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Altitude Measurement Method for UAV Terrain-following Flight
Using Millimeter-wave Radar Based on Improved Zoom — FFT

Du Liuging Liu Kai  Yu Yongwei Huang Qian Liu Hao Liu Zhongyuan
(College of Mechanical Engineering, Chongqing University of Technology, Chongqing 400054, China)

Abstract; Aiming to solve the problem that frequency estimation accuracy is limited by frequency
resolution and the fence effect, and improve the altitude measurement accuracy of unmanned aerial
vehicles (UAVs), a high-precision frequency estimation method was proposed for millimeter-wave radar
based on an improved Zoom — FFT algorithm. Based on the establishment of an error model of the Zoom —
FFT algorithm and a systematic analysis of the key error factors, an improved Zoom — FFT frequency
estimation method using frequency correction was proposed. Firstly, the fast Fourier transform ( FFT)
algorithm was used to perform coarse frequency estimation on the intermediate frequency (IF) signal to
determine the frequency band of interest. Secondly, the Zoom — FFT spectrum refinement technique was
applied to enhance the frequency resolution within the band of interest. Finally, a frequency correction
method based on quadratic polynomial fitting of the refined spectrum was proposed, which fit the
maximum spectral line and its adjacent spectral lines to obtain the corrected frequency, thereby effectively
compensating for the bias caused by the fence effect. Simulations demonstrated that the proposed method
exhibited good frequency estimation accuracy and stability under different signal-to-noise ratio and
frequency conditions, and its performance was closer to the theoretical limit than that of conventional
methods. Further UAV altitude measurement experiments showed that in a hovering state at 2 m altitude,
the maximum altitude measurement error of the proposed algorithm was 2. 8 mm, achieving millimeter-

level accuracy. In the flying state, both altitude and angle measurement accuracies were superior to those
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of the traditional Zoom — FFT and other algorithms, and the measurement accuracy was improved by more

than 33% , proving the effectiveness and practicality of the proposed method.

Key words: millimeter-wave radar; altitude measurement; slope measurement; UAV; terrain-following

flight; Zoom — FFT algorithm

0 3]

FEARE TG AL TT DL 2 58 I — R BT 55, ik 25
WEE G R R R R W A
FLAR TG ML 07 Ho AT BRI A HLIA & 5 R AR W) i3
FEfE 1.5 ~3.0 m (3T oo o= b b AT AR, DLGK B R 47
(OFTR G (A A

i ) 6 O TE A WL B 1 4 AT Y
S BT E TR A GNSS SR i 8 A I ik
PLSE WO TR IR S AL R R A N vk T I o A
P KAE L B FRR AR EmER, 2
K IR 32 KR IR L BE UL % M 55 A5 1
W , BB A% 4= K Ao M T A, H 5 A B0m iR 0 58 71 #1153
et H AT E 3 Bl EE B R I AT R A BT S A
Mo ZARWEFRAEA KNS EEMIFERSR,
Tl B A R R R AR VA AT = A R
Awan 2 PURE G K T IR SR B A HUE A
LT PR 77 GHz 3k 2 K P ik T B A
PO & APl AT, B A2 oK IR 7 BN R Gl &
7 T BRI S8 AR X A

ZE 0K U TR Ak I PR A8 B A 46 (Fast Fourier
transform , FFT ) 3 3 8] 3 5 % 5 155 5 2 6] 9 451 %
LIRS IE B (5 B0 (B S FFT (95 543 9t
R AT R FE AT R ST ), 25 th B A I 52, A
AR 22 B, 3% 2 T EOTE A PLEE B I AR iR
ZEMERN R hy BT S840 T I 25, A DG 27 3 4
TR RI B AE 8, 32 2 B 8 ile it FET 2050 R84
HHIE Zoom — FFT {4k 77 %45 . {H & Zoom —
FET B AR it b A7 2 2 F 8 i 4k o A7 Al 3, 4
T BB AR R 25 A2 B AR 260 R A 5% ), 5 BA T
K5 18 38 B S, X L6 I TS AL M TR AT R R
BIER.

