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Landing radar that measures the velocity and the altitude of the airframe has been developed for the sensor, which
helps safe landing. In applications where the observation range is limited to a very short range such as the final stage
of landing, we can expect to obtain a high signal-to-noise (S/N) ratio. In these situations, the multiple frequency con-
tinuous wave (CW) with MUSIC (MUItiple SIgnal Classification) algorithm is considered to be useful for achieving
a high resolution with a low sampling rate of several tens of kilohertz and relatively low-speed signal processing. In
this paper, the multiple frequency CW with 1D and 2D MUSIC algorithm to measure the altitude is described. The

simulation shows that the bias errors in both methods are less than 1% of the altitudes.

The random errors of 1D

MUSIC and 2D MUSIC are 1.3%-1.7% and 0.8%—1.0%, respectively. The random errors of 2D MUSIC are smaller
than those of 1D MUSIC. We also show the fundamental experimental results obtained in an athletic field using the
radar fitted on a cage lifted by a crane. We could obtain stable estimation results on altitudes between 1.0 m and 7.0 m.
These results indicate that the multiple frequency CW radar is one of the effective tools for landing radar in the final

phase of landing.
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1. Introduction

Radar is applied to various usages such as meteorological
measurements and air traffic controls, since it is able to mea-
sure the relative velocity of the targets directly. Radar is also
applied to the altimeter for airframes”. The landing radar
measuring the velocity and the distance between airframe and
the ground surface has been developing for the sensor which
helps safe landing. The advantages of use of radar for this
purpose are as follows. Radar is robust to dust and has good
weather resistance comparing to laser and other optical mea-
surements. Landing radar has been developed for helicopters
and exploration spacecrafts. Such airframes generate dense
dust on the unprepared terrain. Radar can also work even if
the attitude of airframe changes, since radar has wide view
of angle. The landing radar is required to be able to measure
the velocity and altitude from the altitude of several thou-
sand meters to a few meters. Pulse compression and short
pulse radars are used in high and low altitude in the descent
stage of landing, respectively ®. However, short pulse radar
faces the transmitter-to-receiver isolation problem in the final
phase of landing at altitude of about 10 m or less ®. Further-
more, a high range resolution is also required especially at
the low altitude in the final phase of landing.

In this paper, we apply multiple frequency continuous
wave (CW), which can mitigate the transmitter-to-receiver
isolation problem and has a high range resolution, as a radar
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modulation for the final phase of landing. The multiple fre-
quency CW employs CW for transmission signal instead of
pulsed signal in multiple frequency ICW . The multiple fre-
quency CW is based on ranging technique which uses phase
differences of detected Doppler frequency at carrier frequen-
cies and the accuracy depends on the signal-to-noise (S/N)
ratio. In applications where the observation range is limited
to very short range such as the final stage of landing, we can
expect to obtain high S/N ratio. Multiple frequency CW with
a super-resolution algorithm such as MUSIC (MUltiple SIg-
nal Classification) also improves the isolation between the
targets having the same Doppler frequency, which is one of
the advantages in the situations where the observation targets
are composed of many reflection points. The improvement of
target isolation that distinguishes the signal component asso-
ciated with the ground right below the airframe from the sig-
nal components associated with the surrounding area is also
important for measuring the shortest distance to the ground
(altitude). Thus the method is suitable for radar modulation
for short range and enables us to obtain a high range reso-
lution with a low sampling rate of several tens of kilohertz
and relatively low-speed signal processing. The modification
does not require a high peak power owing to adopting CW.
Therefore the modification can be achieved at low cost and
save power. Our research group has conducted a feasibility
study on the method for middle-range automotive radar ®.

In this paper, we conduct feasibility study on multiple fre-
quency CW for landing radar of the airframes that descends
right down to the ground such as exploration spacecrafts. In
this process, we adopt 2D MUSIC algorism © on the multi-
ple frequency CW to obtain not only a high range resolution
but also a high velocity resolution. At first, we describe the
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multiple frequency CW with 1D and 2D MUSIC. Then we
show the simulation results for the situation where the radar
is equipped on an airframe. We also show the experimental
results obtained in an athletic field using the radar equipped
on a cage lifted by a crane.

2. Methods

2.1 Observed Signal of Multiple Frequency CW

Figure 1 shows the transmission frequency sequence of
multiple frequency CW. In this method, the same sequence
where the carrier frequency f,(n =0, 1,--- N —1) is switched
N times every T is repeated M times in 1CPI (T, =
MNT,,;). Here the transmission signal is described as

Tn(t) = eXp [.] (27T (ﬁlt) + ¢n)] s

where ¢, are given as initial phases. The received signal from
a single target is described as

Rn(t) = aop €Xp |:] (27T (fn + fd,n) r—

ﬁR + ¢n)
c

where the wave lengths of nth carrier frequencies (f,) cor-
respond to f‘—‘, and f;, are Doppler frequencies at nth carrier
frequencies. c is speed of light. R is the range of the target. a,
represents the amplitude that depends on the backward scat-
tering coefficient and range of the target, which is explained
in Sect.3.1. The received signal is mixed with transmission
signal and then the observation signal is obtained. The obser-
vation signal is described by

