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Abstract: The method of synchronous addition of signals of separate antennas was proposed previously for the aggregation 
of relatively small-scale aperture antennas into a single digital antenna array (digital antenna field) with a combined area for 
receiving telemetry signals from spacecraft. In this case, the antennas are mutually spaced by a big enough distance in order to 
not shade one another. The method is based on the idea of compensating the mutual delays between the antennas of the received 
signal by a corresponding shift of the sampling pulses of the signals of different antennas.
This article demonstrates the method’s workability in idealized mode of spacecraft tracking by target designations on orbits of 
global navigation systems. It is shown that with the up-to-date level of impulse technology development the method of synchronous 
addition of antenna signals with a shift of sampling pulses is potentially capable of ensuring the reception of telemetry information 
from deep-space spacecraft at rates approximately 6 times higher than those of the classic Delta-DOR method. 
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Introduction

Antennas are the main factor in restraining the 
miniaturization of radio engineering systems and 
complexes. Everything in the receiver lends itself to 
miniaturization, except for the antenna, since the energy 
potential of a radio link is largely determined by its size. 
However, general digitalization in this area also offers 
attractive technical solutions for reducing the size of 
the antennas used by switching from large antennas to 
digital antenna arrays (DAR) and digital antenna fields. 
So in radio astronomy, there has been a transition from 
giant antennas with a diameter of 60–70 m and large 
antennas with a diameter of 32–34 m to digital antenna 
fields from antennas with a diameter of about 12 m with 
synchronous addition of signals from individual antennas 
in the time domain [1]. Since radio astronomy does not 
require special efficiency of signal processing, unhurried 
methods of correlation processing are widely used in 
VLBI radio interferometers for synchronous addition 
of radio signals [1, 2]. In this case, the condition of the 
coherence of the added radio signals, determined by the 
expression:

ΔTs · Δf<< 1,  (1)

where ΔTs is the residual time shift between radio signals, 
Δf is the frequency band of the received radio signal. In 
VLBI systems, the residual shift ΔTs is equal to ΔTd - the 
sampling period. It is usually considered that “much less 
than one” is a value of the order of 0.01. However, for 
different types of modulation, this value can vary over a 
wide range, both up and down. So, for signals with phase 
shift keying, it is sufficient that the residual phase shift 
Δφо does not exceed 0.1 of the phase shift keying value 
Δφm:

Δφо ≤ 0,1 · Δφm. (2)

With a sampling period ΔTd, the largest residual 
phase shift in the signal spectrum will be

Δφо = 2π · ΔTd · Δf. (3)

Hence, for BPSK with Δφm = π, we obtain the 
coherence condition ΔTd  ·  Δf ≤ 0.05; for QPSK with 
Δφm=π/2 we obtain ΔTd · Δf ≤ 0.025; for 8PSK with Δφm  
π/4, we obtain the coherence condition of the added 

signals ΔTd · Δf ≤ 0.0125. For higher-order phase-shift 
keying radio signals, the coherence condition will be 
more stringent than (1). In any case, the condition for 
the coherence of radio signals imposes much stricter 
restrictions on the permissible sampling period of a radio 
signal than the Kotelnikov (Nyquist) theorem for a radio 
signal, according to which the condition must be met:

ΔTd · Δf ≤ 1. (4)

Therefore, in radio systems associated with the 
transmission of information in satellite communications 
[3], in radar [4-6], in cellular communications [7, 8], in 
navigation [9, 10], the most widespread are DARs with 
the traditional addition of information signals in spectral 
region, when the elementary antennas of the array are 
located close enough to each other, so that for the time of 
propagation along the array Δtр and the bandwidth of the 
useful signal Δf, the condition of the narrow band of the 
system is met, that is:

Δtр · Δf << 1. (5)

However, in spacecraft control systems, when 
constructing the antenna field, on the condition that there 
is no shadowing of each other within the seven-degree 
radio visibility zone, the antennas should be separated by 
at least 8 antenna diameters, that is, by tens of meters. 
For example, antennas with a diameter of 5 m should 
be 40 m apart. Therefore, when transmitting telemetry 
information (TMI) at a speed of 0.5 Mbit/s, harmonics 
at the edges of the spectrum, spaced approximately at Δf 
= 1 MHz, will give an unacceptably large phase incursion 
Δφ = 2π · Δf · Δt = 2π · Δf · (ΔL/c) = 2π · 106 · 40/(3 · 108) 
= 0,27π.

