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Abstract

The article is devoted to the problem of improving the accuracy of taking into account the influence of the Earth’s
atmosphere on the results of distance measurements carried out using electromagnetic waves. The main influencing factors
in such measurements are the difference between the speed of propagation of an electromagnetic signal in the atmosphere
and the speed of light in a vacuum, as well as the refractive distortion of the trajectory along which the signal propagates.

To eliminate the influence of the atmosphere, special corrections are used, which are applied into the measurement
results in order to compensate for the above influencing factors. The most important among them is the correction, which
takes into account the mean integral refractive index of air along the trace being measured.

At present, as a rule, model methods for determining the correction are used, taking into account the mean integral
refractive index of air. These methods use a point approximation of continuous functions describing the spatial distribution
of temperature, pressure and air humidity on the trace being measured, as well as the representation of the finite sum of a
certain integral specifying the exact correlation for the correction. Due to these limitations in the framework of the commonly
used model methods, it is not always possible to achieve the required accuracy of the results of distance measurements.
As for the well-known hardware methods, which are potentially more accurate, they are still under development. In this
regard, new possibilities of improving the accuracy of model methods, in particular, the recently proposed gradient method,
are considered.

Theoretical studies of the accuracy of the gradient method for determining the mean integral refractive index of air
in distance measurements on near-Earth traces are carried out. It is shown that it is more accurate than the well-known
trapezium method. The equations of measurement of the gradient method obtained with the use of Hermite interpolation
polynomials, which are valid for non-uniform partition of the measured trace by points in which the local values of the
refractive index are determined, are considered. The requirements for the procedure and accuracy of measurements of
the parameters necessary for determining the gradients of the refractive index of air at the end points of the trace in the
framework of the gradient method are substantiated.

The results of the studies provide a rigorous justification for new methods for determining the mean integral refractive
index of air on near-Earth traces with a non-uniform profile of the underlying surface in the presence of significant elevation
differences.
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Problem statement determined corrections into the measurement results,

The most significant factors currently limiting the
accuracy of distance measurement on near-Earth traces
are, as is known [1-3], the difference between the pro-
pagation speed of an electromagnetic signal of a range
finder in the atmosphere and the speed of light in a
vacuum, as well as the curvature of the trajectory along
which the signal propagates due to refraction effect.

The influence of these factors can be compensated
either by introducing the corresponding independently
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or by instrumental means directly during the measure-
ments. The most urgent problem, the solution of which
is of great practical importance, is precisely the prob-
lem of accounting for the influence of the atmosphere
on the speed of signal propagation. Such accounting
can be carried out using the mean integral refractive
index of air along the trace being measured

n= D‘IT n(r(o))ds. (1)
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The integration in the formula (1) is performed
along the ray path o (from the starting point of the
path 6=0 to the end point 6=c); the path configu-
ration is determined by the ray equation of geometric
optics [4]; n(r) is the dependence of the refractive in-
dex of air n on the coordinates r=r(x, y, z); D is the
length of the path corresponding to the length of the
line being measured.

The determination of the value #n is possible
both on the basis of model representations of the
profile n(r) and integral (1) and by instrumental
means directly during the measurements. Among
the model representations, the so-called point ap-
proximation methods are often used, which are
based on the representation of the integrand func-
tion or the integral (1) itself as a sum of terms
defined at certain fixed points of the trace being
measured. For the instrumental approach, the most
well-known are geodesic and dispersion methods
[1-3].

Given the complexity of the practical imple-
mentation, as well as the limitations laid down in
the basis of instrumental methods (in particular,
the neglect of the refractive spatial spread of the
paths of signals with different optical carrier wave-
lengths — for dispersive methods [2], as well as the
use of the concept of the mean integral refractive
index for geodetic methods [3]), in this paper, the
accuracy possibilities of model methods using ap-
proximation principles are considered, namely, the
methods based on the representation of integral (1)
as a finite sum ([5—7]).

Further, the main results achieved to date in the
study of these methods are analyzed, the prospects for
their further development are discussed.

