rm in a ls  and  the length. H e  has tab u la ted  
these corrections and produced g raph s w hich m ay be used for th e ir  qu ick  
de term ination . The form ulae used to derive the  theoretica l curve are  as 
follows :

T otal swing X =  XM +  XR
aT sin  Qr  Q [cos (wR Q — rc) +  aT]ta n  XM =

tan  Xg — 
w here :

1 +  (1 +  cos Qr Q )aT cos (a)R Q —  u) +  aT cos QR Q
__________ aT sin Qm Q [cos ((pM Q —  TC) +  gT]_________
1 +  (1 +  cos Qm Q )«t  cos (wM Q —  iz) +  a T cos QM Q

XM =  angu lar phase sh ift a t M aster;
XR =  angular phase  sh ift a t Rem ote;
Qm =  2 u  X  M odulation frequency  of M aster;
QR — 2 re X  M odulation frequency  of Rem ote;
Q =  excess tra n s it tim e in  secs;

(j)M =  2 71 X  ca rrie r  frequency  of M aster;
d)R =  2 u  X  ca rrie r  frequency  of Rem ote;
aT =  Reflection coefficient.

The reflection coefficient is derived from  the geom etry of the  reflected 
p a th  (assum ing sim ple reflection a t a single point) and  th e  n a tu re  of the



reflecting surface. F or calm  sea the follow ing approxim ate form ulae based 
on an  assum ed refractive index g rad ien t are used :

(Hi —  Cx) +  (H2 —  C2)103 tan  g = -------------------------------------  (grazing angle of reflected ray)

6 . , i ,  c .  —
4 /  \  4 /  to po in t of reflection)

Q =. (C0 =  3 X  108 m /s )
2 (Ht —  C].) (H2 —  C2) 10-3§ I = — ------------------------------------------m etresS
Hi — Ci H2 — C2§i — ---------- So =  -------------  (distances to reflection point)103 tan  g 103 ta n  g

r  0.247 Si s2 - | - i
[ 1 +  - (H - Q  +  f t - g J  (divergence factor)

a-r =  1 —  0.0075 X  103 tan  g (for calm  sea)
aT = a? X T )

Hi and  H 2 are the heights of the te rm inals  above the reflecting surface, 
in  m etres. S is the  distance in  km . T he fo rm ula  for a'T is an  em pirical 
and approxim ate one due to R. C. G a r d i n e r - H il l  [16] w hich appears to 
be accurate  enough for p ractical purposes. The rigorous form ula  given in  
P o d e r  is com plex.
19. —  Applied on lines m easured by the O rdnance Survey over the  sea, 
the theory  generally produced b e tte r agreem ent w ith  trian gu la tion  
(corrected for know n scale e rro r), in  some cases rem arkab ly  so, for 
exam ple in  the  29 km  line from  Carleton Fell to Inshanks w here the  
agreem ent was im proved from  21 ppm  to 5 ppm . In one case on a 30 km  
line the  resu lt w as m ade w orse (9 ppm  to 15 ppm ), bu t in  th is case the 
shape of th e  swing graph was no t charac te ris tic  and  it w ould appear th a t 
the  reflection coefficient w as no t typ ical for w ater.
20. —  It is em phasised th a t the m ethod  can only be applied for lines 
singly reflected from  sim ple surfaces such  as calm  w ater or sm ooth level 
ice or snow. M ultiple reflection or reflection from  uneven surfaces even 
if  it is strong  is too complex for analysis. In  such cases it is best to take  
the arith m etic  m ean. If  reflection is no t charac te ris tic  the swing graph  
will show  th is  and  provide the necessary  w arn ing . The fact th a t th is 
m ethod is available should no t encourage the  acceptance of lines w ith  
excessive swing. M easurem ents w ith  no rm al swing should alw ays be m ore 
accurate. However the m ethod does m ake it possible to m easure w ith  good 
accuracy lines over w ater w hich m ight otherw ise be im m easurable. P o d e r ’s 
investigations show  th a t w hen ground swing is large, e rro r will probably 
re su lt if the a rith m etic  m ean is used, w idely deviating readings being 
discarded. In  effect th is is to use only the “f la t” po rtion  of the  swing



curve and  will in  general give too h igh a value. Screening m ay produce 
the  sam e effect th ro u g h  a general low ering of signal s treng th , leading to 
elim ination  of dev iating read ings. S im ilarly  it is bad  to select for use only 
those frequencies w hich give sm all swing. If reflection is sim ple and  th e  
sw ing curve appears to con fo rm  to P o d e r ’s ch arac te ris tic  p a tte rn  it w ould 
appear advisable to m ake a t lea s t som e m easurem ents w ith  the  in s tru m en ts  
unscreened, even if  sw ing can  be reduced by screening.
21. —  The investigations have also dem o nstra ted  th a t  w here the  excess 
p a th  length  is negligible b u t reflection coefficient close to un ity , for exam ple 
over sm ooth ice, the  reflected signal has opposite phase  b u t alm ost equal 
stren g th  to th e  d irect signal w h ich  is th u s  cancelled. T his condition  is 
p robably  th e  exp lanation  of th e  loss of signal w hich has som etim es been 
observed over such surfaces a t qu ite  sho rt range.

22. —  Refractive Index Errors

A num ber of investigations in to  refractive  index e rro rs  have tak en  
place. B a k k e l id  of the  G eographical Survey of N orw ay h as  m ade a study  
of tem p era tu re  anom alies [17] of w hich  he d istingu ishes th ree  :

A iT  : due to rad ia tio n  to an d  from  the  g round  a t th e  te rm in a ls ;
A2T : “th e  peak  an o m aly ” due to w ind lifting  an  a ir  m ass up  a 

m o u n ta in  side and  causing  its tem p era tu re  to be ad iabatically  
depressed below th a t  of neighbouring  a ir a t th e  sam e level;

A3T : due to th e rm al convection.
A iT  can be calcu lated  from  the  m easured  tem p era tu re  g rad ien t a t the 

term inals. It is negative d u rin g  th e  day, positive du ring  th e  night, and 
zero a t some tim e in  th e  m orn in g  and  afte rn oo n  w hen th e  ground  
tem p era tu re  is equal to th a t  of th e  free a tm osphere  a t th e  sam e level.

It appears th a t A2 T  an d  A3 T  are no t generally  determ inable  and 
th a t observations should th ere fo re  be tak en  w hen they  are negligible. 
F o r A2 T =  0 the  w ea ther should  be w arm  w ith  strong  convection cu rren ts . 
A3 T  =  0 occurs w hen  th e  a ir  n ea r the  g round  is cool, th a t is a t n igh t 
an d  in  the  m orning  and  evening.