Thus, in the digital fields of spacecraft tracking, it is 
not possible to add the signals of the DAR antennas in the 
spectral region. There remains an attempt to add signals 
in the time domain, relying on extensive experience in 
working with VLBI systems. But in these systems, the 
payoff for the ability to coherently add signals from 
widely separated antennas is a significant decrease in ΔTd 
· Δf, that is, the information content of the system, which 
is extremely undesirable for systems for transmitting 
TMI from spacecraft. Fortunately, here the antennas 
are not spaced as far apart as in VLBI systems, which 
allows synchronizing the heterodyne oscillators of the 
high-frequency cascades of receiving radio signals 
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from different antennas of the digital antenna field and 
shifting the sampling pulse grids of signals from different 
antennas so that samples are taken for the same received 
radio signal from different antennas on the same front. 
For this, the sampling period of the radio signal ΔTd, for 
which condition (4) is satisfied, must be divided into 
sufficiently small intervals of the sampling pulse shift 
ΔTc, such that they satisfy the coherence condition (1) 
for the corresponding type of modulation. After that, the 
sampling pulses of signals from different antennas must 
be shifted by the corresponding number of shift intervals 
ΔTs so that the samples of realizations of the same signal 
received by different antennas are taken on the same 
front with an accuracy of ΔTs. The idea of   the method is 
presented in [11], where a device for synchronous addition 
of signals with a shift in sampling pulses is proposed. The 
proposed antenna phasing device is described in detail in 
the patent [12].

The essence of the method of synchronous 
addition of radio signals of antennas of a 
digital antenna field with a shift of sampling 
pulses

Fig. 1 shows the simplest configuration of the antenna 
field of three antennas A0, A1, A2, connected by feeders 
Ф0, Ф1, Ф2 with a synchronous addition device (SAD) 
of antenna signals, which includes a pulse generator for 
sampling antenna signals. In fig. 2 is a timing diagram 
of the sampling for the same edge of the signal received 
by the antennas. Antenna A0 is a reference antenna; the 
front of the radio signal wave falls earlier on antenna A1, 
and later on antenna A2, than on antenna A0.

Fig. 1. Simplest antenna field configuration to illustrate the 
method of synchronous addition of antenna signals

For synchronous addition of the antenna signals, 
the next k-th sampling pulse of the generator for the 
information signal of antenna No. i, formed at time tGk, is 
delayed for a time

Δtzik = Δtсi0k + Δtфi – Δtф0 + Δtp. (6)

Here Δtсi0k is the time of the shift of the moment 
of arrival of the front of the wave of the received signal 
on the antenna No. i relative to the reference antenna 
No. 0. It can be negative if the signal arrives at antenna 
No. i earlier than at antenna No. 0, and positive if the 
signal arrives at antenna No. i later than antenna No. 0, 
and changes during the spacecraft›s coverage area. The 
rest of the delay time terms are constants. So, Δtфi is the 
propagation time of the signal wave front in the feeder 
from the phase center of the antenna No. i to the SAD. To 
ensure that the sample of the desired front is taken after 
its arrival at the SAD from all field antennas, an additional 
delay of the sampling pulse is introduced for the dwell 
time Δtp, which is chosen so that the time instant of the 
k-th sampling pulse on all antennas comes later than the 
k-th sampling pulse of the generator, that is, from the 
condition Δtzik > 0. This condition is always satisfied if the 
dwell time Δtp is chosen from the condition

Δtp > Δtфmax – Δtфmin + Δtрmax + ΔtADC, (7)

where Δtфmax and Δtфmin are the maximum and minimum 
propagation times of the signal wave front in the antenna 
array feeders, respectively, Δtрmax is the maximum 
possible propagation time of the signal wave front in 
free space along the cross section of the antenna array, 
ΔtADC is the ADC count formation time. As the spacecraft 
moves in the radio visibility zone, there is a change in the 
magnitude Δtсi0k of the moment shift ΔTСI0K of the arrival 
of the wave front of the received signal on antenna No. 
i relative to the reference antenna No. 0, which must be 
tracked.