Presentation of the main material

The working relation for the point approximation
method, based on the calculation of the integral (1)
using the trapezium formula, is as follows [8§]

_ + N 1
I’IT=|:n0 2nD+ZI’Z(Gi):|'N+RT, (2)
i=1

i
where O, :D‘ﬁ; i=12,..N~-1; N is the number of

partitions of the integration interval by the points at
which the local values of refractive index are measured
(N+1 is the number of these points); R, is the re-
mainder of the representation of integral (1) by the
finite sum (2).

Using the Euler-Maclaurin integration formu-
la [8], relying on the integral representations of the
ray equations of geometric optics proposed in [9, 10],
relation (1), in the case of the gradient method for
determining the mean integral refractive index of air,
can be represented as [5—7]:

N-1

_ + D .
. ={n° 2nD +Zn(ci)}—w(g% -sinZ, —

i=1

—g, "C0SZ,— g, ‘SinZ,— g, -c0sZ,)+ Ry, (3)

where z, and z, are the visible zenith angles (taking
into account refraction) at the end points of the trace;
8, 8 &, and g, are the values of horizontal and
vertical projections of the refractive index of air at
these points; R, is the remainder of the representation
of integral (1) by the finite sum (3).

The disadvantage of methods (2), (3) is the
requirement of uniform partition of the integration
interval by points, in which local values of the re-
fractive index are determined. This requirement can
not always be fulfilled in practice, so it was proposed
[11] to improve the gradient method by using for
calculating integral (1) the Hermite interpolation
polynomial [12] instead of the Euler-Maclaurin inte-
gration formula. In the case when the representation
of the profile of the refractive index by a Hermite
polynomial is carried out only by the values of the
refractive index at N+1 point of the trace and the
values of the first derivatives of the refractive index
by the ray coordinate at the endpoints of the trace,
the following relation for # can be obtained [13]
from the formula (1):

ﬁE-D:ZAi-n(ci)+

Y [AO-n(Gi)-FA“-n(I)(Gi)JJ‘) R -do, (4)

i=0,N
where
— 0. 2Q
A4 = o0 J- (G)dcatz= by N—1,
Q(G) o=g. 0 6-6;
(chi)z 2Q(o)-do (cfci)z " 2Q(0)-do
A, = a j —+ _[
(o) % (o0 Q(o) 5 oo
at i =0, N,
2 D
-0 Q
A, = (0-0y) g (o):do i i= o, .
Q(c) 3 0-0;
where n(c), n’(c,) — respectively, the values of

the refractive index and the first derivative of the
refractive index at the point 6=c,; Q(0)=6*(6—0,)"(c—
—0,)"..."(6—0,_)(6—D)* R, — remainder of the Hermite
polynomial representation of the dependence of the
refractive index of air on the ray coordinate.

It is easy to show [5, 11] that the values n"(c,) in
the formula (4) can be expressed in terms of horizontal
and vertical projections of the refractive index gradient
and visible zenith angles at the end points of the trace
similar to (3), therefore (4) is a generalization of the
gradient method (3).
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Using relations (2), (3), (4), a comparative assess-
ment of the potential accuracy of methods for deter-
mining # can be performed by comparing the ma-
ximum values of the remainders in these ratios, since
these remainders are neglected in practical application
of methods based on (2), (3), (4). This is an overas-
sessment, but it allows to determine which method has
the best accuracy capabilities.

According to [8, 12—14], the formulas for calcu-
lating the remainders are

D> d’n

T Rl (%)

using the trapezium method (2);
D* “n

R == ==
720N dot oo ®)
using Euler-Maclaurin expansion (3);
n(N+3)(G )
o (N+3)! () @

using Hermite interpolation (4). In formulas
(5) — (7) for the remainders, the values of the
ray coordinate o,, o,, o, correspond to the
maximum of the magnitude of these members in
the integration interval.

When estimating the maximum remainders,
it is necessary to take into account that the or-
der of magnitude of each of them according to
formulas (5) — (7) is determined by the order of
the derivative of the refractive index of the ray
coordinate included in these formulas. Since the
result of each differentiation is reduced to the
appearance in these formulas the factors ~ gD

dn
(where g = d—, D — length of the trace being measured),
c

then, given that g-D <<1, it is easy to conclude that
the gradient method, based on the use of Euler-
Maclaurin or Hermite expansions, always gives
more accurate results than the trapezium method.
The most accurate is the variant using Hermite
expansions (since the order of the derivative in
the remainder of the Hermite interpolation, in the
presence of intermediate points, always exceeds the
order of the derivative for the remainder of the
Euler-Maclaurin expansion).

