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In the article, analytical expressions are obtained that make it possible to calculate
the variance of the estimates of the initial phase, frequency and delay of the signal,
as well as the covariance functions of pairs of estimates under the conditions of dis-
persion distortions. At the same time, the evaluating device does not know exactly
or does not know the level of dispersion distortions at all and does not try to evalu-
ate them. Therefore, the estimation of the parameters is carried out by a non-opti-
mal algorithm. The described conditions arise in practice, for example, when trying
to estimate the above parameters of a broadband signal by a classical estimator that
does not take into account dispersion distortions. The described conditions also
occur when the true value of the slope of the dispersion characteristic of the chan-
nel deviates from the previously measured value over time or due to the use of inac-
curate measurement results or an inaccurate prediction of the value of the slope of
the dispersion characteristic of the channel. The article presents analytically
obtained graphs for the root-mean-square deviations of the obtained phase, delay
and frequency estimates for the case of complete absence of dispersion distortion
compensation and the case of incomplete dispersion distortion compensation. In
particular, it is shown that the degradation of the quality of delay estimation is due
to two factors: a value decrease and an expansion of the correlation peak. In terms
of energy, this degradation exceeds the acquisition or demodulation loss. The results
of the obtained calculations are confirmed by simulation modeling.
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Introduction

In the modern world, high-frequency (HF) communication
systems are actively used to organize radio links in remote and
hard-to-reach regions of the world, including the Arctic and Ant-
arctic. The relevance of the use of HF radio communication sys-
tems in these areas is due to the fact that such systems can offer
reliable and low-cost solutions with minimal infrastructure that
have proven themselves for decades.

The development of high-frequency communication systems
is currently aimed at increasing the speed of information transmis-
sion by increasing the frequency band. As a rule, HF communica-
tion systems operate in a frequency band not exceeding 100 kHz.
In this case, the frequency dispersion of the dielectric permittivity
coefficient of the Earth's ionosphere plasma, do not significantly
affect the communication quality. However, these dispersion dis-
tortions, taking into account the nonstationarity of the Earth's ion-
osphere, are a significant obstacle to expanding the spectrum of
used signals above 100 kHz.

Therefore, an important task is to study the quality of estimat-
ing the parameters of a signal distorted by the frequency disper-
sion of the ionospheric channel. In this article, we study the effect
of ignoring dispersion distortions by a receiving device on the
quality of estimating other signal parameters.

Problem formulation

A received complex signal distorted by the ionospheric chan-
nel can be written as

y(t) =Xt @7, f,,9) +1(t) =e e Ix(t—7,5) +A(1).
t=-T /2+T,/2 (1)

where )'((t,s) = x(t) * h(t,s) is a complex signal distorted by
frequency dispersion of the ionospheric channel, h(t’s) — im-
pulse response (IR) of the ionospheric channel, x(t) is a trans-
mitted complex signal, f, is a frequency shift, 7 is a delay, S is

a slope of the dispersion characteristic (the slope of DC) which
characterize dispersion distortions, 1) is an initial phase, nt) -

white gaussian noise with zero expected value and dispersion 2,
TS is a signal duration.
Notice that fd , T» S, ¢ are unknown, not random parameters

of the received signal.

The model of the ionospheric channel with a linear dependence
of the signal group delay on the center frequency was chosen [1-
8] due to the reason that this model contains certain parameter
characterizing dispersion distortions — S . The frequency response
(FR) of the ionospheric channel in the absence of multipath signal
propagation defined as

H(j2zf)=e ", f e[-Af /2;Af /2] ©)

where Af —a width of FR of the ionospheric channel. The phase

response of the channel is described by a quadratic dependence on
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frequency, and the group propagation delay is linear with a slope
of S us/MHz.

Further, we offer to consider the case of non-optimal reception,
when the signal at the input of the receiver differs from the refer-
ence signal. The signal (1) is a received signal, as indicated above,
however, the signal to which the receiving device is tuned has the
form:

5). 3)

-

a(t, f,.7.8,¢) =e el Ix(t-¢

This means that the receiver has some inaccurate information
about the slope of the DC § # S or knows nothing about dispersion
distortions § =0 and does not try to estimate / refine the value of
§=0.

