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Abstraci— Given  the rapidly  growing drone market, the
developmient of drose delection radors has become  highly
importanl o prevent drones From damaging lives and property.
Fregquency-modulated continuous-wave (FMOW) radars have
been Frequently used for drone detection, Among the architec-
tures of FMOW radar, @ beterodyne architecture thal iwvalves
differentl local oscillators and prodioces beal signoads at the 1F
stage has often been chosen. The FMCW radar, however, has a
chronic problem called leakage. In an carlier study, we proposed
the stationury poinl concentration (SPC) lechnique o improve
the signal-to-noise ratio (SNR) of small drones by reducing the
increase in nokse foor cansed by leakage. We demonstrated that
the proposed technigue incresses the SNR of small hovering
drones in the 1-D) power spectrum. In this article, we newly
analvee the practical problems in the heterodyne FMOUW radar
system. Ome s the 2-D poise floor increase in the range-Doppler
{r=I¥) manp due to the leakage, and the sther is pnwanted Doppler
shifts, Then, we an upgraded theory and realization
method of the SPC technigue For ihe detection of the small
moving drone by improving the e map, We prove that the
proposed method nol only redoces the 2-10 noise floor by
mitigating the leakage but also removes the unwanted Doppler
shifls hy the phase calibration. Consequently, we show ihat the
proposed method increases the SNR of the small moving drone
amd corrects s velocity nformation at the same tme in the -
map,

Index Termy— Dvigital signal processing. frequency-misdolated
continuous-wave  (FMOW)  redar  beterodyne  architecture,
leakage mitigation, nolse floor, phase calibralion, phase mlse,
range-Doppler (r-I0 map, signal-to-noise ratio (SNR), stationary
point concentration (SPC) technigue.

I. INTRODUCTION

5 DRONE technology and markets have grown, seri-
ous incidents have been caused by drones worldwide,
In Japan, a man attempted 1o kand a drone with radicactive
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maerial on the rooflop of the Japanese prime minister's
office [1]. In the USA, a helicopter crashed while trying w
avoid a drone [2]. In the UK., due 10 sightings of drones at
e airport, about 1000 Mights were delayed or canceled, and
approximately 140000 passengers were affected [3]. In other
words, the threat posed by drones is now o severe problem.
In order o prevent incidents by drones, the development of
drone detection radar is urgently reguired,

Frequency-modulated continuous-wave (FMCW) radar is
one of the roder types widely wsed for drone detection
[4]=[10]. It has the advantages of low cost, low peak power,
and no minimum detectable range compared W pulse radars.
There are two typical architectures in the FMOW radar:
oneg is homodyne architeciure, and the other is beterodyne
architecture. The homodyne FMUW radar has a relabively
simple structure. However, it suffers from the problem of dc
offset, which saturates the amplifiers and analog-to-digital con-
verter @l the baschand and cormepis the baseband signals [11],
In order to prevent the de offset, the heterodyne architec-
ture has often been emploved [10], [121-[21]. A heterodyne
architecture that wses different local oscillators (LOs) and
generales the beat signals at the IF stage is one of the most
frequently used heterodyne architectures [10], [14]-[21]. This
architecture enables us to easily remove oot only the de oflfset
but also unwanted harmonics, intermodulation terms, and spurs
in sdvance at the IF sage, Also, various gain blocks can be
simply added. Therefore, this heterodyne architecture reduces
ihe burdens of dealing with the desired beat signals at the
hasehand.

However, although this heterodyne architeciure has many
advantages, there 15 a troublesome inherent problem called
leakage in the FMOCW radar, In the monostatic configuration,
the leakage 15 coused by imsufficient isolation capability of
a circulator and antenna mismatch [23J<125]. In the bistatic
configuration, the trnsmitted signal is directly leaked into the
receiver through the transmitter (TX) and receiver (EX) anten-
mas [10], [26]. Also, some objects around the TX and the RX
antennas can coninbuie o the leakage [10], {26], [30], [31].
The leakage power is basically strong, and its relatively
poor phase noise rases the noise Aoor in the power spec-
trum [ 10}, [23}-[23], [30], [31]. As a consequence, the leakage
degrades the detection performance of the FMCW radar,

In a previous work, we proposed the stationary podnt
concentration (SPC) echnique 10 overcome the degradation
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in detection performance caused by leakage [10]. The SPC
lechnique is o new approach, unhike raditional methods that
iry 1o generate the same signal as the leakage and subtract il
from the received signal [23]-[25], [27]-[31]

