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Abstract

Objectives. Radar homing heads of guided missiles form a large group of radars which differ from other radars
due to their specific purpose. The advantages of a semi-active radar homing head (SARH) include the ability to have
a powerful irradiator at the command post and, as a result, a powerful reflected signal from the target. This results
in an increase in the range of its detection and guidance. The absence of an emitter simplifies the missile’s onboard
control equipment, reduces its weight and dimensions, thereby improving its maneuverability and increasing the
guidance accuracy, resulting in the greatest distribution of this type of SARH. However, in order to determine the
exact Doppler shift of the target signal as part of SARH, a reference signal with a frequency coinciding with the
illumination transmitter signal must be supplied to the receiving path. This study aims to synthesize and analyze the
SARH receiver circuit with improved accuracy characteristics.

Methods. The following methods are used: statistical radio engineering; optimal signal reception theories; and
computer modeling in CAD AWR Design Environment.

Results. A mathematical model of the SARH receiver was obtained and analyzed. The proposed receiver model
allows the spectral characteristics of signals to be calculated at any point of the microwave paths, as well as signal
characteristics at the input of the head channel, at the output of the first conversion mixer, at the output of the
first intermediate frequency selector, and at the output of the receiving path. The calculated values of the main
characteristics of high-frequency channels are also given.

Conclusions. The resulting model allows the frequency dependencies of main parameters of the receiving path,
such as the gain factor, noise factor, decibel compression points, and third-order intermodulation intercept points
to be estimated. The values obtained during the simulation are maximally close to existing systems, since the
models of real-life and mass-used microcircuits thu created are used as the main elements when designing high-
frequency paths. The model can be used to study methods of improving technical indicators, as well as to develop
new principles and schemes for developing radioelectronic complexes, for example, when designing a receiving
path using advanced radio photonics.
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Pesiome

Llenu. PagyonokalmoHHble rofioBkn camoHaBeaeHus (PIFCH) ynpaensiembix pakeT — 9To 60sbLuas rpynna paamosno-
KaToOpoB, KOTOPbIE B BMAY OCOOEHHOCTEN HA3HAYEHMS OTINYAIOTCS OT APYrX pagnonokaTtopos. MpenmyLLecTtsom
nonyakTtueHol PICH siBnseTcst BO3MOXHOCTb MMETb MOLLIHbIN 06/ly4aTesib Ha KOMaHAHOM MyHKTE 1, Kak ClieacTBue,
MOLLHbI OTPaXeHHbIA CUTrHaN OT LENW, YTO B pe3ynbTaTe NPUBOAUT K YBENYEHWNIO AANbHOCTU ee 0OHapyXeHUs
M TOYHOCTU HaBeaeHns Ha uenb. OTCYTCTBME annapaTtypbl N3ny4eHns ynpowaet 60pTOBYIO annapartypy ynpaBieHus
pakeTbl, YMEHbLLAET €€ BEC U rabapuTbl 1, CNeA0BaTENbHO, YYYLLAOTCH ee MaHEBPEHHbIE CBOMCTBA, YTO 0OycnaBs-
nmBaeT Hanbonbluee pacnpocTpaHeHne gaHHoro tuna PICH. ns ToyHoro onpeneneHns oonjiepoBcKoro cMeLLe-
HUS CUrHanNa Lenu B NpUeMHbI TpakT nonyaktmeHon PITCH gomkeH nocTtynaTb 3TaNOHHbIA CUrHas, YacToTa KOTO-
poro coBnagaeT C 4aCTOTOW CUrHana nepenartymka noacseta. Llens paboTbl — onTrmmsarma 60pToBON annapaTtypbl
1 NOATBEPXAEHNE NpeaiaraemMoro noaxoaa ¢ NoMoLLbI0 MOAENNPOBAHUS.

MeToabl. B pabote mcrnonb3oBaHbl METOAbI CTAaTUCTUHECKOW PaAMOTEXHUKM, TEOPUU OMTUMANbHOrO npuema
CUIHaNIOB 1 KOMMbIOTEPHOE MOLENNPOBaHME B CUCTEME aBTOMATU3MPOBAHHOIO NpoekTupoBaHua AWR Design
Environment.