It is th u s  im possible to ob ta in  conditions w hen  bo th  A2 T and  A3 T 
w ill sim ultaneously  be zero in  m ou n ta ino us country . In  fla tte r coun try  
bo th  anom alies how ever w ill be sm all. Ai T  can be elim inated  by e ither :

a) M easurem ent of lapse ra te  an d  calcu la tion ;
b) Observing by day an d  n ig h t and  tak in g  a  w eighted m ean ;
c) By observing w hen th e  tem p era tu re  g rad ien t n ea r the  g round is

zero.
B a k k e l id  does no t suggest w hich is the  best course.

23. —  In the  course of a  nu m ber of m easurem ents of a 42 km  line w ith  
te rm inals a t 348 m  and  665 m  elevation, pa rtia l confirm ation of the  theory  
w as obtained. Inversion occu rred  a t th e  te rm in a ls  in  th e  m orn ing  and



evening. This resulted in a tendency to measure short. When the difference 

of the air temperature at the terminals departed markedly from the normal, 

measures tended to be unreliable. At mid-day measures appeared to be 

most consistent. Theoretical corrections for Ai T were computed and 

applied. They reduced the spread of results slightly but not very noticeably.

24. —  B a k k e l id  also describes experiments in which two 40 km lengths 

were measured hourly for 24 hours. Terminal heights were 255 m and 

327 m for one line and 1666 m and 1545 m for the other. It is clear that 

terminal measurements fail to correct fully for meteorological variations. 

The measured transit time reduced to common temperature, pressure and 

humidity at the terminals, in both cases varies through about 7 ppm 

during 24 hours. B a k k e l id ’s theories appear to account for some but by 

no means all of the anomalies noted. For the line at lower altitude it 

appears that measurements between about 1900 hrs. and 0700 hrs. were the 

most reliable, but for the higher line no favourable period is discernible.

25. —  M. V. R a t y n s k iy  in a review of work carried out for the most part 

in Russia [35] stresses the great effect that meteorological and topogra

phical conditions have on attainable accuracy. The refractive index of the 

air is markedly affected by the nature of the underlying surface, especially 

when the atmosphere is clear and still. There are therefore added difficulties 

in obtaining representative measurements at the terminals when the line 

passes over varying terrain. He recapitulates the difficulty of getting 

representative measures, especially of temperature when the ground at 

the terminals is considerably elevated, and suggests that it is best to 

observe soon after sunrise and sunset when the temperature gradient near 

the surface reverses in sign. He also recommends distributing observations 

between day and night. The errors due to humidity are, he suggests, 

minimised in arid regions by observing late at night or in early morning; 

in mountainous regions 75 % of observations should be taken at night 

and 25 % in daytime. R a t y n s k iy  also stresses the importance of accuracy 

in instrumental readings and of ensuring that sufficient temperature 

readings are taken to eliminate the effects of short-term changes which 

are often considerable. He gives a table (reproduced as Table II below) of 

estimated refractive index errors in “average” as well as in “favourable” 

and “unfavourable” conditions. He defines “average” conditions as being 

average in the meteorological and topographical sense, with no special 

precautions for achieving accuracy. “Favourable” and “unfavourable” are 

correspondingly defined, all recommended precautions being taken in the 

case of “Favourable conditions and work methods”. The term “error” is 

not exactly defined but is stated to be that which will occur “ for the most 

part It would appear therefore roughly equivalent to a mean square error 

(m.s.e.).

26. —  P o d e r  [37] also stresses the importance of accuracy of instruments 

and of calibration, pointing out that inaccurate calibration, especially of
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thermometers, may introduce appreciable systematic error. He estimates 

the accidental component of refractive index error of a tellurometer 

measurement as ± 2 to 3 ppm (m.s.e.), citing the case of Denmark where 

for 800 measurements of 125 sides it was ± 2.2 ppm. He considers that 

there is also a systematic component due to the fact that the negative 

refractive index gradient is much steeper in the first 15 m (approx.) above 

the ground than above this height. Thus measurements at terminals tend 

to give too high a value of refractive index. The effect is similar both 

during the day and at night when temperature inversion is normally 

present. He roughly estimates this error, on the basis of work by B e s t  [47], 

as +  2 ppm and finds confirmation in the fact that the comparison of 

E.D.M. and triangulation in Denmark reveals a systematic discrepancy 

of this order. He suggests that a method of dealing with this would be to 

adopt a “ geodetic ” value for C0 of 299 793.1 km/s instead of the in vacuo 

figure of 299 792.5 km/s.

M e c k e n s t o c k  [36], basing his conclusions on the work of B e s t  [47] 

and F r a n k e n b e r g e r  [48], also considers for similar reasons that there 

is the strong likelihood of a systematic tendency to measure short with 

the geodimeter unless special measures are taken, citing in support of this 

view the geodimeter measurements reported to SSG 19 in 1960 [1] which 

indicate that the adopted light velocity is too low by 0.2 km/s. He considers 

that the likelihood of such a systematic error when using microwaves is 

much less owing to the fact that measurement is normally made in the 

middle of the day when the refractive index gradient is smallest and when 

its variations are random in nature. The tellurometer measurements of 

the 1960 Report certainly do not suggest that a higher value for C0 is 

required, in fact the reverse.

It would appear therefore that at present there is insufficient evidence 

to justify the adoption of a slightly higher “geodetic” value for C0, although 

it may well be that geodimeter measurements based on the accepted value 

will tend to be slightly short if ground level terminal measurements of 

refractive index are relied on.

27. —  To sum up, these investigations, and others in France [30] and 

Germany [36] [40], in general confirm the conclusions of the 1960 Report, 

and make apparent the difficulties and uncertainties (in any but flat and 

uniform terrain) of attempting to determine corrections to terminal 

refractive index measurements on the basis of an atmospheric model 

inferred either theoretically or from limited measurements of lapse rates, 

etc. It is best to make measurements in conditions, both topographical 

and meteorological, which are as good as possible. In particular, overcast 

windy weather is preferable. Meteorological measurements should if 

possible be taken some metres clear of the ground so as to minimise the 

effect of local surface anomaly. If conditions are unavoidably poor their 

effect should be minimised by repeating measurement on different days 

and times of the day and night. The recommendation of the 1960 Report 

is confirmed that it is more important to choose suitable observing weather



than to attempt to choose a favourable time of the day. R a t y n s k iy  has 

suggested that observations should be made soon after sunrise and sunset 

(para. 25 above) but at these times the atmosphere is often very still and 

markedly stratified. Such conditions are in general less favourable than 

when there is a good breeze and a well mixed lower atmosphere.