The SPC technique concentrates the phase noise of the
leakage on a stationary point of sinusoidal function. By doing
this, the magnitude of the phase noise of the leakage is reduced
so that the notse floor 15 decreased. In [ 10], we positoned
small drones in the =ky and showed thar the SPC 1echnique
increases the signal-to-moise ratie (SNR) of the small hovenng
drones in the power spectrum, the result of just 1-D Fourier
ransform (FT),

In this ariicle, we focus on praciical problems in ihe
heteradyne FMOCW radar system and propose the upgraded
theory and realization method of the SPC technigue for the
improvement of the range-Doppler (r-0) map, The r-D map,
which 15 the result of a 2-D FT in the FMCW radar, has boen
frequently used for moving target detection [4], [32]-]36).
Detecting targets wsing the r-D map provides information
about velocity as well ax distance, However, because of the
phase noise of the leakage, the 2-D noaze Qoor in the r-D
map is also increased, which deteriorates the moving target
detection perfformance. [n addition, unwanted Doppler shifis
can occur because of imperfections in the radar system. With
a poor radar system, the unwanted Doppler shifts can even
change from measurement to measurement, These unwanted
Doppler shifts diston the velocity information of the moving
largels.

Here, we address these practuical problems in the hetersdyne
FMCW radar system. The 2-I poise floor fse in the D map
by the leakage and the unwanted Doppler shifis caused by
system imperfections are analyeed in detail. Then, we theoret-
ically prove that the upgraded SPC technique can resolve the
aforementioned problems. The proposed realization method of
the upgraded SPC echnigue for the r-D map improvement
is alse deseribed. Finally, we demonsiraie that the proposed
method corrects the unwanied Doppler shifis by calibrating
the phase of the beat signals while simultancously lowering
the 2-D noise floor in the r-D map. The experimental results
show that the proposcd method increases the SNE of small
moving drones in the -0 map and provides accurate velocity
information o the same Hme,

For the expenments, a mini-drone, DI Spark, was used.
DIl drones have been widely used as targets and refer-
ences due to the reliable flight imformation such as alti-
uwide, distance, velocity of ke dromes, and so on, which
are provided by a sman mobile application [3], [9], [10].
All digital signal processes (DEPs) in this aricle were done
with MATLAB,

In Section 1. the theory of the common -0 map and
the theoretical analyses of the practical problems i the
heterodyne FMCW  rador are expluined. In Secton 11,
the wpgraded theory and realization method of the SPC
technique for the -0 map improvement are described, The
expenments and radar systems used in the expenments dire
introduced in Section 1V, Section ¥ shows all the resulis
and provides the discussions, Then, our conclusion follows
in Section VI
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Fig. |.  Block disgram of the heterodyne FMOW odar.

1l. THEORY oF CoMMON E-D MAP AND PRACTICAL
PrOBLEMS 1N HETERODYNE FMOW Rabpar

& simple block disgram of the heterodyne FMOW radar
1= showm i Fig. 1. A linear frequency-modulated (LFM)
signal, a ramp signal or a chirp signal, which is generated
contnuously and periodically, is divided into two paths by a
splier. The outpuis of the spliner can be defined as follows:

Sl i) = Agcos(2x fraim + .rm;‘, + @siltm. i}y (1)

forl = 1y = T, where by = t = Tm, and m represents the mrth
chirp. Ag and frx are the amplitude and the stan frequency
of the LFM signal. & = BW/T is the slope of the chirp.
BW and T are the sweep bandwidih and the sweep pedod.
wxlfs. ) is the phase noise of the LFM signal. One passes
through the TX RF stage that can include cables, LO), mixers,
filiers, isolators, power amplifiers, and so on. The L0 signal
in the TX RF stage, TX L{N#y,, m), can be written as follows:

TX LO{ty, m) = Ay Lo ©05(27 frx Lot + 27 frx LoTm

+ orxLolm, M {2)

where Ay Lo, STx Lo, and @y Lo, m ) are its amplitade,
carrier frequency, and phase noise, respectively, In consider-
ation of &y =t = Tm and m, the phase term, 2x fry 07w,
is introduced. As described in Fig. 2, the phase of the LO
signals can be changed along the chirp domain m, whereas
the phase of the LFM signal is reset ol the end of each chimp.
Mote that 27 frx LoTm does not exist in the LO expression
when considering just § in a general situation. The LFM signal
is upconverted and delayed by frx pas. Then, it is transmitled
through the TX antenna in the following form:

