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Abstract:

Introduction/purpose: This paper presents a model of a high speed target
radar tracking system that is much simpler than the existing ones. The
Doppler shift is compensated before signal compression, simultaneously
with the modification of the clock signal in the compression filter. This is
possible thanks to the development of FPGA technology. The most
important for this application are very fast clock control units which enable
operation with different frequency references up to 1 GHz with an accuracy
far below 1 Hz.

Methods: In this paper, the methodology of mathematical modeling and
simulation is used.
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Results:The results of the analysis of the most important effects in radars
caused by high-speed targets are presented and discussed - target
migration through resolution cells and compression filter response distortion
due to high target acceleration.

Conclusion: Thanks to flexible RF and signal processing hardware,
complex radar processing procedures are not required. The sensitivity of
the BPSK signal to the Doppler shift (which is usually considered a
disadvantage) can be used to reject targets at a slightly different rate. This
system can be used in space debris tracking, airspace target tracking, car
driving, etc.

Key words: target migration, FPGA, DDS.

Introduction

High speed target detection and tracking present a serious problem
for classical radar systems. A high speed target generates a high Doppler
frequency shift in the receiving signal. High Doppler frequency can
generate significant losses in the radar compression filter even if the signal
with reduced sensitivity to the Doppler shift is applied. A well-known
problem is “stop and go”, when a target passes a few range resolution cells
during the pulse time. This problem is frequently analyzed in the synthetic-
aperture radar (SAR) processing (Tang et al, 2019). The problem is typical
for radars operating with very long pulses such as space debris radars
(NASA-Handbook 8719.14, 2008). Even if a radar system operates with
high radio frequency (RF) power and short pulses, there is a problem with
target migration from one pulse to another. These problems are usually
resolved by complex radar processing employing banks of matching filters
and alignment algorithms (Addabbo et al, 2019; Yang et al, 2017).
Complexity in the detection process could be increased by significant
target acceleration. It increases the required number of filters in the filter
bank and increases the complexity of iterative algorithms. In the case of
surveillance radars, such a complex procedure is unavoidable. But, in the
case of the tracking radar, the processing method could be adjusted
according to the tracked target type. Usually, targets with high velocity
have no high acceleration and vice versa. This is the consequence of the
target inertial limitations. For example, space targets have high velocity but
low acceleration, and drones can have low velocity but high radial
acceleration. It means that signal processing in tracking radars could be
significantly simplified by adjusting a processing method to a particular
target. In this paper, a simple processing method for high speed target
tracking is highlighted. In order to obtain enough signal-to-noise ratio
(SNR) with limited RF power, a target has to be illuminated long time which
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causes high target migration during the dwell period. Examples related to
space debris radars will support the method applicability (Klinkrad, 2006;
Losacco & Schirru, 2019).

The application of matching filter banks or complex iterative algorithms
is suitable for off line signal processing. Otherwise, extremely high power
numeric processing machines are required. The proposed simplification is
applicable not only for space control radars (which are a representative
example in this paper) but also for other radars utilizing long pulses. The
examples are high resolution radars for autonomous vehicle guidance
(when two close vehicles have to be separated by different speed) or military
purpose (when a plane has to be separated from a lunched missile). All
these systems require real time signal processing with reasonable hardware
resources. Sometimes, problems with high Doppler frequency do not have
origin only in high speed but in high frequency (millimeter wave radar for
autonomous navigation) and wide bandwidth (required high resolution in the
slant range). Independently of the origin, high Doppler frequency and wide
bandwidth cause the received signal compression and target migration
problems that should be resolved in real time.

A common tracking radar employs linear frequency modulated (LFM)
signals. An LFM signal is known as a Doppler resistive signal. But, this
signal is also sensitive to “stop and go” effects and a compression filter
should be based on the bank of matching filters. However, the binary phase
shift keying (BPSK) modulation is known as the Doppler sensitive
modulation and requires a high number of matching filters inside the filter
bank. In the case of the tracking radar, the velocity of the target is known
(with some uncertainty) and the advantage of the LFM modulation is not
significant. On the other hand, the BPSK matching filter structures intended
for wideband signals are significantly simpler (than the LFM matching filter)
because they do not need hardware multipliers. In the case of the tracking
radar, the BPSK Doppler sensitivity should be exploited for non-tracked
target rejection. In the next section, a fast target tracking method based on
the BPSK radar signal is presented. Critical Doppler uncertainty is simply
resolved by using target speed measurement and appropriate signal
processing technigues avoiding requirements for the filter bank.