28. —  The need for accurate instruments —  especially wet and dry bulb 

thermometers —  and accurate calibration of them, as well as accurate 

observation, is emphasised. The use of microwave refractometers has 

been suggested [23] [36] and may be convenient in some circumstances, 

but the accuracy of about ± 3 ppm reported appears insufficient for first 
order work.

29. —  There have been various suggestions for directly obtaining the 

total refractivity of a line from measurements made at its terminals. These 

include measurement of the atmospheric reflection coefficient [41] in 

order to determine the gradient of the refractive index along the ray path, 

the use of sound waves in conjunction with electromagnetic waves for a 

similar purpose and simultaneous measurement on a number of frequencies 

chosen in relation to the absorption bands of the various atmospheric 

constituents in order to enable their contributions to the total refractivity 

to be separately assessed. Though no doubt theoretically possible it would 

appear that such methods present great practical problems and are a long 
way from realisation.

30. —  Wave Path — Geodetic and Atmospheric Corrections

Since the refractive index varies with height the path of an electro

magnetic wave through the atmosphere is normally curved. If the mean 

of the terminal values of the refractive index is adopted for a line it is 

necessary to apply geometric corrections to reduce to horizontal and 

spheroid level and also two further corrections :

a) A correction (Kÿ) to reduce from measured arc length along the 

ray path to spheroid arc length;

b) A correction (Kv) arising from the fact that since the curvature 

of the earth is normally much greater than that of the ray path, the latter 

dips into atmosphere with a refractive index in general greater than the 

terminal mean.

J. Sa a s t a m o in e n  [24] [25] derives the following values for these 

corrections :

1 —  k2



where :

R =  the radius of curvature of the earth; 
p =  the radius of curvature of the path;

R
k =  the coefficient of refraction =  —  (assumed constant for any line) ;

P
S =  the measured distance.

S. B a k k e l id  [17] derives similar formulae, but from evidence of 

measured lapse rates concludes that for M.D.M. serious error does not 

result if the value p =  4 R  is accepted in calculating k (i.e. k =  0.25). 

S a a s t a m o in e n  suggests that this may not be so, but it is normally extremely 

difficult to measure k for microwaves, and since the resulting errors are 

probably no greater than those of assuming that k is constant along the 

line, the adoption of a value of k =  0.25 seems reasonable. This gives :

K  S3 

4 3  R 2

This correction is also given by the common practice of treating the ray

4R
path as straight and assuming an earth radius of ——  , i.e.

S3 S3
K  = ----

. 4R \2 43 R2
24

3

Note however that if terminal means are not used, but instead the mean 

of several refractive index measurements along the ray path, the need 

for correction Kw is eliminated and :

1 —  k2
K =  Kg = -------  S3

9 24 R2

S3
when k =  0.25

25.6 R2

A  more rigorous formula for reducing M.D.M. measurements has been 

derived by P o d e r , L e h n  and A n d e r s e n  [13] from an atmospheric model 

suggested by H o t in e , but it would appear that the simpler approximate 

formulae are adequate for normal purposes.

For E.-O. D. M. it is possible to derive k from theodolite vertical 

angle measurements if the heights of the terminals are accurately known. 

S a a s t a m o in e n  [25] recommends this course but it appears that the present 

distance limitations of E-O.D.M. render the path curvature correction 

unimportant, certainly in relation to errors arising from other causes 

such as those due to local temperature anomalies.

31. —  Modulation Frequency Error

Since an error in the assumed frequency of modulation for any E.D.M. 

instrument produces a proportionate error in the distance, frequency during 

measurement must be accurately known. Modulation frequency is normally 

controlled by a thermostatically heated crystal. G e r k e  [45] and others



have shown that in ordinary conditions the frequency should remain 

constant to within 1 ppm for a long time. However there is undoubtedly 

a tendency for frequency to drift slightly over a period of months —  possibly 

owing to variations in heater and thermostat operation. Moreover a number 

of organisations have noted sudden marked changes of frequency which 

may quite readily result from knocks or bumps, from damage to the 

temperature control system, or from mishandling of the equipment. It 

therefore is most advisable to check modulation frequency at close intervals 

before, during and after periods of field operation. P o d e r  suggests [37] 

about once every week or fortnight. For this purpose when the instrument 

is used in areas where laboratory testing facilities are not at hand it 

appears advisable to make use of field calibration equipment. No equipment 

appears to be marketed specifically for this purpose, but a number of users 

have devised their own equipment, for example the Royal Danish Geodetic 

Institute [26]. This equipment has an accuracy of 1 to 3 parts in 107 —  

an accuracy which is limited by the phase stability of the received wireless 

signal used for calibration. This of course is affected by atmospheric 

conditions. Using their equipment, results reported reveal short term 

changes of Tellurometer MRA 1 frequencies of 25 c/s or 2.5 ppm.

32. —  Freak Lines

A number of authorities have reported the occasional occurrence of 

“freak” lines which give inexplicably large errors when measured with 

M. D. M. equipment. Such instances are probably the result of some 

peculiarity of microwave propagation on the line in question. The possibil

ity of their occurrence emphasises the importance of not relying on single 

M.D.M. measured lengths to control scale. (See paragraph 47 (a) of 1960 
Report).

33. —  Estimates of Errors

P o d e r  [37] and R a t y n s k iy  [35] have made estimates of some of the 

errors inherent in E.D.M. In Table III below these estimates are compared 

with those of a single measurement given in the 1960 Report of SSG 19. 

The latter were given as probable errors but have been approximately 

converted to m.s.e.’s, for the purpose of comparison, by multiplying by 1.5.

From this Table it might seem that the 1960 Report is slightly pessimis

tic, but the results of reported comparison with taped measurements etc. 

do not support this (see Appendix I). A number of recently reported results 

in fact fall well outside the estimate. It is recommended therefore that 

the 1960 estimates be retained. These are restated below as standard (or 

mean square) errors as follows (for a full determination of distance in 
accordance with recommendation) :

Geodimeter NASM 1 ..................  ± 4.5 cm ± 1 ppm

Geodimeter NASM 2 ..................  ± 2.2 cm ± 1 ppm

Tellurometer MRA 1 and 2 . .. . ±3.0 cm ± 3 ppm



T a b l e  III

Error SSG 19 Report 1960 
(converted to m.s.e.) Poder Ratynskiy 

Average conditions

E-O.D.M. 
(NASM 2)

M.D.M. M.D.M. E-O.D.M. M.D.M.