PeaynbTaTthl. [lonydyeHa v npoaHann3npoBaHa matemMatmyeckas mogens npuemumka PICH. MpeanoxeHHas Mmoaens
NpYeMHMKa No3BONISIeT MPON3BECTU PACYET CeKTPasibHbIX XapakTepuUCTUK CUrHanoB B ito6oi Touke CBY-TpakToB,
XapakTepUCTMK CUrHAN0B Ha BXOE OCHOBHOIMO KaHana, Ha BbIXO4e CMECUTENS NepBOro NnpeobpasoBaHunst, Ha BbIXO-
e cenekTopa nepBoi NPOMEXYTOYHOM YaCTOThl U HA BbIXOLE MPUMEMHOIo TpakTa. [pnBeaeHbl pacyeTHbIE 3HAYEHWS
OCHOBHbIX XapakTePUCTUK BbICOKOYACTOTHbIX KaHaoB.

BbiBoAbI. [Tony4yeHHas Moaenb NO3BOMSET OLEHMBATL YHACTOTHbIE 3aBUCMMOCTM OCHOBHbIX MApamMeTPOoB MPUEMHOro
TpakTa, Takmx Kak KoadPuumeHT nepegadn, KoaPOULUMEHT ymMa, TOHKM AeunbenbHON KOMNPeccun, ToUkKn nepe-
CeYeHnNst MTHTEPMOAYNAUNI TpeTbero nopsaka. MonyyeHHbIe NPy MOAENMPOBAHNN 3HAYEHWSI MaKCUMabHO Npubn-
XEHbI K XapakTEPUCTUKAM CYLLLECTBYIOLLMX CUCTEM, T.K. B KQYECTBE OCHOBHbIX 9/IEMEHTOB BbICOKOYACTOTHbIX TPak-
TOB UCMNONb30BaNINCb CO3aHHbIE MOLENW PeasibHO CYLLECTBYIOLLMX M MAaCCOBO MUCMOJIb3yeMbIX MUKpPOCXeM. Moaenb
MOXET NCMNO0JIb30BaTbCs AJ1 UCCNE0BaHNSA NyTel COBEPLUEHCTBOBAHMSI TEXHUYECKUX NOKa3aTenel, pa3paboTku
HOBbIX MPUHLMMOB 1 CXEM MOCTPOEHUS PAANO3NEKTPOHHBIX KOMMIEKCOB, HANPUMEP, MPY MNOCTPOEHUU MPUEMHOIO
TpakTa C UCMNOJIb30BAHNEM NEPCMNEKTMBHbIX CPEACTB PAANODOTOHUKM.

Kniouesble cnoga: nonyakTnBHasa paanonokaunoHHasa ronoBka caMmoHaBeaeHnd, CBl'|-I'IpI/IeMHI/IK, XapakTepucTtu-
KW rpnemMHuka, MmogenmpoBaHmne
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ABTOpbI 329BNSAOT 06 OTCYTCTBMM KOHDIMKTA MHTEPECOB.

INTRODUCTION

Radar homing heads (RH) of guided missiles form
a large group of radars which differ from other radars
due to their specific purpose [1-3]. A distinction is made
between active (ARH) and semi-active radar homing
heads (SARH). Each type has its own advantages and
disadvantages. In the case of active homing, a missile
using RH irradiates the target and receives part of the
reflected energy by means of a single antenna, active [4],
or digital [5] phased antenna array. The information
(energy) received is processed by RH and output as
control signals to the missile autopilot.

The advantage of SARH is its ability to create
a powerful irradiator at the command post and,
consequently, a powerful reflected signal from the
target. This results in increased detection range and
targeting accuracy. The absence of a microwave signal
generator simplifies the onboard control equipment of
the missile, and also reduces its weight and dimensions,
hence improving its maneuverability. As a result, SARH
is widely used.

FUNCTIONAL DIAGRAM AND MATHEMATICAL
DESCRIPTION OF SARH

A variety of modeling packages and technologies
are used to work out most efficient solutions of SARH
modules [6-9].

The basic concept behind semi-active homing heads
is that since almost all detection and tracking systems
contain ground-based radar systems, duplication of
this equipment on the missile itself in some cases is
redundant. In order to synchronize the SARH hardware,
the ground-based radar signal can be used as a reference
signal. In order to determine the Doppler shift of the
target signal as part of SARH, a reference signal with
a frequency coinciding with that of the illumination
transmitter signal should be fed into the receiving
path. The solution to this problem is the use of a direct
signal (reference signal) received by a special antenna,
propagating from the transmitter of the ground radar
station towards SARH. In order to receive this signal,
a special reference receiver is added to SARH to amplify

the signals received by the reference signal antenna
oriented to the rear hemisphere of the missile, i.e.,
towards the illumination station. The amplified reference
signal is used for heterodyne synchronization in SARH
or directly as a heterodyne signal in the receiver [10].
The functional diagram of the SARH receiver is
shown in Fig. 1 [6]. The illumination station radiates
a signal with frequency f,. The frequency f ., of
the signal received by the reference channel is shifted
downward due to the Doppler effect when the missile
moves away from the illumination station, as follows:

Vi
Jreteh. = Jo o (1)

where £ is the illumination station signal frequency, V,
is the missile radial velocity, A is the reference signal
wavelength.