TX RFi1,,.m)
= ATransmit €05 28 fTransmit (fw — TTX paih}
+ Tl = T paih)
+ 2x frxroTm + @5t — ©rX pah, M)
+ arx 1ol = TTX pak- M) (3)
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Fig, 2 Muse chaspe of the L0 signal slong the chap domain,

where At = AsATx 00/ a0d froesmis = f1x + /X100
The ransmitted signal = directly leaked imo the RX amenna,
amd the sigmals reflected by targets are received by the RX
amtenna. Then, the received signals pass through the RX RF
siage that can include low noise amplifiers, isolators, L0,
mixers, filters, cables, and so on. The LO signal in the RX
RF stage, RX LO{#y, m), can be written as follows:

RX LO0m, m) = Agx Lo o0s(2r fjx Lode + 21 foax ,oTm

& gy Lol m))  (4)

where Apxio. fexvo. and @gpxpolie,.m) are the ampli-
tude, the camier frequency, and its phase noise, respectively.
The received signals are then downconverted and delayed
by gy paey. Therefore, the received signals at the RF pont
in Fig. 1, rifm.m), can be expressed as follows:

Filw, m)
= Freceived beakage {lm » M) + Freceived tarpets {f, #1)
= Ay cos(2x fux (fm — TR pah)
+ &altm — TTX path = rn:;,-.:hl:

= 2x Ufex Lo = frxollm + 0, + op iy, m))
K

% z Ari cos(27 fiex (lm — TRX paib)
k=l

+xa {l‘m = TTX pmh = TRX path = TT.I.]:

=Ir{fux o = frxollm

-l a + ey alfw, m)) (50
where Ap and Apg, o and g, and g (fy, m)  and

@1 1 {fm. m) are the amplitudes, the constant phases, and
the phase noises of the leakage and the trger LEM sig-
nals in rlim.m). foex = fx + frowo = fexeo e =
=28 [Tranamit{ TT% path + 770 ) O = =28 flrapsmit 7 path. and
rrg 15 the round-trip delay w0 the Kth target. g (f,, m) and
@ k[l ) cam be written as follows:

Pl ) = @l = TTX path = TRX pail. §1)
= g Lolhe = TRY paik. M)
+ o7Tx LOs = TTX pak = TRX paiks, M)
P70 o M) = @5l = TTX puth = TRX path = TT 4.7}
+ X Lol — TTX puth — FRX puih — FT.5. PF)
— PRX L0 — TRX paih, ). (7

()
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The other outpat of the spliner passes through the TX [F stage
that can include cables, amplifiers, filters, isolators, and =0 on,
Then, this signal, ref{fy, #), can be represented as follows:

el (o, ) = Ager 005027 T (lm — tLO pas ) + 7t (s — L0 puh:lz
+@5lln — TLopah ), A1), (8)

Finally, we can extract the IF beat signals, x{f. m), by mix-
ing (8) with (3}, Note that every mixing process in this amicle
i5 assumed o be an ideal multiplication, In consideration of
moving targets, we put rre = M Bos £ opltew + T /o, Rog
and wy are the mitial distance and the radial velocity of the
kth targel, respectively. All negligible terms are removed in
Xy, m). The resulting xif,, mr) is as follows:

Xk, M)

= XIF beat beakage{fm+ 11} + XIF beat tarpets [, 71
o Ay
B

In'mt:uml-'-l

% cos | 2x | frx = frx+foma+ feandoms+  @Tig, I
e, —

,|rI:I CaET Trea brahspr
+ 2a{ fiex Lo = J1x% Lo+ Fatses + frandom, ) T =00, + Pose, 1o
m
bk (T D
+ PIF leakage (w11 )
&
A AT
o e
k=1
JIF bt iabage (1}
xeos |2 | iy — Sax +fofser + frandom.r + @ Tigg, + @ T &
— T —
i carreer J"m-iﬂhn Jrhhll-i'h'l
® 0w + 27 | fex Lo — frxvo + Serea

+ Jeandom.c £ 2 Transmisti fo | Tr
| —— —
.rﬂ'l

_HT,J. + e wmrget, & + Plliu'pel_[“nu nl {9

Bhacgeid

where ¢ is the speed of light, r,y = 2K.i/c is the ini-
tial round-tnp defay to the &th target. 5 15 the Doppler
frequency due 1o the movement of the targets, and 1z =
Tr% pailh + TRX path = TiOpah 15 the total inermal delay.
PP leakage (fme M) = @5l — TLOpah, M) — @1 (w0} and
I vangerk (w01} = @5{ln — TLOpath. M) — @7 4 {Tm. m). Also,
Peic leat ONd Fepe arger i are the rest of the constant phases
N X1F heat beakage(fm . M) 800 X0F bea targess (fim . ). respectively.
The practical problems in the heterodyne FMOW radar are
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where oy o= 2a 5T and 5 is unambiguous in the range of
=1/2T < fa < 1/2T.