The Euler-Maclaurin expansion (3) and Her-
mite interpolation (4) give identical results only in
case N=1, when the local values of the refractive
index and its gradient (derivative of the ray coordi-
nate) are determined only at the end points of the
trace (when intermediate points are not included).
In the presence of intermediate points, the results
do not coincide even with a uniform distribution
of these points along the trace. For example, in
the case of one additional point in the middle of
the trace, when N=2, formula (4) is reduced to the
relation [11]

7oL _DV D0
n—% [7(n0+nD)+16n(0—3ﬂ+5 [no nD]

that no longer coincides with (3) at N=2.

Requirements for the accuracy of determining the
individual quantities in formulas (2) — (4) are estab-
lished in the traditional way — on the basis of diffe-
rentiating these formulas for each of the quantities being
determined, followed by an evaluation of the obtained
partial derivatives (influence coefficients). For local
values of the refractive index (determined by pressure,
temperature and humidity of air at a controlled point),
as well as visible zenith angles, such assessments have
been repeatedly performed (see [1—3], etc.). Additional
consideration is required only when assessing the accu-
racy requirements for determining the gradients of the
refractive index of air included in formulas (3), (4).

For formula (3), for example, these requirements
are established on the basis of an assessment of the
error (uncertainty) component of the determination of
n , due to inaccurate knowledge of the magnitude of
the gradient g, which can be represented by the rela-
tion [5]

V2 -my-D
My =——— > ®)
e 12-N
where m, — gradient determination error. Hence, the
requirement for the upper limit of the magnitude m,
can be established, if a condition is imposed on the
magnitude mﬁg, for example, mﬁg <5-1078.

The ratio for g in the case of determining the
gradient of the three-point scheme within the finite
difference method with an intermediate point corre-
sponding to the point o, at which the derivative is
determined, can be represented as [12, 15]

n(o,)—n(o.
= L(*)’ 9)

G=0 AG

g

+5

where A6 =6, —0;

o,, 6, o, — coordinates of points on the ray for a
three-point gradient determination scheme.

The random component of the error in deter-
mining the quantity g according to (9) can be rep-
resented as

i V2

m, =m, Ag’
where m_— the error in determining the local values
of the refractive index (the errors in determining the
distances between points, at which the local values of
the refractive index are determined, are assumed to
be insignificant).

The assessment of the maximum systematic error
is determined by the magnitude of the remainder ne-
glected in (9), which has the form [12, 15]
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_(AG)Z

A an
g do? 24

The total error with the confidence probability p
can be represented by the ratio

3 Ac) 2
) ::fil; (&90) +_kq.,nn.:f::, (10)
do 24 ) Ac
where k_ — Student’s coefficient for confidence

probability p.

It can be seen that the dependence m, on Ac
(i. e., on the distance between the points at which
the values of the refractive index are measured for de-
termining the gradient) according to (10) is non-mono-
tonic. The minimum value m, will correspond to the

optimal distance between the specified points.
1

3

k. -m_ 122
Acsopt = 3
d’n
dG} max
For average measurement conditions, the quantity

(11) is of the order of 10> m. More accurate quantita-
tive requirements both for the scheme of placing the

(11

measurement points of local values of the refractive
index for determining the gradient and for determining
the accuracy of these local values can be established on
the basis of a natural or numerical experiment.

Conclusions

The analysis of model methods for taking into ac-
count the mean integral refractive index of air for dis-
tance measurements on near-Earth traces was carried
out. The accuracy possibilities of the gradient method
were considered for both uniform and non-uniform
partition of the measured trace by points in which
local values of the refractive index were determined.
The requirements for the accuracy of determining the
gradients of the refractive index of air at the end points
of the trace were formulated. The results of the per-
formed research can be used for the development and
practical testing of methods for determining the mean
integral refractive index of air on near-Earth traces
with a non-uniform profile of the underlying surface
in the presence of significant elevation differences. In
this connection, further research of the accuracy of the
gradient method with the use of model or experimental
data on refractive index profiles on near-Earth traces
are of interest.