Proposed radar configuration

A simplified block schematic of the proposed tracking radar is
presented in Fig. 1. A radar signal is digitally generated at the low
intermediate frequency (IF) frequency and up-converted by two fixed local
oscillators(LO) to the output frequency. The input signal is down-converted
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by the same LO to the low IF frequency that is similar to the frequency of
the digitally generated Tx signal. The difference is in the Doppler shift.

Reference
oscillator
200MHz
EET |
x(7/4) x48
DDS | 350MHz 9.6GHz
=
+
O 1400 H Doppler 3
i
& & DS =
on O 1Q S up up
o+ 25MHz/ { converter },_, converter —% PA O
?:D 3 m?d 50MHz mOd 400MHz 10GHz
—
52 8 down down down
FIR A/D (.Oll\tl‘l(.l‘ converter %«{ converter { LNA’
400MHz 10GHz

(

clock 25MHz+{d/400

Figure 1 — Simplified block schematic of the tracking radar
Puc. 1 - YnpoweHHas 6nok-cxema PJIC cnexeHusi
Cnuka 1 — YnpowheHa 6rok-wema padapa 3a npaheme

This signal is down-converted to baseband (BB) by the LO signal
generated by the direct digital synthesis (DDS). The frequency of this
signal corresponds to the IF frequency of the receiving signals i.e. the
baseband signal has no Doppler component. The baseband signal without
a Doppler component is compressed by the standard finite impulse
response (FIR) filter. Because the complete signal spectrum suffers from
the high Doppler shifting, the bit rate in the BPSK signal is changed. For
that reason, the FIR filter clock has to be modified. In the Rx mode, the
DDS has to generate a new clock with the offset respectively to the Tx
signal bit rate:

offset _ feik
Fk"> = Faoppter * (1) (1)

where fuoppier IS the measured Doppler frequency, f, is the output central
frequency, and f.: iS the generated chip rate. This offset has to
compensate for pulse stretching or extension caused by the Doppler
effects.

Knowing the Doppler shift at the central frequency, the target velocity
could be estimated with high accuracy. Knowing the target velocity, a
prediction of the target migration could be performed. This prediction
enables a right selection of the pulses participating in the coherent signal
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integration. So, the key parameter that has to be measured is the target
radial velocity.

Although this architecture seems simple, there are a few reasons why
it is not widely applied in practice. The digital generation of wideband radar
signals at IF frequency was limited by the FPGA (Field programmable Gate
Array) maximum clock and the FPGA numeric capacity. The DDS were
usually realized as separate devices with limitation in the configuration
speed. It was limited by the accumulator word length and the frequency
resolution. The FPGA clocks were limited by the one clock manager circuit.
New FPGA circuits operate with clocks up to 1GHz permitting different
references to difference clock manager, simultaneously achieving an
accuracy that is far below 1 Hz. Doppler shifts can be compensated before
signal compression, simultaneously with compression filter clock
modifications. In this way, methods utilizing filter banks and signal
oversampling (few tenths of time) are avoided.

Signal processing is divided in two consecutive phases. The first phase
is velocity determination. After that, the down converter and the filter matched
to the Rx sequence will be configured in real time and target migration from
pulse to pulse will be determined. In accordance with the calculated values, a
coherent or non-coherent integration process could be performed.

Velocity (Doppler) measurement

The first phase in the tracking process has to be target velocity
measurement (this measurement should be performed simultaneously with
angular measurement and tracking). For this measurement, the radar
should transmit and receive non modulated pulses. The received signal
should be sampled and the FFT (Fast Fourier Transform) of the received
signal should be performed. Because the pulse is long in time, the main part
of energy should be concentrated around the Doppler frequency. A
component from the pulse modulation will be present, but the energy of
these components should be below the carrier component. A simple
frequency analysis can highlight the carrier (Doppler) frequency. The dwell
time has the main influence on the precision of the frequency measurement.