It is shown in [13] that when operating with a 
spacecraft in a reference orbit with an altitude of 200 
km, the delay update interval dTdu = 0.1 s provides an 
almost ideal synchronous summation of signals from 
the antennas of the digital antenna field. However, these 
assessments were carried out without taking into account 
the dynamics of the spacecraft tracking system.
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This work is devoted to testing the fundamental 
possibility of synchronous addition of antenna signals in 
the mode of tracking a spacecraft by target designation. 
As an example, the antenna field of parabolic antennas 
with a diameter of DА = 3 m was considered in the form 
of a regular hexagon, inscribed from the condition of 
non-shadowing over a seven-degree radio visibility zone 
in a circle with a radius of 8 · DА = 24 m with a reference 
antenna in the center, as shown in Fig. 3. The coordinates 
of the seven antennas numbered from 0 to 6 and the 
lengths of the respective feeders are shown in Table 1.

Ф1УСС (-60, 0, 0) Ф0

Ф2

А0 (0, 0, 0) А1 (24, 0, 0)

А2 (12, 20.78, 0)

А3 (-12, 20.78, 0)

А4 (-24, 0, 0)

А5 (-12, -20.78, 0) А6 (12, -20.78, 0)

Ф3

Ф5

Ф4

Ф6

Fig. 3. Antenna field configuration under consideration

Feeder delays are calculated in the model using the 
obvious formula:

Δtфi = Lфi · ε
1/2/C, (8)

where C is the speed of light in free space, e = 2.2 is the 
dielectric constant of polyethylene taken as the dielectric 
of the feeder cable. The residual adjustment error of the 
delay in the feeder, which affects the accuracy of the 
addition of antenna signals, in the auto-tracking model is 
calculated by the formula:

ΔTji =ΔTjmax (rand(1,1) – 0,5), (9)

where rand (1,1) is a MATLAB random number generator 
function with uniform distribution on the interval (0, 1), 
ΔTjmax is the maximum spread in the adjustment of the 
propagation time in the feeder. During the simulation, 
it was found that the spread ΔTjmax should not exceed a 
value commensurate with the permissible interval of the 
shift of sampling pulses ΔTs.

Table 1. Coordinates and lengths of antenna feeders of the considered antenna field

Antenna no. X Y Z Feeder length
0 0 0 0 60
1 8 · DА = 24 0 0 84
2 8 · DА · cos(1 · 60°) = 12 8 · DА · sin(1 · 60°) = 20.78 0 92.78
3 8 · DА · cos(2 · 60°) = –12 8 · DА · sin(2 · 60°) = 20.78 0 68.78
4 8 · DА · cos(3 · 60°) = –24 8 · DА · sin(3 · 60°) = 0 0 36
5 8 · DА · cos(4 · 60°) = –12 8 · DА · sin(4 · 60°) = –20.78 0 68.78
6 8 · DА · cos(5 · 60°) = 12 8 · DА · sin(5 · 60°) = –20.78 0 92.78

А0А1 А2

Δtc20k

tУСС0k

tГk

tВ0ktВ1k tВ2k

Δtc10k

Δtф0

Δtп
Δtz0k

t0k

Δtф1
tУСС1k

Δtп
Δtz1k

t1k

Δtф2

tУСС2k

Δtп

Δtz2k

t2k

k-й отсчёт

t

Fig. 2. Timing diagram of sampling at the same edge of the signal received by antennas A0, A1, A2
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Antenna angular motion model

The dynamics of the direction change on the 
spacecraft is determined by the design of the antenna’s 
rotary support and the parameters of the spacecraft orbit. 
For azimuth-elevation support-rotary devices, the most 
dynamic are the near-zenith parts of the spacecraft’s low 
orbits. To assess the dynamic characteristics of tracking, 
it is sufficient to use the simplest model of the circular 
motion of the spacecraft at different heights without taking 
into account the angular motion of the Earth, described 
in [13]. According to this model, the dependences of 
the elevation angle Φ(t), azimuth Ψ(t) and the distance 
to the spacecraft RSC(t) at the time from the moment the 
spacecraft passes the ascending node are determined by 
the expressions:

, (10)

. (11)

Distance to SC:

Rsc(t)=

,

here ωSC is the angular velocity of the spacecraft in the 
orbital plane,

, (12)

where R = 6371 km is the mean radius of the Earth,  
g = 9.8 is the acceleration of gravity on the Earth’s surface, 
v1SC = 7.93 km/s  is the first space velocity, H is the 
height of the spacecraft orbit, i is the angle between the 
spacecraft orbit plane and direction to the zenith of the 
observer, α is the angle in the orbital plane between the 
direction to the ascending node and the current direction 
to the spacecraft at time t. The angle α0 of the beginning 
of the RVZ is determined by the expression:

 (13)

The start time tsz, the end tez of the radio visibility 
zone and the time at the parameter tp at the highest point 
of the orbit for the observer is determined by the obvious 
expressions:

       (14)

From (11) it follows that the maximum absolute 
angular azimuthal velocity of the spacecraft on the 
parameter is determined by a simple relation:

 (15)

From (15) we see: the closer the orbit is to the zenith, 
the higher the azimuthal angular velocity of the spacecraft 
in the near-zenith zone. Currently, triaxial antennas 
are used to work directly in the zenith zone, which, 
however, have a limited maximum bank angle from 10° 
to 14° for different manufacturers. Accordingly, up to an 
angle of 76°–80°, these three-axis antennas operate in 
the biaxial azimuth-elevation mode. Therefore, in this 
work, all assessments were carried out based on the most 
unfavorable angle for the azimuth-elevation regime at a 
parameter of 80°.

Information signal model

At the time t at the intermediate frequency fp, the 
model assumes the reception of a quadrature phase-shift 
keyed signal of the form

,
                     (16)

where Uс(t) is the signal amplitude at time t, φ = π/4 is 
the constant phase of the signal, ψ(t) is the changing 
(manipulated) phase of the signal with the manipulation 
frequency Fm. We will make estimates for a BPSK signal 
of the meander type, in which the phase keying is carried 
out according to the law:

. (17)

The power of the signal S received from the spacecraft 
through the diameter of a single parabolic receiving 
antenna is determined by the well-known formula:

, (18)
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where the parameters used in the model have the 
following values: ηp = ηt · ηr · ηpol· ηn is the resulting 
coefficient of losses when transmitting the signal, Pt=10 
W is the power of the transmitter, Gt=2 is the transmitter 
antenna gain, ηt=0.78 is the transmitter AFS efficiency, 
ηr= 0.78 is the receiver AFC efficiency , ηpol= 0.69 is the 
polarization loss coefficient, ηn = 0.95 is the loss factor 
from inaccurate antenna pointing, Kef = 0.5 is the antenna 
efficiency factor. Amplitude of the signal S received by a 
single antenna:

, (19)

where RA = 75 Ohm is the equivalent antenna impedance.
The level of the signal received from the spacecraft 

depends on the angle of deflection of the antenna from 
the direction to the spacecraft. If the signal amplitude of 
a single antenna with the exact direction of its diagram 
on the spacecraft is equal to US1 then when its diagram 
deviates by an angle Θ, the signal amplitude will be equal to

US1Θ= US1 · F(Θ), (20)

where F (Θ) is the normalized radiation pattern of a single 
parabolic antenna, which for estimation calculations is 
approximated by the known expression [16]:

F(Θ) = exp[–a · (Θ/Θ0,5)
2]. (21)

Here Θ0.5 is half of the radiation pattern width at the 
level of 0.5 signal power and at the level of 0.707 of the 
signal amplitude, with a = 0.346574.

It is known [16] that the width of the directional 
pattern of an antenna with a diameter D at the level 
of 0.5 signal power at a carrier with a wavelength λ is 
determined by the expressions:

ΔΘ0,5 = 1,12 · λ/D, rad,
ΔΘ0,5 = 64 · λ/D, degrees (22)

It is assumed here that the transmission of TMI 
from the spacecraft is carried out in the D4 range on the 
carrier fn = 2.3 GHz, while the wavelength λ = 13 cm, 
and the width of the directional pattern of a three-meter 
antenna is 2.78 °. With a simultaneous deviation from 
the direction to the spacecraft in elevation by ΔΨ and in 
azimuth by an angle ΔΦ, we have:

ΦRP = ΦSC + ΔΦ,ΨRP = ΨSC + ΔΨ, (23)

moreover, the resulting deflection angle at the j-th 
tracking step Θj = arccos (cosΘj) is obtained from the 
ratio for the angle between the directional pattern vector 
and the directional vector to the spacecraft through the 
corresponding direction cosines of the antenna pattern 
and spacecraft:

cosΘj = cosαRPj-1·cosαSCj + 
+ cosβRPj-1 · cosβSCj + cosγRPj-1 · cosγSCj. (24)

It is assumed here that the duration of the tracking 
(simulation) step is dT = (tj – tj–1) = 0.1 s. The direction 
cosines of the antenna array antenna patterns and the 
direction to the spacecraft at the j-th tracking step in the 
local (topocentric) coordinate system are determined by 
the known formulas through the azimuth and elevation 
angle of the radiation pattern and direction to the 
spacecraft, respectively:

cos(αRPj) = cos(ΦRPj) · sin(ΨRPj),
cos(αSCj) = cos(Φ(tj)) · sin(Ψ(tj)), (25)

cos(βRPj) = cos(ΦRPj) · cos(ΨRPj),
cos(βSCj) = cos(Φ(tj)) · cos(Ψ(tj)), (26)

cos(γRPj) = sin(ΦRPj),
cos(γSCj) = sin(Φ(tj)). (27)

The difference in the path of the beams from the 
direction of the antenna pattern at the (j – 1)-th step of 
tracking between antennas No. i (Аi) and the reference 
antenna No. 0 (A0) is determined by the formula: 

ΔRi0RPj–1 = Li0 · cos(<Аi – 0 – RPj–1) =
= Li0 · [cos(αi0) · cos(αRPj–1) + cos(βi0) · cos(βRPj–1) + 
+ cos(γi0) · cos(γRPj–1)]. (28)

Here Li0 is the distance between the phase centers 
of the antennas Ai and A0, cos(αi0), cos(βi0), cos(γi0) are 
the direction cosines of the vectors from the reference 
antenna A0 to the antenna Ai, calculated by the formulas:

, (29)

cos(αi0) = (xi – x0)/Li0,
cos(βi0) = (yi – y0)/Li0, (30)
cos(γi0) = (zi – z0)/Li0,

where (xi, yi, zi) and (x0, y0, z0) are the coordinates of the 
phase centers of the antennas Аi and А0 in the local 
coordinate system.
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The shift in time of arrival of the radio signal between 
the antennas Аi and А0 from the direction of aiming 
the radiation pattern Δtсi0RPj–1 is used in the device for 
synchronous addition of antenna signals throughout the 
entire j-th tracking step and is determined by the formula

Δtсi0RPj–1 = ΔRi0RPj–1/C, (31)

where C is the speed of light in free space.
The difference between the path of the beams from 

the direction to the spacecraft at the j-th tracking step 
between antennas No. i (Аi) and the reference antenna 
No. 0 (A0) is determined by the formula

ΔRi0SCj = Li0·cos(<Аi–0–SCj)= 
= Li0·[cos(αi0)·cos(αSCj) + cos(βi0)·cos(βSCj) +
+ cos(γi0)·cos(γSCj)]. (32)

Accordingly, we obtain a shift in time of arrival of 
the radio signal between antennas Аi and А0 from the 
direction to the spacecraft:

Δtсi0SCj = ΔRi0SCj/C. (33)

Taking into account the time rounding in the SAD 
by the value of the unit interval of the sampling pulse 
shift ΔTs and the adjustment error ΔTji of the signal 
propagation time from the antenna Аi along the feeder 
line to the SAD, we obtain the following estimate of the 
shift incursion in the time of arrival of the radio signal 
between the antennas Аi and А0 for the j-th tracking step 
T0 from tj-1 to tj:

Δtсi0j = round(Δtсi0RPj–1/ΔTс) · ΔTs – Δtсi0SCj + ΔTji. (34)

The sine component of the clean information signal 
of the i-th antenna at the j-th step:

UISij = US1j · F(Θj) · sin(2πFIF · tj + π/4 – 2πFIF · Δtсi0j +
+ sign(cos(2πFМН · tj – 2πFМН · Δtсi0j)) · π/2). (35)

The cosine component of the clean information 
signal of the i-th antenna at the j-th step:

UICij = US1j · F(Θj) · cos(2πFIF · tj + π/4 – 2πFIF · Δtсi0j +
+ sign(cos(2πFМН·tj – 2πFМН · Δtсi0j)) · π/2). (36)

Single antenna noise power:

PN1=2·k0·t°·msl·Ri, (37)

where k0 = 1.38 · 10-23 is the Boltzmann constant, t° = 
200° K is the equivalent noise temperature of the receiver 
input stage, Ri is the information transfer rate, msl = 1.25 
is the number of radio signal spectrum lobes.