In (12}, Pleakagelfm. m), the phase noise of the leakage
bea signal, is upconverted 10 foffie + Frandoms + foeat lealage
in the time domain of ©0 foure + Sfandome 0 the chirp
domain. Thus, the phase noise manifests itsell as o volige
noise or a cumrent noise. In (13), this problematic term is
transformed s = (Ajeupqgee’ obame =112 12) 5 Dreakape (02 =
(Slomier + Llewndom.r + £liest leaiiape ). i = tihdliet F feundom,e 1)
and becomes the mapor couse of the 23 nomse floor
rise. In addition, the unwanted Doppler shift terms, @i
amd  thgpdom, . @0 mluded an the Doppler domain of
the target beai signals. These terms can seriously degrmde
the accuracy of the measured velocity information of the
I.HIEI:LE_

. PROPOSED METHOD: UPGRADED THEDRY
AND REALIZATION METHODR OF SPC
TECHNIQUE FOR R-D MAP IMPROVEMENT

A, Upgroded Theory of SPC Technigue

The upgraded SPC wechnique for the 2-D scheme is applied
after x{#y, m} is extracted. Unlike the common method, which
just uses  fip camier for the frequency of the last L0, the
upgraded SPC technigue for the r-D) map wses the exact
IF beat frequency of the leaknge i pes jcakape(m) and the
exact IF constanl phases of the leakage g jepage(m) for
the last LO. When we consider muluple chirps for the r-D
map. the LO for the vpgraded SPC technique can be writlen
as follows:

LD-E“.._“;-. m) = Apo Eﬂﬁl:.zl"ﬁl:m km{nrhm
+ B teakage (M )90, o)), (14)

IF (49 is mixed with { 14). then the desired final signal, z(#,., m),
15 as follows:

Zfm e M) = Ijcakage oy MY+ Drarpets (fo o 1)
= Alcakage CO5(Picakapelfm, )

K
+ z-"llaml.iz €08 (27 frcat tarpet, bl £ 20 f5 4 T
=]
+u|:-mi + Prargerd i_.l‘,.,..ml]
(15)

where 8 = Burpat — Peabage. If we apply the cosine
sum identity and the small-angle approximation o {15}, then
2, m} can be rewritten as follows:

bl [

7= M ealage
s

+E quwﬁ.j Cixs {Irfr.,_,' Nargel. J.fm :i'.':;l'_f‘:rll' Tﬂr +I‘I|I.FL£.}
-
= Agargert Prargrr i o, M)
% SIN(2A foca varger, kfow £27 fog . Ton +u{,,w_l}]-
{16)
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Fig. . Pluase notse of the kukage concentraled ai a stationary poant. Maltiphe:
charps are considerod.

Fimally, applying the 2-D FT (o {16) gives

FLL, o)
= ?Ie:kl#i_ﬂ ) + zm:n.*ﬂi
= 4#'&&_@:&[“}5(!‘:1}
+Z|.r’lu.rpr.,tf L-W"-"I{-hr LY — L vager, k)
(1]
bl % ooy 4 )
= e P Dy 1 (62 = Dl target, k- 09 "l'q.l'.t}f]-

(o

In (15317}, there is no longer any major term 0 cause
the 2-D noise floor fse in (12), The leakage s fefi as just
a de. Even though we do not use the approximation, the only
remaining term associaled with the phase noise of the leakage
15 & cosine term in o 15), The cosine funchion envelops the phase
noise of the leakage, This situation is described in Fig. 3.

In the common method, since the leakage beat signal
Vipskage(fm. 1) has frequencies and phases, the phase noise of
the leakage rembles ol every point, including the maximom
slope points of the cosine function. In contrast, with the
proposed method, the frequency and the constam phase of the
leakage beat signal are removed for each mth chirp. In other
words, the proposed method calibrates the frequency and the
constam phise of the leakage beat signal 1o zero. As a result,
the phase noise of the leakage trembles only ot the siationary
point in cach mth chirp, Thus, the magnitude of the phase
noise 15 considerably reduced in both the time domain and
the chirp domain, and this leads 10 & deerease in the 2-D
noise floor, In addition, note that because the unwanted phase
terms, 22{ fomer + Sasdome )T, are caused by the radar
SWSIEML,  XIF beat tarpets(im. M) lso has these unwanted phase
1erms a5 0 X0F bea leakape{fw. ). The proposed method puts
the exact IF constant phoses of the leakage, g jeguge(m),
which mcludes the unwanted phase werms, for the phases of the
last LO. Thus. the phase information is correctly calibrated by
removing the unwanied phases in every chirp, and this leads
1w the elimipation of the unwanied Doppler shift terms, gp
and egngom,e 0 (1T).
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Fig. 4. Block disgram of the proposed methid for the eutrsction of the
impreved r[) mup,