The frequency of the target signal received by the
reference channel is shifted upward due to the oncoming
motion of the missile and target, as follows:

Vr V.
fheadch.:f0+x+ ()

7t
5
where f .. o 18 the frequency of the signal as reflected
from the target received by the head (main) channel; V,
is the target velocity.

Both the signal reflected from the target and the
reference signal are converted to the first intermediate
frequency using the common first heterodyne signal £ ,,
as follows:

o first intermediate frequency of the reference channel

"
Jreten1 =Jo =5~ > (€)
o first intermediate frequency of the head channel

Vi %
Jhead chi :fo+7+7_fh1~ 4)

The reference signal f .., cannot be directly
used as a heterodyne signal in the further processing
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Fig. 1. Functional diagram of the SARH receiver. ATC is the angular tracking channel;
A Agq, and A, are intermediate frequency amplifiers
of the head channel signal, since in this case, the signal 2V, - V,)
. o . . r
conversion occurs at low frequencies, where for circuitry - Jq- )

reasons processing is difficult. In order to prevent this,
the reference signal is shifted to the second intermediate
frequency using an additional controlled heterodyne.
The frequency of the controlled heterodyne signal may
be written as follows:

Jen =Sk T/op (%)

where ., is a fixed value equal to the second intermediate
frequency of the head channel; and f; is the predicted
value of the Doppler frequency of the target signal received
from the target channel or as a result of target tracking.

The second intermediate frequency of the reference
channel is equal to the following:

.
Jrefch2 :fo_f_fhﬁfmﬁfm- (6)

Signal f ¢, , is used as a heterodyne signal in further
conversion of head channel signals in the so-called
convolution mixer, and since frequency f, ¢, , is higher
than f, .4 .. » the frequency of the second signal is
subtracted from the first, as follows:

/i head ch.2 ~— fref.ch.Z - /i head ch.1 —
20, - V,) (7

= fir2 + JoF — 5

Here f, .4 ono 18 the signal frequency of the second
intermediate frequency of the head channel, while the
actual Doppler shift of the target signal may be written
as follows:

Since term f; represents the actual Doppler shift
of the target signal, the frequency of the signal after
conversion is shifted relative to fip, by the difference
between the predicted and actual Doppler frequency
values. When they are equal, it falls exactly on fi,.
When processing the target signal, this allows use of
the narrowband Doppler filter tuned to the fixed value
of frequency fp,, irrespective of the Doppler shift of
the target signal. The principle of operation and SARH
functional diagrams are described in more detail in [6].

MATHEMATICAL MODELING OF SARH
MICROWAVE CHANNELS

In order to calculate the characteristics of SARH
microwave channels, closest to the real ones, the
characteristics of real existing microcircuits and systems
of radar stations are used for modeling [11-17].

Applying the Visual System Simulator (VSS) module
of the AWR Design Environment' system for computer-
aided design and modeling of high-frequency (HF)
systems and devices enables the work at the design
stage to be automated, and the main characteristics
of microwave channels to be calculated. The model
of SARH microwave channels developed in the VSS
environment is shown in Fig. 2.

The first functional block in the SARH receiving
path is the input power limiter. It reduces the signal level

I https:/pcbsoftware.com/product/awr/. Accessed September 13,
2023.
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Fig. 2. Model of SARH microwave channels

entering the low-noise amplifier (LNA) to a safe level.
The TGL2208-SM? chip is used as a power limiter. In
order to achieve the required transmission coefficient,
a multi-stage construction scheme of the receiving path
is used. Each stage amplifies the incoming signal in
accordance with its gain factor G and has its own noise
level characterized by noise factor F.

The formula for determining the noise factor of the
stage amplifier is given in [14] and has the following
form:

NF, -1 NF, -1
+..+
G, G

n—1

NF = NF, + ; ®

where NF is the noise factor, F| is the noise factor of the
first stage, £/, is the noise factor of the nth stage, G, is
the gain factor of the first stage, and G, is the gain factor
of the nth stage.