SRy fifE TR B 3 R 2800 %o e AL
O 52 R, 7E T ST R 25 B OE R G T B
Zoom — FFT By I A4 115 22 S D & g 2 I
AR SCHEH —Fp 2l i Zoom — FFT B3 () 2 K % 75 ik
e BETCRAG TE Tk o B A A T Y 3 R o R A
T ARG TR R E 3 B B A, il FFT
LAEAT RN, T v {5 5 80 S A T B e AR
F9 S 4 X ¥ 5 9K i, 3 ok 4 R o A6 B B AN D A
B R A, SB35 1 Jmy AR R, i v S 2 R

il

W EUR 3 B B, R I 2 U&7 2
X P T B i R 3 2 B HE A A0 i £k R AT I (EL 1B
TE, o A 2880 7 i A B 22 2E AT A

1 Zoom - FFT NBEEXIRERERE

1.1 ZTANZEREFEENERE

To AL 2K IR IR R F 2 R R G
(P N NN EETE NS ¢3S N Rl
g TCAPUHLETH AL T B i 8% 55 4 18, 4n
3 WSS

AP K w554/ R
(R e (1) }’
R,
7,, ,,,,,,,,,,,,,,,,,
i | [ gonc ) [ o Ro 0]
st N e W e
TR UART
MAV Link
T AMF il 35
NEEEEN
b TATA Al gt EF
RSB | o
BT Jo AHLZE K 7R k0 BE AR 40 D 3
Fig.1 Millimeter-wave radar ranging system

22K P TR IR K G 4R A A 3% 22 % ((Frequency
modulated continuous wave, FMCW ) , B[ 451 2 i i [a]
LA E SRS, I BRI IR L 5 &5
5T FEWFES R(0) Z B B4 22 (Bl AL 5
WA fp ) UIE FE , 28 5K i 7 3k DL S8 7 R H bs
fEfE R, e Lty
o (1)
287"
LTI
B—i %e , Hz
e, m/s
1.2 Zoom - FFT & XiR = E 8
RS 5 R A T A MR T R e T AL
JEI R, AL GE il FET SRAR 3 b 43 (5 5 4
R Sy » 32 RN R A A BB ), AR A
X HERAK . Zoom — FFT 533 5% T Jay 451 32 240 4 55 i
e B M AL T B 23 B A OB R U S e e BT
AR, ARG AR G FET S 3 3 v M5 5 00/,
K2 FroR

Co



348 £k #l

A S

2026 4

Zoom-FFT4b 3
B LECRH) .

o || BB | | FRTAMEY || b :
w0 || SR ' 3 o
SRFEHIZE S o T ¥ -
ATEN, L REDF

EEEE || ppis e 10
AR T e D

& 2  Zoom — FFT & L HE &
Fig.2 Block diagram of Zoom — FFT algorithm

16 FET 5 Mr By B, B R RFEAT R R f,, SRAE T8
R NS S B O S HE AT R AR ) DL RK
AN W N S L TR SR8 G R 1 N
S,(n) =4 (™% (0<n<N-1) (2)
X n BHUF RG] 5
A—— 55 5 TR A
Af—15 5 W % 5 4l 4k o i 6 221, He
d—— W R AH A, rad
T AR R N A RAE S FET 5035 5l A ok

N-1
2

X(k) = Y Sy(n)e
X (k) X BEIAST R WP 3 7

(0<sksN) (3)