As a consequence, the proposed method improves the -1

map by increasing nol only the SNE but also the accurscy
of the velocity information of the moving targets of the same
timee,
Regarding comection capability, although the proposed
method that is based on the SPC technique also provides
cormection in distance information, this feature was venified in
our previous work with small static drones | 10]. Thus, in this
article, we focus on the correction of the velocity mformation
with a smiall moving drone.

8. Realization Method of Upgraded SPC Technigue

The upgraded SPC wchnique for the =D map can be
realized by strategic frequency planning and DSPs without any
additicnal hardware pars. The proposed realization method of
the upgraded SPC technigue 1o produce the improved -0 map
is shown in Fig. 4. Under the strategic frequency planning
in [10]. fiF bemjcabage(m) is placed around a guurer point
of the oversampled frequency domain, 0 F. Then, the IF
beat signals, x(rg, s, are oversampled by an analog-to-digital
comvener (ADC) The oversampled IF bem signals, x[n, m],
can be writlen as follows:

x|n, m)
= XIF beat beakape[, 71|+ X1F beat tarpens| 7. 1]

Apei A Ts
2L cos (1!le fecat lﬂhgr{“}ﬂé + NF leakage ()

e

.14

K
Aperdr. i
+Z_z
b=l
Ty
w006 | 280 f1F beat leakage (71) + Fheat target, ﬂ-ﬂa
+Irifex Lo — oo + foffe
+ Srandom,c £ fax}Tm

T
+ thaeper +HPIF arpes, & ("Ej-. JH))

where Tg/0 = 1/OFs 15 the oversampling interval, @ 15
the oversampling factor, and Fs i3 the munimum available
sampling frequency according to the Nyquist theorem. The
oversampled IF beat signals are amanged into a 2-D data
manx., Then, each x[im,m| o the mth chirp passes the
following three sieps,

First, the fast FT (FFT) is applied with zero padding.
Wi use the following to determine both fiF beat leakage{m ) and
HF beakagelt 1

(18]

biF leage (M) = argmax X[k, m]*
M ok
QFs
JiF beat leakage [} = [KiE teakagedm) = 1]

MFFT

AF teniage (M) = LX[RIF leskage] (19

where X[k] is the result of the NFFT-point FFT of x|n)] and
NFFT is the total number of real samples and zero pads. £X
is the phase response of X[k]. Note that the peak search
range is sel o NFFT/8 < & < ANFFT/8 by considering
the unwanted frequency shifl due 10 fome a0d  fandoen s
though we suggested that the peak scarch range can be
NFFT/4 < & < NFFT/2 in [10].

Second, a digital numencally controlled oscillator (NCO)
i generated with the extracted values of fiF pes leskage (m) and
g jeakapelm ). The digital NCO is expressed as follows:

I
NCO[n, m| = cos (En'_ﬁp'h-m mw{nrlvrﬁ + Ay gﬂmlnrl).
(20)

Third, each «fn, m] is multiplied with each digital NCO
for mixing. Then, the desired final signal, w(n, m], can be
represented as follows;

i, ) = pcssageln, m] -+ pggens o, m]

= .ﬂ..-ﬂ.f'l I - E
=t 3 Los (ﬁu. leakage (II 7] ' ﬂl))

¥
A AT i
oy dethrs

km]

Ts

¢

T

+H:I’T“-‘ + PUF waget, & (ﬂ Es, m)). (213
Adver all x[w, o] signals an the with chirp have gone through
ihe above-mentioned processes, we can exiract the r-D map
by applying the 2-D FFT, If we consider the idemity and the

¥ COS (En‘,ﬂ-eu targer, kM == & 2 fy 4 Tin
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Fig. 5. Scenc of Experiment & and the small drone, I Spark.

approximation in (163 and (175, (21) can be transformed as
follows:

e of [T RSN
= "Plramgctf"r- ey ) + Wrarpens (e, e3p)
= A Lx -’rﬁfh'; b )

K
ApgAr s v
+ il L L P
2[5

x H:'I"‘rf[ru.. = Ehheat tanger, 4 T £ o g )