Arf, R)]

c

X, (t) = apexp [j (27rfd,nt - @R)] = ag exp [j (27rfdt -

where we can assume that f;, take almost same values, since
the differences of carrier frequencies n-Af (n = 0,1,---N-1)
are negligible small compared to the carrier frequency (fp).

fd,n(nzo,lv'“N_l)E

The received signal is sampled at the middle time of each
frequency. The sampling time ¢, is also described by

1
tym = Tprin + TpriN - m + ETPRIs

where m(m = 0, 1,---M — 1) is repetitive number of trans-
mission sequence. The observed signal is also expressed by
drf, )

j(2ﬂdePR1(n +N-m)- T'”R +nfaTpri

X(n,m) = ag exp

. 4rA 4
= ap exp ](27deTPR1N -m+ CnfaTpgr - B fR) n- %R + ﬂdePRI)]-
......................... (6)
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Fig.1. Transmit and receive timing of multiple fre-
quency CW
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In multiple target situations, the observation signal is ex-
pressed by the linear summations of the Eq. (6).

2.2 Multiple Frequency CW with 1D MUSIC In
this section, the signal processing of multiple frequency CW
with 1D MUSIC for the target detection, calculating velocity
and altitude is described.

2.2.1 Signal Processing for the Target Velocity =~ The
target velocity is calculated by executing FFT on the obser-
vation signal (M length) at nth carrier frequency,

M-1
- Y A
E(n, k) = n;)X(n, m) exp[ 277](Mk)], %

where k (= 0, 1, - -- M — 1) corresponds to the number propor-
tional to the Doppler frequency. |E(n, k)| take local maximum
values at k,qq, which is expressed by

kpeak = dePRIMN~

The Doppler frequencies of targets are obtained by detecting
kpeak Where |E(n, k)| take local maximum values. The target
velocity is also calculated by

A~ A k eak A
V= fys = ek 2
2 TpriMN 2

En, kpear) is expressed by

E(1, Kpeat) = Apeaicexp [ (202 = "2LR) - = ZRR + 7fyTpgy).

A ek Tepresents the amplitude associated with a target. In
the situation where the airframe equipped with the radar de-
scends to the ground, |E(n, k)| is possible to have multiple
peaks, since the ground is composed of multiple reflection
points. The received signal from the ground just below the
airframe is considered to have the maximum Doppler fre-
quency. Thus the maximum frequency where the amplitude
exceeds a given threshold level and takes the local maximum
value is assumed to be associated with the relative velocity
between the airframe and the ground. In this method, the
threshold is set to 3 dB lower than the maximum value.

2.2.2 Signal Processing for the Altitude Measurement

The range of target can be calculated by using the slope
of phase difference versus frequency at the detected Doppler
channel k4. The altitude (R) is calculated by MUSIC algo-
rism after compensating the phase shift due to the time differ-
ence of frequency steps. The compensation of the phase shift
is described as

kpeak

F(n, kpear) = E(n, kpear) €xp [—j ((27TW) . n)]

| 4rnA 4 foR )
= APeak exp [] ((_TfR) n- f) + ”dePRI)} = Al’eak €xp []90(11, kpeak)] .

For applying MUSIC algorism to calculate the altitude in
multiple target situations, the correlation matrix of every fre-
quency is averaged to recover the rank of the correlation ma-
trix. Since difference of velocity between targets is con-
tinuous values, 5 data vectors, F(n, kpeak—2), F0, kpeak-1)s
F(n, kpeak), F(i’l, kpeak+l), F(n, kpeak+2)’ around kpeak are em-
ployed for the procedure. The matrix F is composed of the
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data vectors. The sub-matrix F that is composed of Ns rows
of F is denoted by

F, = submatrix [F;n =q,9+Ns— 1,k = kpear = 2, kpear + 2] € CNS
(G=0,1, N NS), eeeemmeanmeeeeneaan. (12)

where submatrix [A;n = a, b, k = ¢, d] means sub-matrix that
has rows from a to b and columns from c¢ to d of A and N/2
is employed for the number of Ns. The correlation matrix
is obtained by ensemble-averaging sub correlation matrix is
written by

R = (FF) e ¢V,

where H and () denote the complex conjugate transpose of
a matrix and ensemble-averaging. Then MUSIC algorithm is
applied on R. The MUSIC spectrum is computed by perform-
ing an eigen-analysis on R. The space spanned by eigenvec-
tors consists of two disjoint subspaces, which are signal and
noise subspaces. In general, the larger and smaller eigenval-
ues belong to the signal and noise subspaces, respectively.
The noise subspace is given by