IX(h)!
B
,,,,,,,,,,,,,,,,,,,,,/\C
S
<
_____________ 4
R
0 k=1 k & k+l 7

K3 BT MR S )5 5 1 DET Sk
Fig.3 DFT spectrum of intermediate frequency sequence

& 3 SR R AT 0 2 2R R 4R R IS G 2R,
SR el 2 o K, A R RS R U T A 4% e
JUE R A A B B SR

BT 5 19 A B JR 0T AR T, FET 3 550 0% 43 3 4%
P T 7 B 000 1) B A, B B SRR 2R &, TR TE
Hie KT 2 FIURR AT 335 2 2 ], 28 0L T o Al A UL 4% 3
SR Ak W B A B A RN . B A N S B
Zoom — FFT S35 11550 H 04 e (B 0 o 55 L S R A7 AE
— R A A N i e 2, D

=L 4
n=Npe (4)

A e AR LR ARIR 2 R
D——[% R A 7
WP S B i %2 AF 2 Zoom — FFT 253
A 15 22 1Y 2R A, i = AR IR IR 22 AL
cT f.
2BND?

2 ETFHi# Zoom - FFT RySR R i+ &%
A AR 50§ B AY Zoom — FFT S5 4 R

AL =

(5)

b 22 , 4 2R F 0 22 U803 7 i 0 4 Ak 9t
T A0 B R AR S AR AR 3 2k HEAT 18 1E , A R A
A A5 R 14 1l 22 , 2 A4 A 1) o UL 5 0 3R A
(B o BIGH TR 4 S 03RS T A0S 4110 g 45
1E 3 AN Be, BRI AR A A 4 s .

—————————————————————————————————————————————————————————

Comemtnt | | R e |
S || TWEE | |

i i a.b.c i

| ¢ 1 |

I L

! ' = * > ket | |

: it A i i

D] FHREREL | FFT P !

; ) » ! L i

Dlemsasy || me, | —

| ommeemme || ok || BERRE

| e || s ||| 3

(IR Sii R R
Fig.4 Improved algorithm flowchart
2.1 SRR
B, XSS o (n) fE FFT 535, 9F 15
AR S HIRAE 1Y (R) 1o XIS REAT R, KB e R
WAL A5F IO B9 AR S, DA R 23 B AR A O MR R
e B B AR AL X (f . f,) R
Ji=fo —Af (6)
S =ty +Af (7)
2.2 SERMH
XA UG S« (n) JFELS S, JHEAT T 20 B
WG o M, B BRANE -
(1) &2 ¥ il
B HL R AR S AR DL AR BUE S R A )
Ze -8 fo o K AR UBERS B BT, 52 9 ) s B
HiES 2, (n) N
x,(n) =x(n)e P (8)
A 2ok 52 9 o K R S U 1) 22 PR S, IROR AL T
So WA S i A B T 0 Ha, M JERAELS, L, ] W0

WRLEBT [ - 55 | (e =f - ) BB 1Y

G
=

o

(2) fIk
A SR I 1 15 53003 L0 - £

T TR T | - o | ZAM R

IR, A IR R A £ o B MH O D I A A o R o iz
N h () AR 38 8 A i v ()
x,(n) =x,(n)h(n) (9)
(3) B R

F T 52 9 o] 0 D D M B B 1 el



%519 FEAIN R 45 T Bk

Zoom — FFT {4 T A ML 05 AT 22 K8 7 38 0 s Jr vk 349

B AT LIl i B R AR WD T AR . X IE R 1)
%%ﬁﬁ D AERERAE W EERR D -1 A l— 5,
PHEGHAE~ o BRI RIE m DMEZx, (m)
x,(m) =x,(nD) (10)
(4) FFT 734
XFBERAEAR Z o, (m) BEAT FET 37, (B £

T RE SN B B R R R R
&w>=2xxmeﬁ” (11)
A BER Af N
Af = M (12)

2.3 HZEE
XX, (k) 47 451 i 1 2%, 8 3] ijPE{EﬁXTFj

()i 2k S HEAH GRS 26 o X 3 ARG LR k1T — ik £ 3 2
A, 2 =k 2T R 2l
R(x) =ax’ +bx +¢ (13)