- 2
g Wrrarpen & (0% — Chet target, & 00 00 1 ”]

(XM

where e and copy stand for the angular frequency domains of
the range and Doppler, respectively,

IV. EXPERIMENTS AND RADAR S5YSTEMS

In order to demonstrate the aforementioned theones,
we conducted two experiments, Expeniments A and B, with
twor radar systems. Both Experiments A and B were carmied
oul on the roofop of a bulding. The experimental =ie shown
in Figs. 5§ and & is where the various causes of the leakage
explained in Section | had been verified [10]. The palm-sized
smiall drone, DI Spark was used as a arget. When measuring
the ascending and descending Spark with radars, we raised it at
a speed of 2.0=-2.1 m's and lowered it at a mate of 1.4=1.5 mys,
The actual velocity of Spark was confirmed through the smart
mobile application provided by D1 o help control the drone.
The detailed descriptions of cach experniment and cach radar
system follow,

A Expeniment A
In Experiment A, we verified the effect of fogue on the
Doppler shift in the r-D map and demonstrate that the proposed
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Fig. & {a} RF front end of the X-band mdar. {h) Scene of Experiment B.
micthod can remove fomee and increase the SNR by reducing
the 2-I3 poise floor. The Ku-band heterodyne FMOW radar
wsed i |10] was used for Expeniment A in this anticle.
We mtenttonally chose this rodar system. This svstem hos
bosically litthe or no fomea. S po 00 frssdome 10 the final
stage, and it includes a software-defined radio (SDR). Ettus
USRP N210, which can provide the fine frequency tuning
of an internal LO. Thus, using this device, il we added o
virual [, which is assumed to be the one resulting from
the carmier frequency ermors in all the LOs, w the carmier
frequency of the inernal LO, there is no oher anwamed
frequency component excepl the virual fomee. This allowed
us to clearly verify whether fages from the camrier frequency
crror of the LO affected the Doppler shift in the r-I¥ map.
The specifications and parameiers of the Ku-band heterodyne
FMOW rudar system are listed in Table 1. Fig. 5 shows a scenc
of Experiment A,

First, we conducted the experiment without the small drone
and meepsured only the leakage signal 1o evaluate how the
proposed method mugated the 2-D noise Aoor in the r-0 map.
Then, we added several virual e by using the SDE w
obsgrve the effect of foge on the Doppler shift, Because this
15 not the direct injection of the Doppler frequency, if the
theorctical analyses in Section I, which argue that the offsct
frequency caoses the problem of the wnwanted Doppler shift,
are nol true, there will be no Doppler shifts. On the other hand,
if the theoretical analyses are proven o be true, the Doppler
shifts wall occur,

Secomd. with several virtual fpee. we measured both
the signals of the leakage and the small moving drone.
We raised and lowered the drome and detected o in the
r=I} map,

By companng the results for the common method and the
proposed method, which were obtained in these experiments,
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TABLE |

SPECIFCATIONS AND PARAMETERS OF THE Ku-BaND
HETo ROy SE FMOW Ratak SYSTEM

IBA%

TABLE 1l

SFECIFICATIONS AND PARAMETERS OF THE X-BAND
HETeERoDy S5 FMOW Rapak Sysvies

Paramsiers Values (defaull}
Operating frequency P, B 5= 450 GHE
Transmit power 30 dBm
Aptonina gam 16 i
Swoeep bandwdeh [ B ) 150 MH:
Teue mnge resolution im
Sweep period (T BRI s
Desired digital handwidib 1.25 MHz
Ainimum availahle sampling frequency {Fg ) 2.5 MHz
Creerzampling facior () 4
Crversampling frequency ((Fg) 1y M
¥ af samples m a chirp ER{HD
# af samples afler discanding carly pan in a chirp g192
IF carriet Froquency [fir carier ) 15 MHz
Window Hasin
NFFT for finding 00 for sear irakage 84 81 fpanage ™
Dresired maximiem detectahle range 1 I m
Apparent range resolution 1074 m
# af chirps for one r-D map 156
Nelegiy resolution 045 mi's

we can prove whether the proposed method increased the SNR
and corrected the velooity ermor of the small moving drone duee

10 fodier ot the same tme,

B, Experiment B

In Experiment B, we demonstriuted that the proposed method
removed the velocity ermor of the small moving drone due
o both fome o0d frangom, while simultancously increasing
the SKR in the r-D) map. For Expeniment B, we used an
X-band heterodyne FMCW radar that had a defect. The
Xeband rodar system produced the unwanted random Doppler
shift term et + fondomc. 012 thal  frndom . i5 random,
and thus. foifser + Srandom.c 15 also random. Though this was
basically & bad system, paradoxically, it was quaie sutable for
Experiment B, IF the proposed method proves its capahilities
thriugh this experiment, then it means that the X-band radar
can be vsed as 3 good system, by applying the proposed
method.