Instrumental error 
(including zero 
error, phase 
display error and 
“ instrument 
swing ”) ............... ± 2.1 cm ± 1.8 cm ± 2.1 cm not stated
Refractive Index 
error due to : 

Temperature . . . ± 0.7 ppm ± 1.2 ppm not stated ± 0.7 ppm ± 0.9 ppm
Atmospheric 

pressure ....... ± 0.3 ppm ± 0.4 ppm not stated ±0.2 ppm ± 0.2 ppm
Humidity......... nil ± 6.0 ppm not stated ± 0 ± 4.6 ppm

Total refractive 
index error......... ±1.0 ppm ± 6.1 ppm + 2 ± 2.2 ±0.7 ppm ± 4.7 ppm

Ground swing 
error .................... — ± 4.6 ppm

ppm 

not stated — not stated

GENERAL E.D.M. RESEARCH

34. —  Optimum Wavelength M.D.M. Instruments

Four M.D.M. instruments now employ a 10 Gc/s (3 cm) carrier wave, 

Electrotape DM 20, Tellurometer MRA 3, W ild  Distomat DI 50 and 

Fairchild Micro-Chain MC-8. Present indications are that for first order 

work, on balance, the higher frequency provides advantage because of 

reduced ground reflection. Range however is somewhat reduced and 

cloud penetration is said to be poor. The higher the frequency the lowTer 

the klystron efficiency, but this has been compensated in the present 

instruments by the use of transistors instead of valves and by a slight 

narrowing of the beam. The adoption of even higher frequencies (of the 

order of 1 cm) might be advantageous. The beam angle could be reduced 

to about 1 degree which would prevent an excessive power requirement 

and virtually eliminate ground reflection. However difficulties of alignment 

in poor visibility might result which would handicap lower order work. 

The advent of an instrument of this type would be a most interesting 
development.

35. —  Masers and Lasers

Maser (Microwave Amplification by Stimulated Emission of Radiation) 

action depends upon the fact that if certain substances, solid, liquid, or



gaseous, are energised in a suitable manner by irradiation or by an electric 

discharge, the distribution of their active components (atoms, ions or 

molecules) among the various allowed energy levels may be inverted from 

the normal state, causing the system to become unstable. In these condi

tions, if a radiation is applied at the frequency of transition between two 

energy levels, whose particle populations have been inverted by this 

disturbance, it will stimulate the substance to emit radiation at this same 

frequency but with considerable amplification. By this loss of energy the 

substance tends to return to a stable state [28]. In the case of the Maser 

the amplified signal is of microwave frequency. In the case of the Laser 

(Light Amplification by Stimulated Emission of Radiation) it is a light 

signal, but the general principle of operation is the same.

Because its frequency must be precisely that of the transition between 

two energy levels, a Maser or Laser emission is of a very narrow band 

width. By suitably shaping the substance used (e.g. ruby crystal), or its 

container in the case of a gas, it acts as a resonator causing the emission 

to build up into a coherent and (in the case of the Laser) narrow, con

centrated and highly directional beam (beam angle <  0°.l). These char

acteristics offer possibilities for E.D.M. In clear weather the very concentra

ted beam of the Laser could be detected and used for distance measurement 

at considerable ranges (of the order of 40 km) even in daylight. Its high 

degree of coherence allows the use of very high modulation frequencies, 

and also raises the possibility of using Laser light for measurement by 

direct interferometric methods of much greater lengths than is possible 

with ordinary filtered light. The beam can be focussed to a fine point, split 

or deflected by means of a prism, without dispersion. It is thus possible to 

produce a concentrated double beam diverging at an accurately known 

angle and to use this to measure distances by a modified subtense method, 

the stadia intercept being read directly by observing the points on the 

stadia scale at which the twin beams impinge [29]. The accuracy of such 

observation would decrease much more slowly with increased distance 

than would that of optical observation of the subtense angle.

36. — At present no E.D.M. apparatus based on the Maser or Laser has 

been reported but the intense study being given to the subject appears to 

ensure that such devices will make their appearance in the near future.

37. —  Measurement of Long Lines

Since 1960 the Tellurometer (MRA 1 and MRA 2) has been successfully 

used for the measurement of lines of the order of 100 km. For such lines 

the use of a large (48") reflector is advantageous. The Ordnance Survey of 

Great Britain obtained a difference (Tell.-Trig.) of 1 ppm from first order 

triangulation for a line of 103 km over the sea [34]. The scale of the 

triangulation may be in error by about -(- 3 to -)- 5 ppm. On such long lines 

the excess signal path length is normally negligible and ground reflection 

therefore does not affect the measurement. However the determination of



refractive index presents unusual problems. The Ordnance Survey made 

use of a ship near the point of m inimum clearance to take additional 

meteorological observations about 10 m above the sea surface. The line 

clearance was about 43 m. The influence of these on the result was insig

nificant and it seems questionable whether such observations are worth 

while for a homogeneous line over the sea, particularly if terminal 

observations can be made at a sufficient height above the ground (e.g. on 

30 m towers) to ensure that they are free of local anomaly. For a long non- 

homogeneous line over land, or if the meteorological conditions at the 

terminals are likely to be anomalous, central measurements are probably 

worth while, a lapse rate correction for temperature and barometric 

pressure being applied to reduce the measurements to signal path height. 

Water vapour pressure may be accepted as observed. Further research in 

this field would be valuable.

38. —  A line-crossing technique has been successfully used by the Royal 

Danish Geodetic Survey for measuring a line of about 70 km across water

[27], Two Tellurometer MRA 1 master sets were operated on fixed fre

quencies from the bridge of a ship; remotes were on land. The line-crossing 

measurement, a mean of 7 crossings, differed from the mean of 12 direct 

measurements by —  18 cm.

39. —  Practical Considerations — Frequency Allocation

In certain highly developed countries clearance for the use of M.D.M. 

instruments has produced difficulty. This particularly applied to instru

ments operating in the 10 cm and longer wave bands. Instruments such as 

the tellurometer and Electrotape require to operate over a disproportion

ately wide band owing to the need to vary carrier frequency to eliminate 

the effects of ground reflection. The international authority for allocation 

of frequency bands is the International Telecommunications Union (I.T.U.). 

National authorities allocate frequencies within their own countries in 

general conformity with the allocations of the I.T.U. The frequency bands 

at present used for M.D.M. purposes and the other main users of these 

bands at present are shown below. (Details of I.T.U. allocations in these 

bands are given in Appendix IV) (*>.

Tellurometer Aero Dist . . 

Tellurometer MRA 1 and 2

Tellurometer MRA 3

Electrotape DM 20 ..........

W ild  Distomat DI 50 ___

Fairchild Micro-Chain MC-8

Frequency

Band

1.2-1.4 Gc/s 

2.8-3.2 Gc/s

10.0-10.5 Gc/s

Other Uses

Aero Radio Navigation 

and Radio Location

Radio Location (Primary) 

Amateurs (Secondary)

(*) IHB Note. —  This appendix is not reprinted in  the present volume.