7RSS
P PRV Bt PP 90 =2 8] 4 2 05 1% 22

a.b.c

K
S(a,b,c) = 2 (R(x;) —yi)z (14)
2 J0 PREUH AR IR PR, S Ca, b, e ) IR /IME T /2

m

9S 2 2
— =2 S+ bx. +c -y, )x; =0
oa ;(axL X, + ¢ —y,)x;
as - 22“‘ (ax’ + bx, + ¢ -y)x, =0 (15)
b Z ; ; PET
?Tf :2;((1xf+bxi+c—yi) =0
BHNA(15) B3 ik 2 R B LA T
N
4 3 2 2
x’ xl‘ xl xl yl
a
X xf x b= X Y
=1 =1 =1 i=1
c
xf x, n %
==l =1 = L =1 -
(16)

i (16) KA IR ZIAZHL a b, 1FF) K
22 I AR AR AR, B AL AR L AR B R A TE A6
b

/o= " 2a (17)
ELSR fo R AME A R
Jo =S +1, (18)

3 hE

N T Y UEAR SCTT IR M PR RE R AR SCHE S FET

KL (FFT 5k 4% FFT 5535 Al Zoom — FFT 55
) HEIRCR AR AR B CZT Bk, L K s b 6 %
T BR (Cramér-Rao lower bound, CRLB) #47{f H L&
IrBre BR—RR AR {5 5 9 CRLB 4

6f!
CRLB = !
4’ N(N* —=1)R,

X Ry—(5Me

ff ¥ 7 MR iR 22 ( Root mean square error,
RMSE) >k i & 45 5 Al 1 09 % B, i b o 22
(Standard deviation, SD) 37 & 8 1k it Fa 72 M

FEPT EI, A5 s (n) IO & 37 5 e, JF 2F
1R B 43 3

s(n) :Aej(%m""wo) +w(n)
w(n) e 40 Mg
m,—— 2R He o, —— IR A AL
D5 FRFEBUR £, =10 000 Hz, WIAHLL ¢, BEALIK
B, =08 A =1V, 47 10 000 YA 7 SRR 2 S8
3.1 AEERELE THEE &

WEES s(n) KPR £, =2 000 Hz, F A 515
N=1024, B A=W H7E] —20 dB .20 dB ]} FFT %
2 ANE FFT 83k (CZT B3k (Zoom — FFT B35 DL K
Bk Zoom — FET B3 A5 Al T4 B AR A 1, 25 2R
WK S .6 .

(19)

(20)
X

Ek —— FFTHL
—— FMEFFTH
—— CZT®
1Pk —— Zoom-FFT&
—— —— ik Zoom-FFTH
- SR —— FLhE TR
;@ 10° TN
= [
pind Ik et R ey
S0 S
100 i "‘\“‘ —
\1\
~,
% 10 0 10 20
{5 Eb/dB

S A [l £ M b TR A0 A T 4 2 AR 15 22 A A il 2

Fig.5 RMSE at different SNRs
10°F
—— FFTE L
—— AhEFFTE
- — CZTHE
B —— Zoom—-FFTH.¥:
TN —— B Zoom-FFTH
EN ...... — N
4 10 at
Lé
10] B
=20 —‘10 (l) ]‘0 Zb

{5 LL/dB

6 7 [ {5 MR LU T S A T 0 A o 22 2 A iih 26
Fig.6  Standard deviation at different SNRs



350 o ML M % iR

MELS AT 2515 M AR ( <0 dB) I, &% il
AR T AR R 25 22 S BOR, Horp FRT B3k Fab &
FET LR 2K, CZT $ik 1% 2% KT Zoom — FFT
Bk AR SCEHE Zoom — FFT 59% BAT Fe A A A6 THH
JEo MEBEIL KT 0 dB I, FFT 533k A% FFT 55
21 Zoom — FFT 5535 P 32 2 B A2 &4 N 1) 532 W) 3% ¥4
BT HGE , M A LU Zoom — FFT Bk ff tk | FFT
T I B SO0 1) R, A 32 A SO0 (9 52, R
TR ERF Bk Zoom — FFT 534k i 24 J7 M43 22 ¥ 41
THAE