The resolution of the Doppler frequency Af can be determined as:

1 cxA c A
AMf=—=maw=20=_C =20
Tin 2fo 2foTin 2T

()

where 1;;presents the target illumination time (dwell time), Av is the
velocity resolution, c is the speed of the light and 4, is the transmission
signal wavelength. If the number of pulses during the dwell time is N, the
maximum uncertainty in the target position should be:
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Ao

2Ty

Al = N * PRI * Av = N * PRI *

3)

where PRI is the pulse repetition interval. If Aris the range resolution, then:
Al L Ar 4)

As an example, a space debris radar with 10ms long pulse and 6m range
resolution cell integrates 32 pulses with the PRI of 25ms (duty factor 40%). It
means that the dwell time is 0.8s. The frequency resolution is 1.25Hz. The
velocity uncertainty for a 10GHz radar should be 0.019m/s. The uncertainty
in the target position for the dwell time should be 15cm. Since the received
signal is a pulse amplitude modulation (PAM) signal, the obtained spectrum
will have components at both sides of the carrier signal. The carrier peak
presents the received Doppler frequency and the frequency of the other
component depends on the PRI and the pulse time. An example of the
spectrum of the 400kHz Doppler shift is presented in Fig. 2 (left).

The diagram in Fig. 2 (right) presents a zoomed part of the full span
when components at 40Hz (25ms PRI) exist. The highest component
presents the carrier (Doppler) frequency. The presented spectrums are
without noise. In practice, the noise floor minimum 20dB below the
maximum components is desirable.

105 FFT of the pulsed signal FFT of the pulsed signal - zoom

FFT amplitude
FFT amplitude

r
N
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Figure 2 — Spectrum of the pulsed signal modulated with the Doppler frequency
Puc. 2 — Cnekmp umnynbcHo2o cueHarna, ModynupogaHHo20 0onneposckol Yacmomol
Cnuka 2 — Cnekmap umrysicHo2 cugHana modynucaHoa [Jornnepogom hpeKkseHyujoMm
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Matching filter configuration

Knowing the target speed, the LO frequency and the compression FIR
filter clock should be adjusted in accordance with the Doppler shift. The
DDS generating the measured Doppler frequency can modulate (shift) the
LO carrier. The chip frequency is always generated as a fraction of the LO
carrier frequency i.e. this frequency will be shifted for the carrier frequency
shift divided by a constant fraction. Knowing the Doppler frequency f4, and
knowing the ratio between the carrier frequency and the chip frequency, a
new chip frequency (the FIR filter clock) can be calculated as:

’ _ fotfa ’ 1
fchip ~ " fo chip — fc’hi (5)
fchip p

where f.p;p is the frequency of the PN chip clock in the Tx signal and fc’,u-p

is the frequency of the PN chip clock in the Rx signal. It means that the
FIR filter has to change the clock frequency in accordance with the relation
given above. For example, if the carrier frequency is 10GHz, and the
symbol frequency is 25MHz, the symbol frequency presents the 1/400th
part of the carrier frequency i.e. the symbol frequency is generated by the
carrier frequency divider 1:400. If the carrier shift is 400kHz, the symbol
rate is changed 1 kHz. It means that if the LO frequency of the DDS is
shifted from 50MHz to 5040kHz, the symbol frequency will be shifted from
25000kHz to 25001kHz. A new symbol frequency is the frequency fed to
AD converters and FIR filters. Other processing parts of the matching filter
are the simplified FIR filters (Golubici¢ et al, 2013; Simi¢ et al, 2013) easily
incorporated in the low-cost FPGA circuits. A simplified schematic is
presented in Fig. 3. It is clear that the filter has a simple structure without
hardware multipliers. During 10ms, 250000 chips of 40ns will be
compressed by the FIR filter.

