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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.

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.

KEYWORDS: target migration, FPGA, DDS.
Pe s310M e ;

BeeacHue/mean: B AaHHOM cTaTbe MPEACTABACHA MOAEAD PAAMOAOKAIIMOHHOM CHCTEMBI CAGKEHHS 32 BBICOKOCKOPOCTHBIMU
LEASIMH, KOTOpas HAMHOIO IPOINE CYIIECTBYIOIHX. AOMACPOBCKHI CABHUT KOMIICHCHPYETCS IEpPEA CKATHEM CHTHAAA
OAHOBPEMEHHO C MOAUKALIMECH TAKTOBOTO CHTHAAA B KOMIIPECCHOHHOM QHABTPE. DTO CTAAO BOSMOXKHBIM 6AArOAAPSI PASBUTHIO
texroaorun FPGA. Baxuerimmmu $axropamm B ¢¢ IPHMCHCHHH SBASIOTCSA CBEPXOBICTPBIC GAOKM YIPABACHMS TaKTOBOM
9aCTOTOH, KOTOPBIE MO3BOASIIOT PabOTATh C Pa3ANIHBIMHU OIOPHEIMH 9acToTamu A0 1 I'Th, ¢ TognocThI0 HamMHOrO HIpke 1 T,
MeTtoanr: B AaHHOII cTaThe HCIIOAB3YETCS METOAOAOTHS MATEMATUYECKOTO MOACAUPOBAHUSA U CUTYAIIMOHHOTO MOACAHPOBAHHSL.
Pesyabrats: B cTarbe mpeAcTaBACHBI U OOCYXACHBI PE3YABTAaTHI aHAAM3a HaMOOAce BAKHBIX PAAMOAOKALIMOHHBIX IIPUEMOB,
KACAIOI[UXCS BBICOKOCKOPOCTHBIX LIEACH M MUTPALIMU LIEAH Y€pPEe3 SUCHKU PaspEIICHIS U UCKAKECHUS OTKAMKA GUABTPA COKATHS
BCACACTBHE CHABHOTO YCKOPEHUS LIEAH.

BriBoabi: Baaropapst ru6xoMy 060pyAOBaHHIO paAOYaCTOTHON 06paboTky 1 06pabOTKH CHIHAAOB HET HEOOXAMMOCTH B CAOXKHBIX
nponeAypax 06paboTKu pasHOAOKALMOHHBIX AaHHBIX. YyBcTBHTeABHOCTD curHasa BPSK x poomaeposckomy caury (aro obbraHO
CUMTACTCs HEAOCTATKOM) MOXKET OBITh MCIIOAB30BaHA AASL OTKAOHCHMS LICACH C OTAMMAIOLICHCS CKOPOCTBIO. AaHHAs chcTeMa
MOXET OBITb HCIIOAB3OBAHA IIPH OTCACKHBAHMH KOCMHYECKOIO MYCOPA, CACKECHHH 32 LICASMH B BOSAYIIHOM IIPOCTPAHCTBE,
YIPaBACHUH TPAHCIIOPTHBIM CPEACTBOM H IIP.

KnwodueBuru e ¢ o B a: murpauus uean, FPGA, DDS.

ABSTRACT:

VBoa/umm: Y 0BOM paAy IPEACTABAEH je MOACA PAAAPCKOT cucTeMa 32 Tpahiebe ipa BeAnKe Op3HHE KOjH je 3HATHO jeAHOCTABHU)H
o mocrojehux. Aomaepos moMak ce KOMIIEH3yje Ipe KOMIIPECHje CUTHAAA, MCTOBPEMEHO € MOAMUKALIMjOM CHTHAAQ TAKTA y
xommpecuoHoM ¢uatepy. To je moryhe saxasyjyhu passojy FPGA Texroaoruje. 3a 0By mpuMeHy HajBaXHHjU Cy BeoMa 6p3n
GAOKOBH 32 KOHTPOAY TaKTa, KOju OMOIryhyjy paa ¢ pasamautum pedepennama ppexserunja oo 1 GHz, ca raunowhy muoro ncmop
1 Hz.