6 S 1A A5 M LR 25 B i 2 Al 1 i AR
FETE . AR AT LA EARE R L 00T, FFT 55
RIANE FET 5005 AR v 22 08 & T Al 5k, U0 W
X T b AR 1 T AR A T 48 2R B s R CZT BBk
Zoom — FFT B30 sh 4 /N s 48 SC ekt gk Zoom — FFT 4
s i BT R R E M

AR AE W LR 1k AR L B R WY, B Zoom —
FET Sk A0 A R AR e LR PR 358 R4 i B E 4, (W)
N T X AR Iy G IV i B AL I = )
RiE o
3.2 RRESAETHE S

o TP A5 KSR B B B Zoom — FFT 51 3%
TEAN [R50 32 16 A9 14 B, 7615 MR LU AR I 0L T, it
TOFESR . R, e R SRR R AN I
U5 BAF S WA 1950 Hz IR, LA 1 Hz Ry KB
Wik i 2 2 050 Hz, J8 3 ek 05 5, ] BLA3 B A [A]
SEEAEARE S5 W00 09 Al TR B2 AR e 1k 5
o 1 dB iy EAE R AR 7.8 Fs o

S5

—~— FETH %

—— FMEFFTH M
45+ —CITE

—— Zoom-FFTH 3

—— i Zoom-FFTHE =
35F — BIRE TR

B AR IR E/
[3e)
W

W
T

"

1950 2000 2050
i Ha

7 R [l T A3 3 A T 4 2 AR 5 22 A A il 2
Fig.7 RMSE at different frequencies

M T FE 8 thal LLA , FFT 533k 4% FFT
5 Zoom — FFT J 78 {5 5 B i g Rl HLA R A,
TEI 38 05 AR 25 55 b v 22 400 52 B0 o A A M AR A i
CZT Hpk 5 i Zoom — FFT 553 W At 30 AL A 14
Bl A Zoom — FFT BILAENS & R T CZT &
Bio BEAR L, BE Zoom — FFT 553 iy 35 J5 AR 15 22 4H

2026 4
50
—~— FFTE B
40t —~—ANEFFTH M
—— CZTH
—— Zoom-FFTE
EN 30+ —— B Zoom-FFTH
H
201
10+
[
7 :
1950 2000 2050

Az
B8 RIRDBR T A 10 b 22705 2%
Fig. 8 Standard deviation at different frequencies
BT Lt B30 9 6 B N & 3 T CRLB, & Bk 25 o iF
Zoom — FFT B335 0 324k 11 (00K B 32 450 3 A8 £k 1) 5% 1)
BN, H G Zoom — FFT Bk 45 i 22 SD T H
A ks KR e i i,
AN TR A3 = B 1) B v v B b A R el i Zoom —
FET S 700 B AR e vk RO F oAb FFT 2858
B M CZT 3%k . WUk Zoom — FFT B3 70 % A Ji %
0 B SR BLAR E , BE 05 A AU AR 34 O A 1% 25 R A
2RI, A R Ah TR B AR E M.

4 =W

PL ZD850 #U 7 ié 34 It A ML Ak 45 2 JE AL
{5 b RAT S 56 F &, H 3 B AN - ZD850 A g A
HL Jetson Xavier NX #HLZk ¥ 25 F1 IWR1642 24 1

DL A 3K Jetson Xavier NX 2 4l #5/E 7 Jo A #L
R B A Ab B s PHOAT 22 2K i T 3K v B e B R R
i ®ATFE ¥ S5, I b, % IWRI642 50 f
FMCW 2 K B ik AL 4% TAET 76 ~81 GHz Jiinft ,
9 4 GHz P A A 2 ms SRAEA A 1 ~ 10 MHz R
FE L 256 L RATHEEE 1 ~ 10 m/s, 75 1R (KB LK
%538 3 BRI T #EAT I
4.1 MZHEIE