It should be noted that in the developed model of 
spacecraft tracking, the sampling frequency Fd of the 
signal at the intermediate frequency FIF is selected based 
on the condition of minimum distortions due to overlaps 
of the spectra of the original radio signal multiplied 
during sampling with an estimate of the upper frequency 
Fw = mls · Ri in accordance with the formula [15, 16 ]

, (38)

where the discretization order md is chosen, in turn, by 
the formula

 (39)

Noise power of a single sampling channel (sine or 
cosine):

Pn1d = Pn1/2. (40)

Single antenna root-mean-square noise deviation:

. (41)

RMS noise deviation for a single sampling channel 
(sine or cosine):

.

Signal-to-noise power ratio for a single antenna:

 (42).

Signal-to-noise power ratio with absolutely 
synchronous addition of signals from all antenna arrays:

. (43)

The noise value in the sine and cosine information 
channel of sampling of the i-th antenna at the j-th tracking 
step is calculated using different samples of the MATLAB 
randomization function for the normal distribution law:

UISnij = σn1d · randn(1,1), UIСnij =
= σn1d · randn(1,1). (44)

The sine component of the noisy information signal 
of the i-th antenna:

UIс + nSij = UISij + UISnij. (45)
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The cosine component of the noisy information 
signal of the i-th antenna:

UIс + nСij = UIСij + UIСnij. (46)

Amplitude of the net total information signal of all 
antennas of the field:

 (47)

Amplitude of the net total information signal of all 
antennas of the field:

 (48)

Amplitude of the net total information signal of all 
antennas of the field:

. (49)

In practice, the signal-to-noise ratio cannot be 
determined in practice, since, in accordance with (49), 
at the reception we always deal with a mixture of signal 
and noise, from which it is impossible to isolate a pure 
signal [17]. However, the model contains estimates of the 
amplitude of both the pure signal of a single antenna (19) 
and the pure total signal of all antennas of the field (48), 
taking into account the tracking errors. Hence the signal-
to-noise ratio with ideal addition of antenna signals 
without taking into account tracking errors:

. (50)

Real signal-to-noise ratio including tracking errors:

. (51)

Finally, the probability of a bit error according to 
Kotelnikov V.A. [19]:

, (52)

where ρ = –1 is the correlation coefficient for phase shift 
keying by π.

Simulation results

To calculate the delays, it is necessary to interpolate 
the values   of the elevation and azimuth in the intervals 
between the nodal moments of target designations (TD). 
If nTD is the number of simulation (tracking) steps dT 
in the target designation period dTTD, then with linear 
interpolation, the calculated elevation angles ΦRPj + 1р and 
azimuth ΨRPj + 1р on the (j + 1)-th step of tracking will be 
determined by the expressions:

ΦRPj + 1р = ΦSC(t(floor(j/nTD) · nTD + 1)) +
+ (ΦSC(t(ceil(j/nTD) · nTD + 1)) –

– ΦSC(t(floor(j/nTD) · nTD + 1)))/nTD · (j – floor(j/nTD)),

ΨRPj + 1р = ΨSC(t(floor(j/nTD) · nTD + 1)) +
+ (ΨSC(t(ceil(j/nTD) · nTD + 1)) –

– ΨSC(t(floor(j/nTD) · nTD + 1)))/nTD · (j – floor(j/nTD)). (53)

Modeling confirmed the results of [13] that in a 
reference orbit with an altitude of 200 km, it is desirable 
to keep the update period of delays dTdu in the digital 
antenna field at a level of 0.1 s, but at the same time 
showed that in low orbits it is advisable to work with 
single antennas with a diameter about 3 m, and they 
should be combined into a single antenna field with the 
addition of signals to increase the energy potential of the 
radio link when working with a high-orbit spacecraft.