The specifications and parameters of the X-band heterodyne
FMCW radar system are listed in Table 1. Fig. 6 shows
the X-band heterpdyne FMCW radar svsiem and o scene of
Expenment B, The detailed block dingram of the X-band
heterodyne FMOW radar system s shown in Fig. 7. In the
system, a direct digital synthesizer. Analog Device AD9914,
is included as ihe LFM signal generator, For the anten-
mas, fypical rectangular homn anfennas for X-band were
used.

Asin Expeniment A, we first measured only the leakage
signal without the small drone 1w evaluate how the pro-
posed method reduced the 213 noise floor in the =D
map. Then, we wverified whether the proposed method
eliminated o + Srandeme. Fimally, by measuring the
small moving drone, we proved whether the proposed
method could increase the SNRE and provide accurate veloe-
ity information of the small moving drone at the same
timee,

Paramssters Vabues (difwalip
Diperaling frequency THA0-11.15 Gz
Transmid ponser 0 dfkm
Amleniia gam 20,75 dis
Sweep bandwideh (5W) 150 MH:
Teue Fange fesolution Im
Sweep period (T 1760 us
Dheired digitnl handwadib M25 kHy
Minamuem availsble sampling frequency § Fx) 625 kHx
Crersampling facica () 4
Orhversampling frequency (F;) 2.5 MHz
# af samples in a chirp el
# ol samples afler discanding carly pan i a chirp 4016
IF casrier froquetey [fig pmorier ) 625 ke
Window Hasn
NFFT for findieg 08 for ppar eanage #5481 pranage 1"
Diesired maximam detectsble ange S m
Apparent range resolulson 1.074 m
# al chirps for one r-0 map 156
Meloeiy resalistion .03 s

Y. RESULTS AND DISCUSSION
A, Reswlrs and Discussion for Experiment A

Figs. 810 show the results of Experiment A. As shown in
Fig. 8ia) and (b}, the color throughow the [ map, which
mieans the level of the 2-D noise floor, i= bluer in the r-D map
with the proposed method than in the D map withowt the
proposed method. In other words, the proposed methad is well
applied in the r-I map so that it reduces the 2-D noise (Moor.
In order 1o clearly measure the degree of mprovemsent, we
ok an average of the =D maps, which reduced the vamance
in the 2= poise foors. For the average process, we used
T50 r-I2 maps for the r-D map withow (e proposed method
and the r-D map with the proposed method, Then, we obaimed
the difference of the two averaged r-I maps and produced
a bt surface. The result is shown in Fig, 8ic). The maoxi-
mum and the minimum degree of improvement were about
99 and 6.7 dB.

In the Kuo-band heterodyne FMCW  radar  system,
we sdjusted the carmer frequency of the internal LO o
the SDE by =00 and =200 Hz so thar the bem signals had
a virial S before the ADC. IT the suggesied theoretical
analysis 15 correct, the Doppler shift should be consistent
with the frequency values that we adjusted, The resuliz ane
shown in Fig. 9. A poomed-in version of the r-ID maps,
which focuses on the leakage beat signal, is presented.
Zero padding was applied along the Doppler domain o
minimize the measurement crror caused by  insufficient
spacing of the FFFT. The resulting measurement error of the
Doppler frequency due 1o the spacing of the FFT wis about
+0.07 He. The leakage beat signal s of course static,
In Fag. 9, however, the =D maps withour the proposed
method have some Doppler frequency and look like o moving
target. The measured values of the Doppler frequency were
ihe same as those we adjusied with the SDR. Therefore, this
verifies that o resulting from the casvier frequency ermors
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of all the LOs in the heterodyne FMOW radar is direcily
reflected as the unwanted Doppler shift in the Doppler
domain.

The results of the small moving drone measurement ane
presented im Fig, 10, In the r-D maps without the proposed
method [see Fig, 100a), te). (e), and (g)]. the measured velocity
information of the small drone s insccurate when compared
with the actual velocity valwes in Section IV, They included

the wvelocity error due 10 fumgee, which is (421 = fime.
Om the other hand, in Fig. 10¢b), (), (0. and (h), the velocity
information of the small drone, which 15 measured in the r-13
maps with the proposed method, corresponds 1o the accurate
velocity information we mentioned in Secton 1V,

In sddition, the measured power values of the small drone
in the r-I maps without the proposed method were almost the
same as those in the r-[} maps with the proposed method.
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(e) Degree of improvement.