In certain countries there are definite objections to the use of aerial 

navigation frequencies for M.D.M. purposes since in such cases safety to 

life is a consideration.

40. —  This problem cannot yet be described as serious, but it would seem 

inevitable that as the use of M.D.M. becomes more widespread and other 

microwave users more numerous it will be aggravated. It therefore appears 

advisable to take steps towards securing international allocation of 

suitable frequencies specifically for the use of M.D.M. equipment.

41. —  This question was discussed at the Tellurometer Symposium held 

in London on 30th July - 3rd August 1962, and as a result a resolution was 

passed (Appendix III) <*). It is recommended that the I.A.G. take note of this 

and request the I.U.G.G. to take the matter up with the I.T.U. It is believed 

that such action is necessary if hampering restrictions upon the use of 

M.D.M. and upon the development of new equipment in the future are to 

be avoided.

CONCLUSIONS AND RECOMMENDATIONS

42. —  The following is a summary of the conclusions and recommenda

tions that are either new or which modify the conclusions of the 1960 

Report, paragraphs 44 to 50. Otherwise the latter are confirmed.

43. —  The following additional instruments are acceptable for first order 

work :

a) E-O.D.M. Instruments

Geodimeter NASM 4 (paragraph 4)

Russian SVV 1 (paragraph 5)

b) M.D.M. Instruments

Electrotape DM 20 (provisionally) (paragraph 9) 

Tellurometer MRA 3 (provisionally) (paragraph 10)

44. —  Range

The maximum range at which accurate measurements can be made 

with 3 Gc/s instruments such as the Tellurometer MRA 1 and 2 now 

appears to be about 100-110 km. It is not however recommended that 

measurements at such distances be accepted unless special precautions are 

taken to obtain an accurately representative value of refractive index 

(paragraph 37).

(*) 1HB Note. —  This appendix is not reprinted in  the present volume.



45. —  Ground Reflection

a ) It is recommended that P o d e r ’s method (paragraphs 18 to 20) of 

correcting for ground swing be adopted when conditions indicate that this 

is appropriate, i.e. for measurements with large excess path length over 

highly reflective surfaces and when the form of the ground swing graph is 

characteristic. Otherwise the arithmetic mean should be employed.

b) Screening or lowering the instrument to the ground to reduce 

ground swing should be adopted only with caution (paragraph 20).

c) The same range of cavity settings should be used for all work, 

including calibration (paragraph 15) and no attempt should be made to 

discard incomplete cycles of ground swing unless the amplitude exceeds 

4 m ^s and the cyclic pattern is clearly marked (paragraph 17).

46. —  Zero Error

It is recommended that for the Tellurometer MRA 1 and 2 zero error 

should be calculated on the assumption that its behaviour is cyclic 

(paragraphs 13 and 14). Further investigation of zero is required for 

instruments of other types.

47. —  Path and Earth Curvature Corrections

It is recommended that the principles of correction indicated in 

paragraph 30 be adopted.

48. —  Frequency Control

It is recommended that suitable field equipment be developed and 

used to control modulation frequency when E.D.M. equipment is used in 

areas where laboratory calibration equipment is not readily accessible 

(paragraph 31).

49. —  Future Research

It is recommended that research into E.D.M. be energetically continued 

especially in the following fields :

a) Use of carrier frequencies of the order of 36 Gc/s (paragraph 34)

b) Application of Laser to E.D.M. (paragraph 35)

c) Measurement of refractive index in various conditions (paragraphs 

22-29)

d) Ground reflection (paragraphs 16-21)

e) Zero error (paragraphs 13-15).



50. —  Frequency Allocation

It is recommended that the I.A.G. approach the I.T.U. through the

I.U.G.G. with a view to the allocation of frequencies for E.D.M. purposes in 

accordance with Resolution No. 1 of the Tellurometer Symposium (Appendix 

III).

P a r t  II

A IR  AND SPACE SYSTEMS 

by P. H. K e n n e y

INTRODUCTION

1. —  At the I.U.G.G. General Assembly in Helsinki in 1960, SSG 19 reported 

on the various ground based electromagnetic distance measuring instru

ments of geodetic significance then available.

Up to that time airborne instruments had been excluded from the 

terms of reference of the Study Group, but at the Helsinki meeting it was 

agreed to widen the terms of reference to cover new developments in these 

systems. In the three years since the Helsinki meeting there have been not 

only developments of airborne systems but also proposals for systems used 

in conjunction with artificial satellites. This report therefore covers 

developments in both airborne and satellite-borne systems.

AIRBORNE SYSTEMS 

General

2. —  All airborne systems of distance measurement operate by timing the 

transmission of signals between an aircraft and stations upon the ground. 

The transmitter is normally (but not necessarily) in the aircraft and the 

ground stations are normally transponder beacons. Airborne systems have 

the obvious advantage over ground based systems that they can operate on 

a “ line of sight ” basis at much greater ranges (of the order of 500 km 

or more), but they suffer from inherent inaccuracy due first of all to 

uncertainty as to the mean refractive index along the asymmetric signal 

path, one end of which may be at 6 000 m and the other near sea level ; 

and secondly to the difficulty of operating from a fast moving platform 

from which, amongst other things, it is extremely difficult to obtain accurate 

observations of ambient meteorological conditions.



3. —  Distance measurements using airborne systems are also inherently 

difficult to combine with angular measurements because they are only 

geodetically accurate when made between points which are too far apart 

to be intervisible. Azimuth is thus difficult to determine accurately. Some 

promising experiments have however been carried out in which azimuth 

has been obtained by simultaneous theodolite observation from both ends 

of a long line on to a flare target towed across it by a high flying aircraft. 

The correct azimuth of the line is indicated when the azimuths from each 
end (after allowing for convergence) are supplementary. Alternatively the 

flare or high intensity strobe lamp may be photographed against the star 

background, from each end of the line, and the azimuth obtained analyti

cally [50].

Systems hitherto in Use

4. —  Airborne systems have their origin in wartime bombing and naviga

tional devices. The British systems OBOE and GEE H were the first to be 

adapted for mapping purposes although they were never put to strictly 

geodetic use. The U.S. system Shoran was the first to be used purely for 

distance measurement by the well known line-crossing technique. W ith 

various refinements this system has been used to make trilatération 

connections in a number of areas where ordinary triangulation is impossi

ble, for example between the North American continent and Europe, via 

Greenland, Iceland and the Faeroes. It has also been used as a temporary 

substitute for a basic triangulation framework in certain continental areas, 

e.g. Canada, to enable 1/250 000 scale mapping to proceed without waiting 

for first order triangulation to be completed. The most advanced form of 

the system is known as Hiran. In this the transmitter is carried in the 

aircraft and it interrogates transponder beacons located on the ground. It 

operates at a frequency of between 300 and 400 Mc/s, using a pulsed signal. 