AT B uEJC A MLT He € AT o AR i Zoom —
FET 8035 (0 i R B, DL B L © AT R BE IR A
RS ROE M W T — R 9 S5 DL AR [R50k
TEZF IR R T R R R, S0 2 24T X FFT
1k Zoom — FFT Bk UL K AR SCel it 1 Zoom — FFT
R HEAT X W B, B R B B HAE AN TR s B AN [RDG
R R RS T 0 o0 22 Kbt T4 fig
4.1.1 [ L5

A3 BITE AR5 BRI K5E 3 P AREE T,
R YE TR AR E M 6 DA TE = B HAR(1.5.1.7,
1.92.1.2.32.5m) 47 E, L’ 9 i
INGEERIE T ~3 Fin.



%194

FEANR 45 HE TR Zoom — FFT #yJ6 AL i "RAT 2 K 6 B 38 0 e 7 1% 351

9 SEGE
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Tab.1 Altimetry results under daytime conditions

mm
FFT Zoom — FFT R
PH 25/ mm - - -

W % W
1486 -20.97 9.55 0.90
1705 4.20 4.20 0.03
1968 -14.62 -14.62 -0.90
2158 39.55 9.03 -2.80
2285 34.63 4.11 -1.62
2524 39. 80 9.28 2.25
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Tab.2 Altimetry results under nighttime conditions

mm
FFT Zoom — FFT AR SCHE B
PE B/ mm
1526 -60. 17 0.07 0.68
1725 -15.80 14.72 0.02
1932 21.38 -9.15 1.23
2098 -22.54 7.98 -1.08
2312 7.63 7.63 -0.50
2 504 59. 80 -1.24 2.59
x3 EXRBEEXENSER
Tab.3 Altimetry results in foggy environment mm
—— FFT Zoom — FFT PN
1460 5.03 5.03 -0.32
1684 25.20 -5.32 0.34
1896 57.38 -3.67 2.13
2042 33.46 2.93 0.55
2318 1.63 1.63 -0.11
2486 -44.28 -13.76 0.17
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Tab.4 RMSE and MAE under daytime conditions
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Wik RMSE MAE
FFT 23.84 19. 60
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Tab.5 RMSE and MAE under nighttime conditions

mm
Rk RMSE MAE
FFT 30. 92 25.48
Zoom — FFT 17.30 14. 42
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Tab.6 RMSE and MAE in foggy environment mm
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Tab.7 RMSE and MAE for terrain-following flight
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Bk RMSE MAE
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Fig. 12 Schematic of dynamic downhill detection
X b B 3K T AL TE 22 [8] (£ A

h, —h,cosa

v = arccos (21)
Jh +hy =2k hycosa

# oy <90°, M TE AHLAL T 13k, X 1 b JE 3k B
BH
B =90° -y (22)
#r y >90°, W JE AALAL T 3, X 0 kb JE 3 BE
B A
B=v-90° (23)
Te NHLAESE B PRI RATHY , SR A o,
SO Hby B K T T R I A 10 TS A AL b g B R R
X b R B SR AR A 25 . ANl 1112 T
7 hy T hy Sy 2 K TR IR R I i FE AR
AR SEBRYERE ARy R
Y =y+e (24)
4.2.1  F RGN S 5
T BRI 22 2 KU TR N TE S B T A B A
URE S ¥ T AMLE A TREZ M 1.5 m (19 B, 5
I 22 2K I 8 3K 43 0 3 RE Ry 15°.20° . 25° 1 30°
(3 AT O £ . SEER I SN 13 R, SEgR 45 AR
M=% 8 FIrs .

o2 )

"3 m S
P13 Bl A I 52 56 37 5

Fig. 13 Slope detection experiment setup
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Tab.8 Detection error for self-stabilizing terrain

*)
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Tab.9 Error in flight terrain slope detection (°)
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WeRE/(°) - - -
R2E e wE
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