Fig. 4 (left) presents the FIR filter response when the filter is perfectly
matched to the receiving signal Doppler frequency. Fig. 4 (right) shows
how the filter response drops when it is non-matched to the Doppler shift.
According to the diagrams, the filter has to be matched to the Doppler
frequency with the range of +10Hz.
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Figure 3 — Simplified schematic of the BPSK compression filter
Puc. 3 — YnpouweHHas cxema ¢hunbmpa cxamusi BPSK
Cnuka 3 — YnpowheHa wema BPSK komnpecuoHoe ¢hunimepa
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Figure 4 — Matching filter characteristics
Puc. 4 — Xapakmepucmuku coanacogaHHO20 ¢hurnbmpa
Cnuka 4 — Kapakmepucmuke nipunazoheHoe chunmepa

Main effects of high speed targets on the radar tracking system

Due to high target speed, the range between the radar and a target
varies during the coherent processing interval (CPI). Because of that
variation in the range, not all the echo signals from the target appear in the
same range cell. This is called target migration through range cells.
Equally, a high acceleration of the target causes that the Doppler
frequency is also spread over multiple cells and this is called the Doppler
cell migration.
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Effect of target migration

The problem of target migration is presented in Fig. 5. Because the
velocity of the target is high, the distance between the target and the radar
should be different from one pulse to another. In that case, the pulses from
the same range gates could not be used in the integration process. The
solutions for this problem were usually analyzed for the LFM radars
operation (Li et al, 2009).

compressed compressed compressed compressed compressed
Rx pulse Rx pulse Rx pulse Rx pulse Rx pulse

I'x pulse . Tx pulse ’ Tx pulse Tx pulse
| \ Lo |

I
Range gate ’7 Range gate ] 1 Range gate 1 5 Range gate I ()
number number p number - number =

\ FFT

| Coherently integrated signal

Figure 5 — Target migration between pulses
Puc. 5 — Muepauyus uenu mexdy ummnyrbcamu
Cnuka 5 — Muepauyuja yurba usmehy ummnyrca

This radar has a problem with the range gate coupling and cannot
exploit velocity knowledge. In the proposed method, this is not the case.
The range gate of the returned signal (from one target) will be changed
from one pulse to another. As a consequence, signals from different range
cells have to be included in the integration process. The selection of the
range gates that participate in one integration process is determined by
the target velocity. When the target velocity is known, the migration of the
target from one pulse to another could be predicted.

Ay =v*PRI A}, =A,*PRI (6)

where v is the target speed, 4,, is the difference in the distance between
the radar and the target in successive pulse repetition intervals, 4,is the
uncertainty of the target speed, and Alzp is the uncertainty of the target
position. For example, the target migration between pulses with the target
speed of up to 8000m/s and the PRI of 25ms could be between Om and
200m i.e. between 0 and 34 range gates. The uncertainty in the position
between two pulses (if Av is 0.019m/s) could be 0.5mm. It means that a
prediction of the target migration could be very accurate. The uncertainty
in the target position during the dwell time of 0.8s is 15cm. Since the
uncertainty of the velocity, compared with the range resolution cell, is low,
a prediction of the range gate migration should be simple. Theoretically,
there is a possibility that the migration distance coincide with the integer

Tx pulse
| t
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number of the range cell distance. In that case, it is not clear which range
cell contains the target. But, because this point is predictable, two series
of range cells can be formed. The sum or the FFT should be performed
over both pulse series.

The number of the range cells that has to participate in the FFT
calculation should be found as

N = floor (v * PRI = %) (7)

where n is the number of the Tx pulses and Ar is the range resolution.
Taking into account the maximum and minimum velocity, different N
vectors could be established, providing all possible range cell
combinations. Fig. 6 illustrates target migrations through the range cells,
starting from the first two range cells. The linear lines present possible
target velocities. It is clear that, for the second range cell, there is ambiguity
at the 8th Tx pulse, and it is necessary to integrate this pulse with two
different sets.

o=

R

- N W b @ N O T O

Range gales

o 1 2 3 4 s G 7T B g M
Pulse number

Figure 6— Target migrations through the range cells
Puc. 6 — Muepayus yenu no sidelikam duana3oHa
Cnuka 6 — Muzpayuja yurba Kpo3 pesonyyuoHe henuje