A system of “ gain riding ” or automatic compensation for varying signal 

strengths is incorporated. The system however can only achieve an 

accuracy at maximum range about 20 ppm or thereabouts (this accuracy 

falling off as range decreases). It is thus not strictly up to first order 

standards.

Shiran [50] [55]

5. —  The USAF, in conjunction with industry, have laid down specifica

tions for a more accurate system to replace Hiran. Work is now proceeding 

on the development of a frequency modulated continuous wave (f.m.c.w.) 

system, working between 3.0 and 3.5 Gc/s in which the transmitter operates 

at 3.312 Gc/s and the transponder at 3.087 Gc/s. The object is to obtain 

the distance between the aircraft, which carries the master station, and 

the ground station, with a standard deviation of 4 m. It is planned to 

transmit to up to four ground stations which may be at distances of 40



and 1 000 km from the aircraft. In addition to the airborne distance 

measuring equipment, it is intended to carry an electronic computer in the 

aircraft, the object of which will be to compute preliminary results and 

thus to check the performance of the system in the air. This system is in 

the manufacturing stage and it is unlikely that results will be available 
before 1964.

Aerodist [51] [52]

6. —  Aerodist has been developed by the Tellurometer Company and is 

based in principle upon the tellurometer system. It consists of an airborne 

master instrument which interrogates two or three remote stations. In 

operation it produces a continuous measurement of the distance between 

the master and any remote station. In its simpler mode (two channel) it 

may be used for measuring the distance between two remote ground 

stations by the normal line-crossing technique. In the three channel mode 

the system may be used for fixing the position of a third remote station 

with respect to the known positions of the first two remote stations.

7. —  Aerodist is designed to work up to a maximum ground-to-air distance 

of 300 km, though it may be used at much shorter ranges. It works at 

frequencies between 1.20 and 1.47 Gc/s, modulated at about 1.5 Mc/s. Its 

proposed accuracy is 1 m ± 1/100 000, for any air/ground distance. This 

accuracy would be geodetically useful when the instrument is used at 

ranges approaching the maximum. Over short ranges the errors would 

scarcely be acceptable. To achieve this accuracy it may prove necessary to 

make meteorological observations at different heights between the ground 

and flying station. Also, further investigation is necessary into taking truly 

representative meteorological observations in the aircraft.

8. — Another problem is that of aligning the remote station on the 

master. The full range will only be achieved if this alignment is accurate 

within 15° (beamwidth 30°). Otherwise signal strength may be too weak 

for measurement, though speech may still be possible.

9. —  The problem of ground reflection arises with Aerodist as with the 

tellurometer, and is to some extent accentuated by the fact that with a 

moving master station the technique of varying the carrier wavelength to 

eliminate ground swing becomes inapplicable. It appears that instead line 

crossings will have to be made at different points in order to vary reflection 

conditions. The problem needs further study.

10. —  There is also the problem of aircraft height. At present it would 

appear that there is no satisfactory alternative to the use of barometric 

methods, or possibly the aircraft’s own altimeter, although clearly some 

more precise and positive method would be an advantage.



Aerodist Trials

11. —  Aerodist equipment has been tested in the air in three countries, 

U.S.A., U.K. and Canada.

U.S. Trials (1960)

12. —  Tests were carried out with prototype equipment by G im r a d a  [51] 

and produced accuracies well below the predicted 1 m ± 1/100 000.

U.K. Trials (1961)

13. —  These tests were carried out by Fairey Aviation Ltd. on behalf of 

Tellurometer Ltd. [4]. Line crossings were flown over the six lines forming 

a braced quadrilateral, in western U.K. The following table gives details of 

the results.

Ordnance Survey 
Distance (corrected 

for known scale error)

‘Aerodist’
Mean

Reading

Accuracy 
of Mean 
Reading

Error 
of Mean 
Reading

89 890.121 89 892.977 1/41 000 + 2.856
102 242.050 102 250.066 1/13 000 + 8.016
212 187.979 212 192.403 1/48 000 + 4.424
148 674.858 148 680.473 1/26 000 ■j- 5.615
182 135.324 182 138.572 1/56 000 + 3.248
182 135.324 182 135.068 1/711 000 — 0.256
132 974.837 132 972.642 1/61 000 — 2.195
170 928.542 170 924.668 1/44 000 — 3.874

U.K. Trials (1962)

14. —  In the summer of 1962 a 3-channel Aerodist system was tested in 
the U.K. A quadrilateral consisting of 4 first order geodetic stations was 

selected, with average side length of about 120 km. Each of the six lines 

of this quadrilateral were measured with up to 13 crossings of each line. 

Flying heights were varied between 600 and 2 000 metres. Meteorological 

observations were taken on board the aircraft with psychrometers and 

survey barometers, as well as readings of the aircraft’s altimeter, compass 

and air speed instruments. Computations of the refractive index for the 

preliminary results so far available depended upon an assumed linear 

gradient between the aircraft and ground stations. Before the trials could 

be carried out some difficulty was experienced in obtaining frequency 

clearance, and ultimately authority was only given on a day-to-day basis. 

In this trial, production models of the Aerodist equipment were used. 

These produce a large quantity of paper traces which require lengthy 

analysis. A digital read-out, possibly in the form of punched tape, might 

be more easily processed. The preliminary results of these trials which are 

given in the following table show little significant difference from the 

results obtained in the Fairey trials of the previous year when prototype 

equipment was being tested.



Corrected
Triangulation

distance

Aerodist
distance Difference Accuracy

111 021.97 111 021.51 — 0.46 1/241 000
144 618.92 144 615.29 — 3.63 1/40 000
174 003.88 173 994.20 — 9.68 1/18 000
190 220.33 190 212.80 — 7.53 1/25 000
137 186.45 137 177.93 — 8.52 1/16 000
120 552.04 120 552.82 + 0.78 1/155 000

Other Trials

15. —  Other trials have been carried out as follows but so far no results 

have been reported : U.S. (1961); Canada (1962).

SATELLITE-CARRIED SYSTEMS

General

16. —  The range of ground-based electromagnetic distance measuring 

equipment has been increased tenfold by placing such systems in aircraft, 

and a further order of range increase seemed to be feasible if it proved 

possible to put the necessary instruments in satellites. By such means it is 

hoped that points anywhere over the earth’s surface may be connected via 

an artificial satellite, either directly or by orbital extrapolation. The use of 

a satellite for this purpose produces its own inherent difficulties. In the 

first place the platform now moves at a speed of about 8 km/s instead of 

perhaps 100 m/s. The problem of instantaneous location is thus much 

greater. Ordinary atmospheric refraction problems are simplified since the 

signal for its greater part travels in space or near-space. However radio 

waves are refracted in their passage through the ionosphere by considerable 

but varying amounts, depending on the state of the ionosphere, the angle 

of passage and the wavelength employed.