AHaJi3 TOYHOCTI IPaZiEHTHOr0 METOAY BU3HAYEHHS
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Anorauis

CTaTTIO MPUCBSYEHO MPOOJIEMi MiABUILEHHS TOUHOCTI 00JIiKY BIUIMBY 3¢MHOI atMocepy Ha pe3yJbTaTh BUMIipIOBaHb
BiZICTaHe#, 3MilICHIOBAaHMX 3a JOMOMOTOIO eJIeKTPOMArHITHUX XBUJIb. OCHOBHUMU BIUTMBOBMMHU (DaKTOpaMM TIPU TaKUX
BUMIPIOBAHHSIX € BiIMiHHICTb IIBUAKOCTI IMOIIMPEHHS €JISKTPOMArHiTHOrO CHUTHajlly B aTMoc(epi BiJ ILIBMIAKOCTI CBiT/Ia
Yy BaKyyMi, a TakoxX pedpakiiiiiHe BUKPUBJICHHSI TPAEKTOPIi, MO SIKiil MOIIMPIOETHCS CUTHAI.

J11s1 BUKJTIOUEHHS BIUTUBY aTMOC(epy BUKOPUCTOBYIOThCS CIELialibHi MOMpPaBKH, SIKi BBOASITbCS B Pe3yIbTaTH BUMipIO-
BaHb i3 METOIO KOMIIEHCAIlil 3a3HaYeHMX BUIIE BIUTMBOBMX (dakTopiB. HaliBaxkiuBillly posib cepel HUX Bimirpae rmorpaBka,
110 BPAaXOBYE CEPEeNHbOIHTETPAIbHUI Y3M0BX BUMIpIOBAHOI TpacHu MOKA3HUK 3aJOMJIEHHSI TMOBITpS.

Hapasi, sik mpaBuio, 3aCTOCOBYIOTbCSI MOZIETTbHI METOAW BU3HAUYEHHS TIOTPABKU, SIKa BPAXOBYE CEPENHBbOIHTETPATLHUM

MOKa3HUK 3aJloMJIeHHs MOBITpsi. Lli MeTonM BUKOPUCTOBYIOTH TOYKOBY aripoKCUMallilo HerepepBHUX (DYHKIIIH, SIKi Orucy-
IOTh TIPOCTOPOBUIT PO3IMOIIJ TEMIIEPATYPHU, TUCKY i BOJIOIOCTi MOBITPsI HA BUMipIOBaHiii Tpaci, a TaKOX MOJaHHS KiHILIEBOIO
CyMOIO TIEBHOTO iHTerpaja, 110 3aJa€ TOYHE CITiBBiIHOILIEHHS Uil TIONMpaBKu. Y 3B’SI3Ky i3 3a3HaYeHUMU OOMEXEHHSIMU
B paMKax 3a3BMYaii BUKOPHUCTOBYBAHUX MOJEIbHUX METOMAIB HE 3aBXIM BIAEThCS JOMOITHUCS HEOOXiTHOT TOYHOCTI pe3ysib-
TaTiB BUMiploBaHHS BincraHeil. 1o crocyeTbcs BimOMMX amapaTypHUX METOMIB, SKi MOTEHUIMHO € Oibll TOYHUMHU, TO
BOHHU BCe 11ie IepeOdyBaloTh Ha cTalii po3poOKU. Y 3B’A3KYy 3 UM PO3MISIAAIOTHCS HOBI MOXJIMBOCTI MiIBUILEHHS TOYHOCTI
MOJEJIBHUX METOMiB, 30KpeMa, HEIIOJaBHO 3alpOIIOHOBAHOTO I'PAdiEHTHOTO METOMIY.