According to the maximum likelihood method (ML), the co-
herent estimation of the unknown parameters f ) is calcu-

lated as the absolute maximum of following expression:

[ fAd,r\/u_aTAMl_a(‘A’r\/n_} =arg Ifll&})gx
as0p
x(p2 Re[SA( f,, fd,r,f,s,§,¢,(i))J+pRe[NA( fd,f,§,¢ﬂ),
“4)

where
T2

2 ¢ A A A 1 . pors £ A A A
Sy(fo- foor.7.5.8.0.0) == | X(to.z, .90 (¢, f,.7,8.6)dt
Ou 1.2
is the signal component of the logarithm of the likelihood func-
tion,

is the interference component of the logarithm of the likelihood

function, f ML

the ML estimation of the delay, @ML — the ML estimation of the

— the ML estimation of the frequency shift, 7, —

initial phase, (j (t, fd .7, §,¢3) is a complex reference signal
formed on the basis of a priori information about the transmitted
signal and unknown estimated parameters, f 4 €A [ current
estimation of the frequency shift, 7 AT —a current estimation of
the delay, ¢ e [0; 2 71-] — a current estimation of the initial phase,

* — complex conjugate symbol, A~ — domain of unknown fre-
d

E isa sig-

2
(e

w

quency shift, A — domain of unknown delay, pZ —

nal-to-noise  ratio (SNR) for non-optimal
E, =[S, (fy- fy.7.7.5.8.0.0)) $ %5
Then, substituting (1) and (3) into expression (4), we obtain

that the signal component of the logarithm of the likelihood func-
tion in case of non-optimal reception described as:

reception,
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Q A A A —'7A—';zr'7rﬁ‘f1
SA(fd,fd,z’,T,S,S,(p,qD)ze llo-dlg-i2atorgi2atst __
E . ®

F . L oAy j2mt( fy—1
x.[ X(t-z,8) (t-7,9)e (o) iy
By calculation, it can be shown that, with non-optimal recep-
tion, a shift in the phase estimate occurs due to incomplete or ab-
sent compensation of dispersion distortions.
The phase shift value can be calculated by the formula:

Im[SA( f,, fd,r,r,s,§,(o,(0)] B
Re[SA( fd’ fd>T’T’S’§’¢’¢)J )

Imﬁ X(t—z,s) (t —r,§)dt}

v (s,$) =arctg
(6)

—0

Reux(t—r,s)x*(t—m)dt}

=arctg

0.8 T T T T

0.6

0.4

0.2

0

phase shift, rad

-0.2

-0.4

-0.6

0.8 | I I | I I |
-80 -60 -40 -20 0 20 40 60 80

s - §, us/MHz
Figure 1. Phase shift y/ (s, §) at non-optimal reception

The analysis of the variance of the obtained estimates is carried
out near the global maximum of the likelihood ratio. Therefore,
for further theoretical calculations, the phase shift should be elim-
inated analytically. For further analysis, we introduce a function:

SA( fq, fd,r,f,s,iga,@) :Re[SA( f,, fd,T,f,s’g,(/,’(;,)e—w(s,@)}

The correlation function of estimations of the studied non-en-
ergy parameters in the first approximation is calculated as [9]

Kip (0, /0)= L

P

j=1+u, p=1+u. (7

where ) — Fisher matrix determinant W,, Ajp — are cofactors of

the matrix W,, SN(GI’OZ):M[NA(BI)NA(BZ)] is a

correlation function of interference components of the logarithm
of the likelihood function, equal to the signal component at points
0,. 0, (non-optimal reception).