Acceleration effect

In theory, target velocity is not always constant. Because of that, a
compression filter is not always matched to target velocity. But, in practice,
the correlation function is not sensitive to real acceleration values, as it is
shown in Fig. 7 that presents the correlation function for the (non-matched)
Doppler velocity up to +200Hz and the acceleration of +200Hz/s?. For the
10GHz radar, it corresponds to the realistic velocity of t5m/s and the
acceleration of £5m/s? when a 10ms pulse is applied (Murray et al, 2019).
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But, at very high accelerations, significant distortion in the response
of the compression filter is evident. Fig. 8 presents the FIR filter outputs
for target accelerations up to 500m/s? (+360Hz/s?). In that case, the
matching filter has to include acceleration (even the third order phase
function) (Jin et al, 2019; Chen et al, 2019).

Matched filter output for tp=10ms fs=384MHz
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Figure 7— FIR filter outputs for different velocities and accelerations
Puc. 7 — Bbixod KUX-¢bunbmpa npu pasnuyHbIX CKOPOCMSIX U YCKOPEHUU
Cnuka 7 — U3na3 u3 FIR cbunmepa nipu pasnuyumum 6p3uHama u ybp3aruma

Matched filter output for tp=10ms fs=384MHz
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Figure 8- FIR filter outputs for different velocities and high accelerations
Puc. 8 — Bbixod KUX-gbunbmpa ripu pa3nuyHbiX CKOPOCMSIX U CUMIbHOM YCKOPEeHUU
Cnuka 8 — Usna3 u3s FIR ¢ounmepa npu pasnuyumum 6p3uHama u eeniukum ybp3saruma
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Conclusion

Thanks to the flexible RF and processing hardware, the tracking radar
does not need complex processing procedures with unknown target
positions and velocities. Radars operating with long pulses (in order to
compress high energy) can measure target speeds and positions
alternatively employing the obtained data from one measurement to
facilitate the other. The sensitivity of the BPSK signals to the Doppler shift
(usually mentioned as a disadvantage) could be used for the rejection of
targets with slightly different velocity. This system can find application in
space debris tracking, aerial target tracking, automotive car driving, etc.
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Pesrome:

BeedeHue/uenb: B daHHOU cmambe npedcmasneHa Mmodesb
paduoriokayuoHHOU cuCmeMbl CIIEXeHUSI 3@ 8bICOKOCKOPOCMHbLIMU
uensiMu, Komopasi HaMHo20 fpowe cywecmsyrouux. Lonneposckull
cdsuz KoMmreHcupyemcsi neped cxamuem cuzHasia 0OHOBPEMEHHO C
Modlucbukayueli makmogoao cuzHana 6 KOMMIPEeCCUOHHOM burbmpe.
3Omo cmarno 803mMoxXHbIM b1azodapsi pazsumuio mexHosnoauu FPGA.
BaxwHeliwumu  ¢hakmopamu 8 ee  [PUMEHEHUU  S8JISIFOMCS
ceepxbbicmpbie 60KU yripasneHuss makmogol 4acmomou, Komopble
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rnoseornsom pabomams ¢ pasfuyHbIMU OMOPHLIMU Yacmomamu 0o 1
Ty, c moyHocmbo HamHo20 Huxe 1 y.

Memodbi: B 0QaHHOU cmambe ucronb3yemcsi Memodorsoausi
MamemMamu4eckozo modenuposaHus u cumyayuoHHoO20
MoQOenuposaHus.

Pesynbmamel: B cmambe npedcmaegneHs! U 06¢cyK0eHb! pe3yibmamab|
aHanu3a  Hauboree  8axHbIX  PadUOSIOKAUUOHHLIX  [PUEMOs,
Kacarowuxcsi 8bICOKOCKOPOCMHbIX yesel U muspayuu yesu depes
AYelKU paspeweHUss U UCKaXeHUs OMmK/uKa uibmpa cxamus
ecriedcmeue CUuribHO20 YCKOPEeHUSs Ueru.