Secor [53] [54] [56]

17. —  The Cubic Corporation of the United States has developed this 

system, in conjunction with the Army Map Service, in which it is planned 

to have up to four ground based stations interrogating a transponder carried 

in a satellite in orbit at a height of about 1 000 km. F.m.c.w. signals are 

used, and phase comparison of the transmitted with the received signals 

at the ground station provides a measure of the distance of the satellite. 

Thus successive positions of the satellite can be fixed by means of 

synchronised observations from three or more known ground stations. If 

synchronised observations are also taken from a further ground station 

the position of the latter can then be fixed by a form of resection from the 
successive known satellite positions.



18. —  The carrier wave transmission frequency is about 450 Mc/s, and 

four modulation frequencies are used in order to obviate ambiguity in the 

measured distances. Ionospheric refraction, it is hoped, will be eliminated 

by using two retransmission frequencies from the satellite, i.e. 449 Mc/s 

and 224.5 Mc/s. Though some satellite-borne experiments have been carried 

out, so far no accuracy data is available. It is hoped that distances between 

points 1 000 km or more apart will be achieved to an accuracy of about 
30 m.

Transit [53] [54] [57] [58]

19. —  This system, being developed by the U.S. Navy, is based on the 

Doppler effect. A satellite is put into orbit at a height of about 1 000 km 

and the orbit is very carefully monitored by ground stations. The satellite 

is equipped with a crystal-controlled clock and with means of recording 

data regarding its own orbit, supplied by monitoring stations. On passing 

such stations the satellite is fed with the latest data regarding its orbit 

with respect to time. In the course of subsequent orbits, every 90 seconds 

it broadcasts information including the time, and its own height and 

position at the time of transmission, computed by extrapolation from the 

stored data. In addition it transmits four ultra stable frequency signals.

20. — A ground station wishing to fix its position will tune in to the 

satellite’s transmission and record the transmitted data, and in particular 

the stable frequency signal. As the satellite passes, the Doppler effect will 

cause the frequency of these signals to drop. By measurement of the 

maximum rate of change of frequency, the distance of the observing station 

from the satellite can be computed. At the moment of maximum change 

the station must lie on a circle centred at a point on the orbit, with this 

distance as radius, in a plane at right angles to the orbit. The centre of this 

circle may be determined from the orbital data transmitted by the satellite. 

The circle will intersect the earth at two points, one to the east and one to 

the west of the satellite’s orbit. The point which corresponds to the station 

may be determined from a plot of the rate of change of frequency. If the 

observer were stationary with respect to the orbital plane, this plot would 

be symmetrical about the point of maximum change. However, because of 

the earth’s rotation, the ground station moves towards or away from the 

orbit, thus making the Doppler variation asymmetric about the maximum 

point. The direction of asymmetry indicates whether the observing station 

is to the east or west of the orbit.

21. — The use of four transmission frequencies enables the effect of 

ionospheric refraction to be computed and eliminated. This and other 

factors greatly complicate the computation of results, and if the full 

accuracy inherent in the system is to be attained an electronic computer 

is required. W ith such equipment it is hoped that accuracies of 50 m or 

better will be achieved. Practical experiments with the system have been



going on for several years although accuracy data are not yet published. 

Once the system becomes available for civil use, possibly within a year, 

a means of fixing position to an accuracy approaching that required for 

geodesy will be available for general use.

Anna [53] [54]

22. —  The geodetic satellite Anna, sponsored jointly by the U.S. Army, 

Navy, Air Force and NASA, carries both Secor and Transit systems in 

addition to a flashing beacon for optical observation. The satellite was 

launched on 31st October 1962 and is in orbit at a height of 1 100 km 

with an angle of inclination to the equator of 50.2°, but so far no results 

have been announced.
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A. — MICROWAVE DISTANCE MEASUREMENTS

Date Country and Organisation Instrument Base or line
Length

km

No.
of

Days

No.
of

Measures

DifT. MDM-Tape etc. M.s.e. of 
single obs.

Remarks

cm ppm cm ppm

1958 D.F.R. Geod. Institute, Frankfurt [32] MRA 1 Munich 8.2 — 3 —  3.7 2.7 2.2
1959
1960

« » » » 
» n n n

n
n

Heerbrugg
Meppen

7.3
7.0

+ 17 
+ 10

+ 23.3 
+ 14.6

8.7
2.3

11.9
3.3 > Taped bases

n » » » M Gottingen 5.2
20

+ 18 + 34.6 7.8 15.0
1960 Ordnance Survey of N.I. [33] MRA 1 Lough Foyle 12.6 14 + 2.4 + 1.9 1.4 1.1 Base measured with

11.2 — 2.0 — 1.8
compensation bars

1962 Tellurometer Ltd. & O.S. [11] MRA 3 Ridgeway Base 2 6 1.1 1.0
1 Taped bases 
'1962 H n Yt MRA 3 Caithness Base 24.8 3 8 — 6.2 — 2.5 4.5 1.8

1962 U.S. Army [10] Electrotape
1.7 8 — 0.3DM 20 Belvoir Base — 1.8 Taped base

» » » Leesburg Ecc-
+ 0.2Westbase 4.7 7 + 0.4

n n n Leesburg Ecc-
8

\
Orchard 4.9 + 4.3 + 8.8 I

n » 
n n

w
n

Ferry-Wheat 
Leesburg Ecc- 

Fairall

7.3

8.0

8

8

— 2.3 

+ 4.7

— 3.2

— 5.9

i Comparison with 
' Geodimeter NASM 2

n 7i n Leesburg Ecc-
8 -)- 8.9Hamilton 8.4 + 10.6 i

n n n Clark-Robinson 20.3 10 + 7.6 + 3.7 Trig. :» » n Clark-Fork 40.7 8 -(- 11.9 + 2.9
accuracy 1/225 000

June U.S. Coast & Geodetic Survey Electrotape Cheyenne Well-
1962 DM 20 Monotony 15.7 14 — 5.1 — 3.2 1

n w v n 
n d rt n 
n n » n

»
n
»»

Houston-Crowder 
Elkreek-Sink 
Colby Base

18.6
16.2
10.6

11
20
9

— 17.3
—  11.2 
— 14.1

— 9.3
— 6.9
— 13.3

i Comparison with 
' Geodimeter NASM 2

t> n n Lebanon-Old Well 24.3 6 — 51.6 — 21.3 )
n n rt » » Blixt-Halliwill 23.6 24 — 17.7 — 7.5