Since the estimated parameters are not energy ones, then

~

011’ 021 a fd’ 912’ ‘922 -7, ‘913’ ‘923 752’;

the matrix W/ R is described as

%S, 8°S, 0S8,
ofr  of,or of,09
W o’s, aziA 08, ’ )
of,or ot 070¢p
2%, 'S, 05,
oAop 0@p 04 i
P

where S, is a shortened notation of SA( fi fd ,7,7,5,5, gp,(/}) s

0°S 4r’ K 2 x A ,
anAfdjfd “TE Re[_[o(t—r) X(t—17,5)X (t—r,s)dtj
o0
o’S 2 17 2| [ 2 __jrf?(s-9) R
= o =4z Re{Ei(f +fy V[ X (j2rt ) e
950
0°S 1 7. " A ,
8¢32A de_:fd =—R6[E:I;X(t—r,s)x (t—r,s)dt}
S0
TS| e jznif(t—r)x(t—r s)MdH
afdaf' ;L?fu E - ’ ot
-9

+47z2delj(t—r))'((t—r,s)X*(t—r,§)dt+j27rElI)‘((I—T,S)X*(t—r,é)dtJ

S —o S —o

aAZSA —Re 27z-i]C-(t—f)X(t—T,S)X*(t_f,é)dt '
afdaé) zfi:fd ES —o0
P9
628 15 P 2 irf2(s— 5
I L L Rl
e
05, (0.0,)  0Sy(0-0)
06,00, 00,00,
SN (0 - 6) = SN ( fd> fd 7T7f7§7§7¢79¢3) =
e—i((ﬂ—(ﬁ)e*jzﬂfufeiZ”fdfLX (9)
=Re |

x [ x(t-7.8)K (t- 2,6)e 7 gy

—o0

It can be said that Sy ( f,, fd ,T’fj§,§,¢’¢) represents the

signal component of the logarithm of the likelihood function at
optimal signal reception with fully known dispersion distortions
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(i.e., if §#0 is known ) or without dispersion distortions (with

All necessary derivatives of S ( fy, fAd,z-’f,SA,é’(D,@) are

given below:

0°S
AZN . ——47r2T2(1](S)
g |
-0
TSul (R, 4 )
0t [fuye "
>0
825N _
0p* |l
P
aZSN =472°F , T . (8)p..(8)
a]@daf iyt = od | o \O) Pt
oy
2 2
aASNAA — 9a_sl\iA :_27z.fds
o0l OWP|es
P Zad

S, 18 a shortened notation of Sy ( fi, 1, ,Z',f,§,§,(p,¢) ,

S >‘<(t,§)|2 dt

— a time-frequency coeffi-

Foi T (8) I |X

cient;

f (t,9) =

1 87/(t S)
27r

y(t,9) = arg[x (t,9) ] — angle

modulation;

—0

T fZ\X(jznf)fdf

— an effective width

hpp

of signal spectrum; N
b

effective signal duration;

T X (jart)f df |

(8)=

density.

T\X(jzﬂf)fdf

0

[0 (t—7) [x(t-z.8) dt

T|)’<(t—

jtay(t S)|

is an

X (j2rf) isasignal x(t) spectral
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This article does not contain direct expressions of the quality
characteristics of the estimation as the correlation functions and var-
iance of estimations because of their cumbersome form. It is pro-
posed to calculate the quality characteristics of the estimation di-
rectly by expression (7), using the obtained expressions for the de-

rivatives of Sy ( fi fd ,7,7,8,5,0,0 ) (9) and calculating cofac-

tors and the determinant of the matrix (8) using simulation systems.
Simulation was carried out to analyze the effect of the absence
of an estimation of S on the estimation of f P/ The model

used a signal modulated by a binary phase-shift keying (BPSK).
The sequence of rectangular pulses is formed on the basis of a
maximum length sequence with a length of 2047. The true value
of the slope of DC was chosen to be s=80 us/MHz, the fre-
quency shift was f, =12.5 Hz, and the delay was 7=5.0 ps.