As shown in fig. 4, during the transition from low 
orbits with an altitude of 200 km (Fig. 4, a, b) to high orbits 
with an altitude of 20,000 km (Fig. 4, c, d), the dynamics 
of changes in elevation angles, azimuth significantly 
decreases (Fig. 4, a, c) and the delays of the radio signal 
between the antennas (Fig. 4, b, d), which makes it possible 
to painlessly increase the periods of target designations 
and update delays in digital antenna fields.

Fig. 5 illustrates the idealized spacecraft tracking 
mode in an orbit with an altitude of 20,000 km, which 
is typical for global navigation systems. Based on the 
parameters of the system for the reference orbit (dTTD = 
1 s; dTdu = 0.1 s), we select the period of the TD dTTD 
and the update period of the delays dTdu for the high 
orbit at an intermediate frequency Fif = 70 MHz at the 
clock frequency of the sampling pulses shift Fs = 1/ΔTs = 
2 GHz. For the initial parameters, the diagram of the BP 
deviation towards the spacecraft is shown in Fig. 5, a, the 
modulus of the signal amplitude in Fig. 5b, the signal-to-
noise ratio in Fig. 5c and the probability of a bit error in 
Fig. 5, d from 10-4 at the edges of the RVZ to 10-6 for the 
elevation angle on the parameter at the TMI transmission 
rate R = 256 Kbit/s.
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a b

c d
Fig. 4. Reducing the dynamics of changes in elevation angles, azimuth and delays during the transition  

from low to high spacecraft orbits

a b

c d
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Fig. 5. Selection of TD interval and delay update interval

m

o

n

p

It is obvious that the initial dTTD and dTdu are too 
small. An increase in the CS interval to 10 min lowers the 
minimum of the RP towards the spacecraft to 0.4, makes 
the jumps in angles (Fig. 5, e) and velocities (Fig. 5, f) 
noticeable.

At the nodal points of the TD, on the dynamic 
segment of the spacecraft trajectory, the signal falls below 
the values   at the edges of the RVZ (Fig. 5, g), the signal-
to-noise ratio drops to 1 (Fig. 5, h), and the probability of 
an error in a bit increases to an unacceptable value of 10-2 
(Fig. 5, i).

A decrease in the TD interval to 5 min raises the 
minimum of the RP towards the spacecraft to a level of 
0.94 (Fig. 5, j) with an acceptable signal-to-noise ratio 
(Fig. 5, k) and the probability of an error in a bit (Fig. 5, l) 
by dynamic section.

An increase in the delay update interval to 1 min 
at the same minimum of the RP towards the spacecraft 
maintains the signal-to-noise ratio (Fig. 5, m) and the 
probability of a bit error (Fig. 5, n) at an acceptable level.

However, leveling the delay update interval to the 
level of the TD interval of 5 min lowers the minimum 
signal-to-noise ratio to 1 (Fig. 5, o), and raises the bit 
error probability to unacceptable 10-1 (Fig. 5, p).

A compromise combination of the duration of the 
TD interval dTTD 2 min and the update interval of delays 
dTud = 1 min is shown in Fig. 6, a with a minimum of 
the RP towards the spacecraft of 0.9985 and acceptable 
deterioration of the signal-to-noise ratio (Fig. 6, b) and 
the probability of a bit error (Fig. 6, c). In general, Fig. 6 
demonstrates a decrease in the quality of tracking with 
a decrease in the clock frequency of the offset Fs from 
2 GHz (Fig. 6, a – c) to 500 MHz (Fig. 6, d, e) and 125 
MHz (Fig. 6, f, g) with a fixed intermediate frequency Fif 
= 70 MHz, which suggests that the clock frequency of the 
shift Fs should be tied to the intermediate frequency Fif, 
at which, in fact, sampling and addition of the antenna 
signals are performed.

Figure 7 shows the results of a proportional decrease 
in the clock frequency of the shift Fs and the intermediate 
frequency Fif at the corresponding optimal values   of the 
sampling frequency Fd and the sampling order md: Fai = 
70 MHz, Fd = 1.2903 MHz, md = 108, Fs = 2 GHz (Fig. 7, 
a, b); Fif = 17.5 MHz, Fd = 1.3208 MHz, md = 26; Fs = 500 
MHz (Fig. 7, c, d); Fif = 2.1875 MHz, Fd = 1.75 MHz; md 
= 2, Fs = 62.5 MHz (Fig. 7, e, f). Analysis of the graphs 
in Fig. 7 shows that the hypothesis about the advisability 
of choosing the clock shift frequency Fs in proportion 
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Fig. 6. Reduction of the clock frequency of the offset Fs from 2 GHz to 125 MHz with a fixed intermediate frequency 
Fif = 70 MHz