Metope: Kopumthena je MeTopoaornja MaTeMaTHIKOr MOACAUPAbA U CHMYAALIH]A.

Pesyararu: IIpeacTaBoeHu cy M pasMaTpaHH PE3YATATH aHAAM3E HAJBAKHHUJUX ePEeKaTa y PaAapUMa KOje U3a3UBA]Y [IHACBU BEAUKHX
OpsuHa — MUIpalyja UUsa KPo3 pesoaynuoHe heanje u n3o6anderse 0A3MBa KOMIIPECHOHOT PHATEPa YCACA BEAUKHUX yOp3ama
HsA.

3aknyuak: 3axBasyjyhu dackcubuanom RF u xapaBepy sa obpapy curHasa, pasapy sa npaheme Hucy morpeGHe caoxeHe
npoueaype obpase. Ocersusoct BPSK curnasa Ha Aonaepos nomax (06HYHO ce TOMHUIbE Ka0 HEAOCTATAK) MOXKE CE HCKOPHCTUTH
3a opbanuBarme numeBa ¢ Maao ApyradujoM Opsunom. OBaj cucrem moxe Hahu npumeny y npahemy cBemupckor ormasa, nusesa
¥ Ba3AYLIHOM IIPOCTOPY, IIPU BOKIbH ayTOMOOHAQ HTA.

KEYWORDS: murpanuja nusa, 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

358



Z.0RAN T. GOLUBI#1#, ET AL. HIGH SPEED TARGET TRACKING RADAR SYSTEM BASED ON THE USE OF BPSK SIGNAL...

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
(Addabboetal,2019; Yangetal,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 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 LEM 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 techniques 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 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.
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FIGURE 1
Simplified block schematic of the tracking radar

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.c. 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:

of fset fetktx
fcik = fdﬂpmer * ( £, )

(1)

where fuer is the measured Doppler frequency, 1, is the output central frequency, and £ 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 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.
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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 c+d c A
ﬂf = —_—— ﬂ'u = f = = =
Till 2fo 2foTin  2Tin 2)

whereru presents the target illumination time (dwell time), 4v is the velocity resolution, ¢ is the speed of
the light and %, is the transmission signal wavelength. If the number of pulses during the dwell time is IV, the
maximum uncertainty in the target position should be:

Ao

Al =N * PRI « Av = N = PRI *

2Ty (3)

where PRI is the pulse repetition interval. If 47 is the range resolution, then:

Al < 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 I0GHz 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.
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) FFT of the pulsed signal ) i FFT of the pulsed signal - zoom

FFT amplitude

FIGURE 2
Spectrum of the pulsed signal modulated with the Doppler frequency

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 f;, and knowing the ratio between the carrier frequency and the chip frequency, a new
chip frequency (the FIR filter clock) can be calculated as:

r _ Jotfa r 1
fchfp — fo Tchfp - frh_
I chi

fchip P (5)

where /s is the frequency of the PN chip clock in the Tx signal and f:w 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 SOMHz 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 (Golubi¢i¢ 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

configuration

FIR

Filter sensitivity to Doppler offset

Matched filter response

FIR gutput

FIR filter output

0002 0004 0.006 0008 001 0012 0014 0.016 0018 002 0 S 100 150 200 250 300 380 00 450 SO0
time [s] Doppler offset [Hz]

FIGURE 4
Matching filter characteristics

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.

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).
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Target migration between pulses

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.

Ap=v+*PRI A% =A,xPRI “

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 4, 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 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
N = floor (v' « PRI * AT) }

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.
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Target migrations through the range cells

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 +5m/s
and the acceleration of +5m/s* when a 10ms pulse is applied (Murray et al, 2019).

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).
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Matched filter output for tp=10ms fs=384MHz
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FIGURE 7
FIR filter outputs for different velocities and accelerations

Matched filter output for tp=10ms fs=384MHz
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FIGURE 8
FIR filter outputs for different velocities and high accelerations

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
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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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