The reference signal is formed in accordance with expression (3).
It means that the receiver is not configured to receive a signal with
a frequency dispersion of the ionospheric channel. Figures 2-7
show the theoretical (obtained from the expressions above) and
experimental dependences of the standard deviation (SD), corre-
lations and correlation coefficients of the studied estimations on
the SNR for three cases:

1. The signal is not distorted by the frequency dispersion of
the ionospheric channel, therefore, it contains only three unknown
parameters: frequency shift, delay and phase, which are estimated.

2. The signal is distorted by the frequency dispersion of the
ionospheric channel, therefore, it contains four unknown parame-
ters: frequency shift, delay, phase and slope of DC, however, the
reference signal of the receiver does not contain information about
the ionospheric channel (all parameters are estimated except for
the slope of DC).

3. The signal is distorted by the frequency dispersion of the
ionospheric channel, therefore, it contains four unknown parame-
ters: frequency shift, delay, phase and slope of DC; all unknown
parameters are estimated [10-13].

From the analysis of the results from figures 2-7, we can con-
clude that if the effect of the frequency dispersion of the iono-
spheric channel is not taken into account in the receiver, then this
significantly reduces the quality of the estimation of other un-
known signal parameters. For example, at SNR of 10 dB, the SD
of the delay estimation increases by about 6 times, the SD of the
frequency shift estimation by 1.5 times, the SD of the phase esti-
mation by 1.33 times.

80

= Theory (no dispersion distortions)
Theory (dispersion distortions, but s is not estimated)
Theory (dispersion distortions, but s is estimated)

o Experiment (no dispersion distortions)
6 O  Experiment (dispersion distortions, but s is not estimated)
O  Experiment (dispersion distortions, but s is esti )]

SD of the delay, us

10 12 14 16 18 20 22 24 26 28 30
SNR, dB

Figure 2. The SD of the delay versus SNR
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compared to the case when S is estimated, the SD of the fre-
quency shift estimation has changed insignificantly, the SD of the
phase estimation is better without refining the estimation of S .
The figure 11 was built to explain the behaviour of the SD of the
initial phase. The figure shows the SD of phase estimation in the
problem of estimating three parameters without dispersion distor-
tions, with dispersion distortions under conditions of their incom-
plete compensation, and in the problem of estimating four param-
eters, including the slope of DC.

It was clearly shown that the estimation of the slope of DC
increases the SD of the phase estimation due to the close correla-
tion with it (see blue and yellow plots). In some cases, even with
non-optimal reception and small residual dispersion distortions
(when the difference between the true slope of the DC and its es-
timate used for adjusting the compensator), the SD of the phase
estimation may turn out to be less (see red graph).
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Figure 8. The SD of the delay versus SNR (incomplete compensation)
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Figure 9. The SD of the frequency shift versus SNR
(incomplete compensation)
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Figure 11. The SD of the initial phase versus the value of estimation of S

Conclusion

The article demonstrated the contribution of the estimation of
the slope of DC to the quality of the estimation of other unknown
parameters of the signal: delay, frequency shift and initial phase.
For this, expressions were obtained that characterize the quality of
the estimation of the frequency shift, delay, and phase for non-
optimal reception. That is, receiver does not estimate the slope of
DC or uses outdated information about dispersion distortions.

The analysis of the theoretical and simulation results showed
that if the effect of the frequency dispersion of the ionospheric
channel is not taken into account in the receiver, then this signifi-
cantly reduces the quality of the estimation of other unknown sig-
nal parameters. For example, at SNR of 10 dB, the SD of the delay
estimation increases by about 6 times, the SD of the frequency
shift estimation by 1.5 times, the SD of the phase estimation by
1.33 times. If outdated information on dispersion distortions are
used, then the accuracy of estimating other parameters depends on
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the degree of closeness of the outdated estimation to the real value
of the parameter. If s —§=80—-60=20 us/MHz than at SNR of
10 dB, the SD of the delay estimation increases by about 1.2 times
compared to the case when S is estimated, the SD of the frequency
shift estimation has changed insignificantly. In some cases, even
with non-optimal reception and small residual dispersion distor-
tions (when the difference between the true slope of the DC and
its estimate used for adjusting the compensator), the SD of the
phase estimation may turn out to be less, which is demonstrated in
the article.
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KA4YECTBO OLLEHUBAHUA NMAPAMETPOB LLIMPOKOMOJIOCHOIO CUIrHAJIA
NP HEONTUMAJIbHOM NMPUEME B YCJTOBUAX OAUCMNEPCUOHHbIX MCKAXXEHUN
B MOHOC®DEPE 3EMJIN
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AHHOTauuA