Bbigodbl: bnazodapsi 2ubkomy obopydosaHur paduovyacmomHou
obpabomku u obpabomku cueHaroe Hem HeobxOuUMOCMU 8 CIOXHbIX
npouyedypax obpabomku paduonokayuoHHbIX OaHHbIX.
HyecmeumenbHocmb cueHana BPSK k donneposckomy cosguey (4mo
006bI4HO cHUMaemcs Hedocmamkom) Moxxem 6bimpb UCMob308aHa O
OMKIIOHeHUS yenell c omnuyarowelicss ckopocmeto. [aHHasi cucmema
Moxem 6bimb UCMOIb308aHa MPU  OMCEXUBAHUU KOCMUYECKOZ0
Mycopa, CrexeHuu 3a uensmu 8 8030yWHOM [pocmpaHcmee,
yrpaesfieHUuU mpaHCriopmHbIM cpedcmeom u rp.

Kntouesnie cnosa: muepayus yenu, FPGA, DDS.

PAJAPCKN CUCTEM 3A NPAREHE LUNTBEBA BEJIMKNX BP3VHA
3ACHOBAH HA YTOTPEBU BPSK CUTHATTA 1 AUTUTAINHOJ
KOMMEH3ALUWJIM OOTMITIEPOBOI MTOMAKA

3opaH T. Fony6uunha, Cro6odaxH M. Cummnh,

Anekca J. 3ejak®, bopo M. Persuh®, Ceemucnas Mapuh®

allepunonuc enektpoHuka, beorpaa, Penybnuka Cpbuja

6 Yuueepautet oabpare y Beorpaay, BojHa akagemuja,
Katenpa BojHoenekTpoHcKor MHXewepcTBa, beorpag, Penybnuka Cpbuja,
ayTop 3a Nnpenucky

B UHcTuTyT PT-PK, HoBu Capg, Penybnuka Cpbuja

" KanudopHujckn yHuBep3uTeT y Can Adujery, Oacek 3a npowumpeHe ctyauvje,
KanudopHuja, Jla Xoja, CjegneHe Amepudke Opxase

OBJIACT: enekTpoHuKa, TeNeKoOMyHMKaLmje, pafapcka TEXHUKa
BPCTA UJTIAHKA: opyruHanHu Hay4Hu pag

Caxxemak:

Yeod/yurb: Y osom pady npedcmaerbeH je Modes1 padapckoa cucmema 3a
npaheme uurba eesluke bp3UHe Koju je 3HamHO jedHocmasHuju 00
rnocmojehux. [ornnepoe rnomMak ce KOMIeH3yje rpe KoMmrpecuje cugHarna,
ucmospemMeHo ¢ ModucbukayujoM cusHana makma y KOMIIPEeCUOHOM
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¢unmepy. To je moeyhe 3axearbyjyhu paseojy FPGA mexHonozauje. 3a
o8y rpUMeHy HajeaxkHUju cy eeoma 6p3u 6r10Ko8U 3a KOHMPOJTly makma,
Koju omoeyhyjy pad ¢ pasznudumum pecbepeHuama ppexseHuyuja do 1 GHz,
ca mayHowhy mHoeo ucrod 1 Hz.

Memode: KopuwheHa je memodorioauja Mamemamu4koa Modesnupara u
cumynauyuja.

Pesynmamu: lNpedcmasrbeHu cy u pasMampaHu pesynmamu aHanu3e
HajeaxkHUjux ethekama y padapuma Koje u3asueajy Uurbesu B8erluKUX
bp3uHa — mMuepayuja yusrba Kpo3 pesosiyyuoHe henuje u usobnuderse
003uBa KOMIMPecUoHoe ¢hurimepa ycred 8enuKkux ybp3ara yurba.

Sakrbyuak. 3axearpyjyhiu ¢nekcubunHom RF u xapdsepy 3a obpady
cueHana, padapy 3a npahewe Hucy nompebHe crioxeHe npouedype
obpade. Ocemmpusocm BPSK cuzHana Ha [onnepos nomak (0buyHo ce
roMur-e Kao Hedocmamak) Moxe ce uckopucmumu 3a odbayusar-e
yurnesa ¢ marso opyzadujom 6pauHom. Osaj cucmem mMoxe Hahu npuMeHy
y npahery ceemupckoe ommada, yurbesa y 8a30ywHOM fpocmopy, npu

80XHU @ymomoburia umo.
KrbyyuHe peyu: muepayuja yurba, FPGA, DDS.
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