1962 Tech. Hochschule, Hannover [49] Electrotape Munich 8.2 2 8 — 3.1 — 3.8 2.0 2.4 Taped base
DM 20

» » n Y> Base N - Parsdorf 9.0 1 4 — 5.6 — 6.2 2.8 3.0 1 Comparison with
« n n n Base S - Parsdorf 10.3 1 4 — 6.1 — 5.9 3.2 3.1 } Geodimeter NASM 2« tt tt n

»
Gottingen Test net 

Base N-BUF 140 1.8 + 1.5 + 8.2

I

BUF 140 -BUF 87 1.3 — 1.4 — 10.8 . Taped lengths
BUF 87-Base S 2.1 — 4.8 + 22.9rt rt n V Cuxhaven Leuchturm ,
- Dose, Pfeiler 2.9 + 1.0 + 3.5 1 Comparison withn ft w n Cuxhaven Radar geodimeter

1962
- Dose, Pfeiler 2.8 — 2.2 — 7.9

State of Nevada, Electrotape State Base 30 m 1 7 Nil Spread
»

3.3 cm Sun, cool breeze
Dept, of Highways [43] DM 20 n » 76 m 1 10 Nil 2.7 cm » » >?

n n » » » 152 m 1 14 — 0.1 — 6.6 » 5.0 cm Cloudy, cooln n » » JJ 335 m 2 10 + 0.2 + 6.0 >1 3.4 cm Sun, warm calm breezert rt n Humboldt Base 3.2 2 32 — 0.6 — 1.9 »» 3.3 cm Overcast, calm, rain, 
cool» » » Elko Base 7.0 2 32 — 10.0 — 14 11.7 cm rt n »

n w V Reed Base 8.9 2 32 + 4.1 + 4.5
« 6.5 cm Cloudy, breezy,

clear, warmn » » Ely Base 13.4 2 8 — 12.9 — 9.7 2.9 cm 2 Segments, clear, cool» Reese River Base 17.9 1 32 — 12.0 — 6.7 « 11.3 cm Clear, cool, including 
mid-course wet” » ft Pahrump Base 24.2 1 10 — 3.4 — 1.4 M 5.7 cm Clear, strong wind, 
dusty. Dust storm 
eventually made null 
meter readings too 
unstable for measure
ment.
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Members of Special Study Group 19

Name
E d g e , Brigadier R.C.A.

(President)
K e n n e y , P.H. (Secretary)

Address or Appointment 
Ordnance Survey, Leatherhead Road, Chessington, 

Surrey.
Army Operational Research Establishment, Parvis 

Road, West Byfleet, Surrey.

A s la k s o n ,  C a p t. C a r l I.

A s p lu n d ,  Prof. L.

B e r g s t r a n d ,  D r . E. 
B je r h a m m e r , P ro f . E.A. 
B r a z ie r ,  H. H.

C a r l a ,  Maggiore M.

D e c a u x , B. F.

F r o o m e , Dr. K. D. 
G e r k e , Prof. Dr. K. 
G ig a s , Dr. Erwin

H e n r ik s e n ,  S. W.

J a n e s , Harris B.

J e l s t r u p ,  G.

K u k k a m a k i,  Prof. T.J.

L a r in ,  D r . B. A.

L i l l y ,  J. E.

M c C a l l ,  J. S.

M a r u s s i ,  Prof. A. 

M i t t e r ,  Dr. Josef

M o r e l l i ,  P ro f . C. 
M u n g a l l ,  D r . A. G. 
P o d e r ,  M . Sc. Knud

P o l in g ,  Austin C.

R im in g t o n ,  G. R . L.

R in n e r ,  Prof. Dr. Karl

R o b b in s , Dr. A. R .

R o b in s o n ,  Dr. G. D.

T h o m p so n , Moody C.

Geonautics, Inc., Dupont Circle Building, 1346 
Connecticut Ave., N.W., Washington 6, D.C.

Rikets Allmanna Kartverk, Fack, Stockholm 8, 
Sweden.

Kartverket Fack 28, Stockholm 8, Sweden.
Tekniska Hogskolan, Stockholm, Sweden.
Directorate of Overseas Surveys, Kingston Road, 

Tolworth, Surbiton, Surrey.
Istituto Geographico Militare, Divisione Geodetica e 

Geofis, via Cesare Battisti, 10, Firenze, Italy.
Centre National d’Etudes des Télécommunications, 

196, rue de Paris, Bagneux (Seine), France.
National Physical Laboratory, Teddington, Middx.
Forsthausstrasse 151, Frankfurt A/M, Germany.
Institute of Applied Geodesy, Frankfurt am Main, 

Forsthausstrasse 151, Germany, D.F.R.
Army Map Service, Corps of Engineers, U.S. Army, 

6500 Brooks Lane, Washington 25, D.C.
National Bureau of Standards, Boulder Laboratories, 

Boulder, Colorado, U.S.A.
Norges Geografiske Oppmaling, Post Box 1368,

Oslo - Vika.
Geodetic Institute, Itamerenkatu 51, Helsinki, 

Finland.
Central Research Institute of Geodesy, Photogram- 

metry & Cartography, Moscow, U.S.S.R.
Dominion Geodesist, Department of Mines &

Technical Surveys, Surveys & Mapping Branch, 
Ottawa, Canada.

Headquarters Department of the Army, Office of the 
Chief of Engineers, Washington 25, D.C., U.S.A.

Istituto di Geodesia Topografia e Geofisica, Univer- 
sita Degli Studi di Trieste, Trieste, Italy.

Federal Office for Standards & Measurement, 
Standards and Surveying, Wien VIII, 
Friedrich-Schmidt Platz 3.

Osservatorio Geofisico, Viale R. Gessi 4, Trieste, Italy.
National Research Council, Ottawa, Canada.
Geodetic Division I, Geodetic Institute,

Nr. Farimagsgade 1, Copenhagen K.
U.S. Coast & Geodetic Survev, Washington, D.C., 

U.S.A.
Department of National Development, Division of 

National Mapping, Acton, Canberra, A.C.T.
Technische Hochschule Graz, II Lehrkanzel fur 

Geodasie, Graz, Rechbauerstrasse 12, Austria.
Department of Surveying & Geodesy, Oxford Univers

ity, 10 South Parks Road, Oxford.
Deputy Director (Physical Research), Meteorological 

Office, Viking House, Kingsway, London, S.W.
U.S. Department of Commerce, National Bureau of 

Standards, Boulder Laboratories, Boulder, Colo
rado, U.S.A.



W a d l e y , T. L. South African Council for Scientific & Industrial
Research, National Institute for Telecommunica
tions Research, P.O. Box 10319, Johannesburg,
S. Africa.
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