46 Ukrainian Metrological Journal, 2018, No 4, 43-48



P I. Neyezhmakov, A.V. Prokopov

IIpoBeneHO TeopeTHUHi MOCTIMKEHHSI TOYHOCTI TPaJiEHTHOTO METOAY BU3HAYEHHS CEpelIHBbOIHTETPAIbHOTO TTOKAa3HU-
Ka 3aJIOMJICHHSI TIOBITPSI TPU JAJEKOMipHUX BUMipIOBaHHSIX Ha MpU3eMHUX Tpacax. [lokazaHo, 110 BiH € OiIbLI TOUHUM,
HiX BimoMuii MeTon Tparneuiil. PO3misiHyTo oTprMaHi 3 BUKOPUCTAHHSIM iHTEpIOJsIUiiiHuX OaratousneHiB Epmita piBHSIHHS
BUMIpIOBaHb IPaliEHTHOTO METOMY, CIpPaBeJIUBI TP HEPIBHOMIPHOMY pO3OUTTI BUMIPIOBAHOI Tpacu TOYKAMU, B SIKUX BU-
3HAYalOTLCS JIOKAJIbHI 3HAYEHHS MOKa3HMKa 3aJloMJieHHS. OOrpyHTOBAHO BMMOTH JIO TPOLIEAYPU i TOYHOCTI BUMiprOBaHb
rnapameTpiB, HEOOXiTHUX IS BUSHAUEHHS I'Pai€HTIB MOKa3HMUKA 3aJJIOMJIEHHS TMOBITPsSl B KiHIIEBUX TOUKAX Tpacu B pamMKax
rpagi€EHTHOTO METO.Y.

PesyabTati BUKOHAHMX IOCHIIXKEHb HAIOTh CYBOpPE OOIPYHTYBaHHS HOBUM METOIWKAM BHM3HAUYEHHS CEepeIHBOIHTE-
IrpaJIbHOTO MOKa3HMUKA 3aJJOMJICHHS TMOBITPSI HA HaBKOJIO3€MHMX Tpacax i3 HEOAHOPiZHUM MpodijieM MiACTUIbHOI MTOBEPXHi
3a HasIBHOCTI 3HAYHUX TeperaiB BHCOT.

KirouoBi cioBa: najekoMipHi BUMIPIOBaHHSI, CEPEIHbOIHTEIPAIbHUI MOKA3HUK 3aJIOMJICHHS TOBITPS, 1HTEPHOJISLLIs,
OaratousieH Epwmira.

AHAJIM3 TOYHOCTH I'PAAUCHTHOIO METOAa OIPECACICHUA
CPCIAHCUHTErPaJIbHOI0 noKas3arTejid npejioMjaICHusaA BO3ayXa

.. Heexmakos, A.B. lNpokonos

HayuoHarnbHbIl Hay4HbIl yeHmp “UHcmumym memposnoauu”, yn. MupoHocuukasi, 42, 61002, Xapbkos, YkpauHa
alexander.prokopov@metrology.kharkov.ua

AHHOTAIMSA

Cratbsl TIOCBSIIIIEHA MPOOJeMe MOBBIIIEHWS TOUHOCTU ydeTa BIAUSIHUS 3€MHOI aTMocdhephl Ha pe3yabTaThl U3MEPEHUIA
PaCCTOSIHUIA, OCYIIECTBIISIEMBIX C MTOMOIIBIO 3JEKTPOMArHUTHBIX BOJH. OCHOBHBIMU BAUSIIOIIMMU (paKTOpaMU MPU TaKUX
U3MEPEHUSIX SIBISIIOTCS OTJIMYME CKOPOCTU PACTIPOCTPAHEHMS 3JIEKTPOMAarHUTHOTO CUTHaJIa B aTMOc(epe OT CKOPOCTU CBeTa
B BaKyyMe, a Takxke pedpakllMOHHOE MCKPUBJEHUE TPAEKTOPUU, MO KOTOPOM pacrpoCTpaHsIETCsl CUTHA.

J1s1 MCKJIIOUeHUsT BIUSHUSI aTMOC(epbl UCIOIb3YIOTCS CIelMalbHble IMOMPaBKM, KOTOPbIE BBOISATCS B DPE3YJIbTaThl
U3MEPEHMI ¢ 1IETbI0 KOMIICHCALIMM YKAa3aHHBIX BBIIIE BIMSIOMMX (pakTopoB. Hambosee BakHYyIO posib Cpelyd HMX WUTpacT
rornpaBKa, YUUTbIBAIOIIAs CPEAHEUMHTErPAIbHBINM BIOJIb U3MEPSIEMOI TpacChl MoKa3aTellb MpeJJOMJISHUsT BO3ayxa.