The formula shows that the largest contribution to
the total noise factor is made by the noise of the first
stage. Furthermore, the higher the gain factor of the first
stage, the lower the total noise factor.

Since the mixers where the frequency conversion
occurs are quite noise intensive, the very first gain stage
(LNA) is performed before the frequency conversion,
i.e., at the carrier frequency. During modeling, the
parameters of the QPA26093 chip are used as LNA.

2 https://www.qorvo.com/products/p/TGL2208-SM. Accessed
September 13, 2023.

3 https://www.qorvo.com/products/p/QPA2609.
September 13, 2023.

Accessed

The intermediate frequency amplifier (IFA)
provides for maximum amplification of the received
signal. The IFA brings the signal level to the value
necessary for normal operation of the signal
processing equipment, thus providing the necessary
sensitivity for the receiver. The PMA3-83LN+* chip
is used as IFA.

The mixer is used to gain the received carrier
frequency signal to the intermediate frequency. The
HMC773ALC3B? chip is selected as the mixer.

During modeling, the calculation of the main
characteristics of microwave channels is carried out
under normal climatic conditions. This includes the
frequency dependencies of the gain factor (S21), noise
factor (NVF), decibel compression points (OP1dB), and
third-order intermodulation cross points (OIP3).

The following frequencies are specified, in order
to calculate the main parameters of the model: the
operating frequency of the illumination station F;
(8 GHz); the frequency of the signal reflected from
the target I 4; the frequency of the first (reference)
microwave heterodyne F);; and the frequency and
bandwidth of signal processing (1 GHz). Signals
F; and F, 4 are formed by library models of signal
sources TONE and are fed to the input of the reference
and main channel, respectively. Here they are reduced
(if necessary) to a safe level by the first element of

4 https://www.minicircuits.com/pdfs/PMA3-83LN+.pdf.
Accessed September 13, 2023.

5 https://www.micro-semiconductor.com/datasheet/46-
HMC773ALC3B.pdf. Accessed September 13, 2023.
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Fig. 3. Signal spectra: (a) at the input of the head channel, (b) at the output of the first conversion mixer,
(c) at the output of the first intermediate frequency selector, (d) at the output of the receiving path

the receiving path that is TGL2208-SM power limiter.
The safe level signals are fed to the QPA2609 LNA
input and then to the input of the bandpass filter
which separates the signals of the receiver working
range. Signals are fed from the range filter output to
the first conversion mixers where they are mixed with
the microwave heterodyne signal F ;. Then they are
transferred to the spectrum of the first intermediate
frequency signals Fi up and Fp ., in the upper
head (original) channel and in the lower reference
(providing) channel, respectively. The operating
frequency is selected by the first intermediate
frequency selector, the bandwidth of which is changed
in accordance with the specified equations depending
on the illumination station operating frequency F;.
The signal F|p |, amplified in IFA, is transferred
by the mixer-former to the signal frequency spectrum
of the second heterodyne F), using the controlled
heterodyne. The operating frequency is selected by

the signal selector of the second heterodyne, while the
signal level is increased to the required level in the
IFA chain. Signal F, , is fed to the heterodyne input of
the second conversion mixer, to which signal F| up is
also fed, and then transferred to the signal processing
frequency.

The resulting model allows the spectral
characteristics of signals at any point of microwave
paths to be calculated. The spectra of signals at the head
channel input, at the first conversion mixer output, at the
first intermediate frequency selector output, and at the
receiving path output are shown in Fig. 3. The calculated
values for main characteristics of HF channels are
presented in Fig. 4.

By analyzing the graphs shown in Figs. 3 and 4, it
can be concluded that the head channel receiving path
in the configuration shown in Fig. 2 has a gain factor of
at least 38 dB with an output decibel compression point
level of at least 13 dBm.
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Fig. 4. Calculated values for the main HF channel characteristics:
(a) head channel gain factor, (b) head channel OP1dB, (c) noise factor NF, and (d) OIP3

CONCLUSIONS

The resulting model allows the frequency
dependencies of the receiving path main parameters,
such as gain factor, noise factor, decibel compression
points, and third-order intermodulation cross points
to be estimated. The simulation values are maximally
close to those of existing systems due to using models
of real widespread microcircuits as the main elements in

constructing HF paths. The model can be used to study
ways of improving the technical performance, as well as
in the development of new principles and construction
schemes for radioelectronic complexes (in particular,
SARH), e.g., in constructing the receiving path using
promising means of radio photonics.
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