a b

c d

e f
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Fig. 7. Proportional reduction of the clock frequency of the shift Fs and intermediate frequency Fif

a b

c f

e f

to the intermediate frequency Fif is correct: when the 
intermediate frequency Fif decreases to the permissible 
limit, when the sampling order md, determined by (39), 
remains greater than one, and the sampling frequency Fd, 
determined by (38), remains less than the intermediate 
frequency Fif, the variance of parameters is significantly 
reduced, and the graphs of the signal-to-noise ratio and 
the probability of a bit error fall closer to the theoretical 
limit.

The expediency of proportionality of the clock 
frequency of the shift Fs and the intermediate frequency 
Fif follows from the requirements of coherence (b) of the 
added antenna signals ΔTs · Δf << 1 and the narrowband 

radio signal Δf/Fif << 1. Let ΔTs · Δf = dk<< 1 and Δf/Fif= 
dу<< 1. Then (Δf/Fif)/(ΔTs  · Δf) = Fs/Fif = dу/dk = const, 
QED. The simulation showed that the clock frequency 
of the shift Fs should be more than the intermediate 
frequency Fif by about 2000/70 ≈ 30 times. The coherence 
requirement is stricter by the same amount than the 
narrowband requirement.

Analysis of the graphs in Fig. 7 shows that an excessive 
increase in the intermediate frequency while maintaining 
the update interval of the delays leads to an increase in 
the spread of characteristics in the most dynamic section 
of the RVZ. This is due to the fact that during the update 
period, some error ter accumulates in the delays, which 
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leads to a phase error of the corresponding signal 2·π·Fif · 
ter. For small phase errors, sin (x) = x, that is, the amplitude 
error will be directly proportional to Fif. Therefore, when 
adding antenna signals with a shift in sampling pulses, it 
is advisable to choose an intermediate frequency as low 
as possible, however, just as when using VLBI methods.

Since the clock frequency of the shift Fs for the 
proposed method of combining the antenna signals is 
equivalent to the sampling frequency of the signals Fd in 
the VLBI method, the maximum speed of modern ADCs 
at the level of 1500 MHz [19] imposes restrictions on the 
use of VLBI methods at intermediate frequencies up to 
Fd / 30 = 1500/30 = 50 MHz. Proceeding from the fact 
that the sampling order cannot be less than md = 2, in 
accordance with (39) for the VLBI method, we obtain an 
estimate of the admissible upper frequency of the signal 
spectrum Fw = Fif/(2md + 1) = 50/5 = 10 MHz and the 
achievable speed transmission of information of the order 
of Fw / mls = 10 / 1.25 = 8 Mbit/s. The investigated method 
of adding radio signals with a shift of sampling pulses is 
implemented on pulse counters consisting of triggers, 
the maximum achievable clock frequency of which is 
currently about 10,000 MHz [20]. This corresponds to 
a maximum intermediate frequency of 10000/30 ≈ 300 
MHz, a simple enough realizable sampling frequency Fd 
= 4Fif/(2md + 1) = 300  · 4/5=240 MHz, allowable in the 
upper spectrum of the signal Fd = Fif/(2md + 1) = 300/5 
= 60 MHz and an achievable information transfer rate of 
the order of Fw/mls = 60 / 1.25 = 48 Mbit / s.

Thus, the investigated method of combining the 
radio signals of the antennas of the antenna field with a 
shift of sampling pulses is potentially able to provide a six 
times higher rate of telemetry information transmission 
from deep space satellites in comparison with the classical 
VLBI method. However, it should be taken into account 
that this study was carried out on an idealized model of the 
process of tracking a spacecraft with an antenna field for 
target designations. Idealization consists in the fact that 
it is impossible to instantly change the angular velocity 
of the antenna movement due to inertia, therefore, at the 
nodal points, it is possible to achieve exact coincidence 
of either the angles or angular velocities of the antenna 
movement with the spacecraft movement. Therefore, 
in the future, it is planned to continue researching the 
proposed method, taking into account the inertia of the 
antennas.
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