B HacTosee BpeMs, Kak IpaBWIO, MPUMEHSIOTCSI MOACIbHBIE METOIBI OMpPEIeJCHUST IONPaBKM, YUYMThIBAIOLICH
CpeIHEeUHTErpaJIbHBIN ToKa3aTelb IpeJIOMIECHUSI BO3AyxXa. ODTU METOIbl HMCIIOJB3YIOT TOYEYHYIO amIpoKCUMAaIUIO
HETPEePbIBHBIX (DYHKIIMI, OMUCHIBAIOIIMX MTPOCTPAHCTBEHHOE paclpeie/ieHUe TeMIepaTyphl, JaBJICHUS M BIaXXKHOCTU BO3-
Jlyxa Ha U3MepseMoil Tpacce, a TakxKe MPEACTaBICHUE KOHEYHON CyMMOI OMpenesIeHHOTO MHTerpalia, 3aJalollero TOUHOe
COOTHOIIIEHUE /IS TOMpPaBKU. B cuily yKazaHHBIX OrpaHMYEHUI B paMKaX OOBIYHO MCIOJIb3YEMbIX MOIEIbHBIX METOIOB HE
Bceraa yaaeTcst J0OUThCsl TpeOyeMOl TOUHOCTH Pe3yJibTaTOB U3MEpPEeHUsl pacCTOsIHWL. B CBSI3U ¢ 3TUM paccMaTpuBaloTCs
HOBBIE BO3MOXHOCTU MOBBILIEHUSI TOYHOCTU MOJEIbHBIX METOIOB, B YACTHOCTM, HEIABHO MPEITOXEHHOTO TPaIUEHTHOIO
METOoJIa.

ITpoBeneHbl TeopeTUUECKUE MCCIEA0BAaHUSI TOYHOCTU T'PAJIMEHTHOIO METO/Aa OMpeaeseHUsI CPeIHEMHTETPaJIbHOTO T10-
Kazaressl MpeJOMJICHUS BO3OyXa TpU JaJTbHOMEPHBIX M3MEPEHUAX Ha MPU3EMHBIX Tpaccax. [loka3zaHO, UTO OH SBIISICTCS
0oJiee TOUYHBIM, HEXeJU M3BECTHBIM MeToxd Tpareluil. PaccMoTpeHbl MoayyeHHbIE C UCIOIb30BaHUEM MHTEPIOSLIMOHHBIX
MHOTOWJIEHOB DpMHUTA YpaBHEHUS M3MEPEHUM TpaalleHTHOTO METONa, CIIpaBelIMBBIE MPU HEPAaBHOMEPHOM pa30MeHUU
U3MEPSIEeMOI TpacChl TOYKAMM, B KOTOPBIX ONPEISIISIOTCS JIOKaJbHbIE 3HAUCHUS ToKa3zaTensl rpejoMieHus. O00CHOBaHbI
TpeOOBaHUs K MpOLeAype U TOYHOCTU M3MEPEHHUI MapaMeTpoB, HEOOXOMUMBIX IJISI OTIpENe/IeHUs TPaIUeHTOB MoKa3aTells
MpeJIOMJIEHUsT BO3[lyXxa B KOHIIEBBIX TOYKAX TPacChl B paMKax rpaJIMEHTHOIrO MeToja.

PesynbTaThl BHITOJHEHHBIX MCCAENOBaHUN JAlOT CTPOroe 0OOCHOBAaHME HOBBIM METOIMKAM OIpENEJeHMS] CPeIHEHH-
TErpajbHOrO IOKa3aressl MPeJOMJIEHUs BO3AyXa Ha OKOJIO3EMHBIX Tpaccax ¢ HEOIHOPOIHBIM MpoduieM MOACTUIAOIEH
TMOBEPXHOCTU TMPU HAJTUYUM 3HAUMTEJbHBIX TEPernanaoB BbICOT.

KitoueBbie cioBa: nanbHOMEpHbIE M3MEPEHUSI, CPEIHEMHTErpalbHbIl MOKa3aTe/lb MPeJOMICHUST BO3Myxa, UHTEPITOS -
LIMSI, MHOTOWIeH DpMUTa.
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