B ctaTbe nosyyeHbl aHaNUTUYECKUE BbIPAXKEHWA 3MeMeHTOB MaTpuupbl Puliepa, NO3BONAIOLME BbINUCAUTL AUCIEPCUIO OLEHKM HadanbHOM dasbl,
4aCTOThI U 33J€P>KKN CUrHasa, a TakXKe KOBApUALMOHHbIX DYHKLMIA Nap OLEHOK B YCOBUAX AUCNEPCUOHHBIX MCKaXXeHWIA. [py 3TOM oLeHuBatoLee
YCTPOMCTBO HE TOYHO 3HAET MNW BOBCE HE 3HAET YPOBEHb AUCMEPCUOHHBIX UCKKEHWUMA M HE MbITAETCA MX OLEeHWUTb. [Mo3TOMy oueHuBaHWe
NapaMeTpoB CUrHana OCYLUECTBAETCA HEOMTUMAsbHBIM anroputMoM. OnucaHHbIe YCIIOBMA HAa MPAKTUKE BO3HUKALOT, HAmpyUMep, Mpy MOMbITKE
OLEHUTb yKa3aHHbIE BbILIE MApaMeTpbl LUMPOKOMONOCHONO CUrHaMa KNacCMHYECKUMM OLIEHLLUMKOM, HE YMUTBIBAIOLUMM AUCTEPCUOHHBIE UCKXKEHUS.
TakKe On1caHHbIe YCIIOBUsA BO3HMKAIOT MPU OTKIOHEHUW UCTUHHOTO 3HAYEHUs HAKIOHA AUCMEPCUOHHOMN XapaKTEPUCTUKM KaHaia OT M3MEpEHHOM
paHee C TeYeHWeM BPEMEHU WM W3-32 WCMOSNb3OBaHWA HETOYHbIX PEe3ysIbTaTOB M3MEPEHWN WM HETOYHOTO MPOrHO3a 3HAYeHWA HaKoHa
[AMCNEPCMOHHOM XapaKTEPUCTUKM KaHana. B cTatbe mpuBeaeHbl MOfyHeHHble aHanUTUHecKW rpaduku Ans CpesHEKBaApaTUHHbBIX OTKIOHEHWA
Mony4aeMbixX OLLEHOK asbl, 3a4eP>KK1 U HaCTOTbl AJIA Cy4an MOSIHOMO OTCYTCTBUA KOMMNEHCALMMN AUCMIEPCUOHHBIX MCKXKEHWM W CllyYasn He MOHOM
KOMMEHCaLUMN JAUCMEPCUOHHBIX MCKaXKeHW . B 4YacTHOCTM MokasaHo, HTO yXyAlleHue KauyecTBa OLEHWBAaHWsA 33ZiepXXKU OBYyCnoBneHo [AByMs
daKTOpaMu: yMeHbLUEHUEM U pacLUMPEHUEM KOPPENALMOHHOIO MiKa. B sHepreTMieckoM aKBMBanNeHTe yKasaHHOE yXyZLleHWe MPeBbILIAeT NoTepu
MpY OBHAPY>XeHWUW UK AeMOAYNALMM curHana. PesynbtaTbl NomyYeHHbIX pacqeToB MOATBEPKAEHbI UMUTALMOHHBIM MOAEUPOBAHMEM.

Kniouyeeble cnoea: oueHusaHue napamempos, duchepcus OUEHKU, MaKCuMym npaedonodobus, UoHOCEPHbIU KAHA, WUPOKONOIOCHbIU CU2HA.
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