Namely, the proposed method does not damage the power
of the targets. The 2-0¥ noise foor around the target signal
is reduced in the =D map with the proposed methed. as we
noted in Fig. 8. This proves that the propesed method not only
increases the SNR of the small moving drone in the r-D map
but also corrects the velocity information by eliminating the
unwanied Doppler shift term, foge-

£, Results and Discusston for Experiment B

The resulis of Experiment B are shown in Figs, 11-13.
The same used for Fig. ¥ were emploved for
Fig. 11. In Fag. 1iia) and {b). similar o what we observed in
Fig. 8(a) and (b}, the color throughout the eI} map with the
proposed method is bluer than the one without the proposed
method, Namely, according to the color bar, the 2-I noise
floor in the -0 map with the proposed method is much
lower than the one without the proposed method. The max-
imum and the minimum degree of improvement were aboat
23,3 and 6.7 dB.

Rl

of 3-0 Mo Pl

| i Pt o,
_.' Ao i WAL 1 210

= & & £ & E ¥ ®E

Results af Experiment B improvement of the 2-D noise floco, (o) r-D map without the proposed method. (B B map with the proposed method.

Fig. 12 shows the experimental resulis on the unwanted
random Doppler shill term, Gine + fandom . We measuned
the =D maps three times and plotted & roomed-in version
of the -1} maps which focuses on the leakage beat signal.
As shown in Fig. 12{a), (c). and (e}, the leakage beat signals
are randomly positioned along the Doppler axis in the r-D
maps without the method. On the other hand, in
Fig. 12(b), (d), and (1), the leakage beat signals in the r-D maps
with the proposed method do not change from measurement
w0 mepsurement and stay well af the ongin,

The results of measuring the small moving drone are shown
in Fig. 13. In Fig. 13(a), while in practice, the small drone is
moving away from the radar with the speed of 2.0-2.1 mfs,
the -D map without the proposed method indicates that
the small drone is approaching the radar, and its speed is
about 3.3 mfs. In contrast, the -0 map using the proposced
micthod i Fig. 13(b) indicates the accurate state of the small
moving drone. For Fig. 13{ch und (d). in practice. the small
drone 15 approaching the radar with a speed of 1.4=1.5 m/s.
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However, the r-D map without the proposed method in
Fig 13{c) indicates that the small drone is spproaching the
radar with a speed of 0.7 mfs. On the other hand, the r-D map
with the proposed method in Fig. 13(d) indicates the accurate
siate of the small moving drome. Also, as we have observed in
ihe resulis of Experiment A, the measured power values of the
small drone are almost the same in both =D maps with and
without the proposed method. The 2-D noise floor around the
small drone signal, however, is much lower in the r-D) map
with the proposed method than in the r-D map without the
proposed method.

Therefore, this confirms that the proposed method increases
the SNE of the small moving drone in the -1 map and pro-
vides accurale velocity information by removing the unwaniel
random Doppler shift term. fomea + frondom,e. Furthermore,
although the problematic X-band radar system was useless in
detecting the small moving drone through the r-ID map, it has
been changed to an excellent and reliable radar system even
without additional hardware parts due to the proposed method.
Finally, the proposed method can be compared with the
existing methods in Table [I1. As shown in Table 11, we hove
performed the significant improvement of the 2-D nowse floor
in the r-D map and the velocity error comection simultaneously

without additional hardware pans for the fimt time in this
article.

C. Prospective Applications aof Proposed Method

The D map is widely employed in the FMCW radar not
only for moving target detection but alse for many other radar
applications. For example, motion detection and recognition
can be performed based on the r-D map [36], [43]. In meteo-
rological radars, the D map is a source for data processing,
including reflectivity prodiles of precipitation, rain rate, and so
on [44], [45]. In addition, the 2-D FFT is one of the processes
in the range-Doppler algorithm (RIDAY of synthetic aperiure
radar (SAR) [46]. lnverse SAR {ISAR) basically produces an
r-D map as a result of imaging [47]. Now that the proposed
method has been proven o improve the r-D map, we expect
that the proposed method can contnbute o beter resulis in
these vanious other D map applications.

In addition, because all the unwanted fregquency and phase
wrms coused in the radar sysiem are eliminated wsing the
proposed method, the beat signals have coherency, Therefore,
the proposed method can contribute to coherent applications,
such as coherent integration, moving target indication, static
clutter suppression, and so on,
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