E =[er, e, ---en_L],

where L is the number of signals (up to Ns — 1), which is de-
termined by the eigenvalues of R. We assume that the number
of signal components that cannot be separated by Doppler es-
timation is up to 3. In the situation where many signal com-
ponents exist even after the Doppler estimation, the size of
the data vector must be increased, which means increasing
the number of frequency step N. One is the signal compo-
nent from just below the airframe. The others are that from
surrounding area. The steering vector to search the altitude is

a(R) = exp [j((—@R) . n)] e CN1,

In terms of the orthogonal characteristics of eigenvectors in
the signal and noise subspaces, the MUSIC spectrum is given
by the following equation

a(R)a(R)

MUSIC(R) = ————"—.
&) af(R)EE"a(R)

.................. (16)

The range corresponding to the reflected wave from just be-
low the airframe, which is altitude, is smaller than other
ranges corresponding to the reflected waves from surround-
ing area. When MUSIC spectrum involves multiple range
components, the minimum range where the amplitude ex-
ceeds a given threshold level and takes the local maximum
value is assumed to be associated with the relative range be-
tween the airframe and the ground. In this method, the thresh-
old is set to 60 dB lower than the maximum value.

2.3 Multiple Frequency CW Method with 2D MUSIC

The multiple frequency CW with 1D MUSIC consists of
the velocity detection procedure by FFT and the altitude es-
timation procedure by MUSIC algorism described above. In
the situation discussed in this paper, the relative velocities
between the targets as well as ranges between targets are
very close, thus high velocity resolution is also required. In
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Fig.2. Matrix element of F that is composed of linear
arrays of m and n directions of observed signal and the
extraction of sub-matrix

this section, we describe the velocity and altitude estima-
tion method based on 2D MUSIC algorism ©. Multiple fre-
quency CW with 2D MUSIC is expected to make it possi-
ble to achieve high range resolution and high velocity reso-
lution. That means the method is expected to distinguish the
targets having very close relative velocities and ranges. The
observed signal is also expressed by Eq. (6). The matrix F is
composed of linear arrays of m and n directions of observed
signal as shown in Fig. 2.

For applying MUSIC to estimate the velocity and altitude
in the multiple target situations, the correlation matrix of ev-
ery frequency is averaged to recover the rank of the correla-
tion matrix as in the case with 1D MUSIC. The sub-matrix
F,p that composed of Ng rows and Np columns of F is de-
noted by

F,, = submatrix|F;n = q,q+ Ng—1,m=p,p+Np—1] e CNoxNp
¢g=0,1,---,N-Ng),(p=0,1,---M — Np).

Then the row vector is generated by rearranging the column
vectors as

T
Frec,, = [F“)(q, PTF2(g, p)T -+ FNP (g, p)T] e CNaNp)xL

The correlation matrix is obtained by ensemble-averaging
sub correlation matrix, which is written by

R= (Fvecq,vaecZ» € CNaNpXNyNp)

M-Np N-Nq
H Ny"Np)X(NyN,
Z Fvec, ,Fvec, , € CWNNpXNo:Np)

p=0  ¢=0

|
TM-Np+ DIN-Ng+1)

The MUSIC spectrum is computed by performing an
eigen-analysis on R as in the case of 1D MUSIC. The noise
subspace is given by

E = [ela €2, - eNqu,L],

where L is the number of signals (up to NgNp — 1), which is
determined by the eigenvalues of R. The size of data vector
(Np x Nq) must be larger than the number of signals. On the
other hand, the size of data vector is desirable to be small in
terms of the computation load in the eigenvalue analysis and
null search of MUSIC. In this research, we employ 48 for
the size of data vector (Np = 8, Nq = 6). The ith element of
steering vector a(R, V) to search the target range and relative
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velocity is

Rmod (i, Nq) + —NT,; -

a;i(R, V) = exp (j (27r( - 7 Np

c C(Nq-Np)Xl,

—2Af 2v (i — mod(i, Np)))))

where mod(X, y) is an operator calculating a remainder of x/y.
The MUSIC spectrum is also given by the following equa-
tion
a’(R, V)a(R,V)

MUSIC(R, V) = - .
a#(R, V)EE"a(R, V)

The MUSIC spectrum is possible to involve multiple peaks
corresponding to the reflected waves from the ground just
below the airframe and surrounding area. The range corre-
sponding to the reflected wave from the ground directly be-
low the airframe is assumed to take smaller value than that
associated with the reflected waves from surrounding area.
We detect the peak that takes the smallest range and regard it
as the altitude of the airframe.

3. Evaluation on the Simulation Results

3.1 Ground Simulator used in This Research

A simulator to study the capability of altitude measurement
of the multiple frequency CW radar in the situation where
there are many reflection points is constructed. Tables 1, 2,
and 3 show the radar parameters, airframe, and ground condi-
tions, respectively. We conduct feasibility study on the multi-
ple frequency CW for landing radar in the final phase of land-
ing of exploration spacecrafts that is descending right down.
The descending speed of the spacecraft in the final phase is
assumed to be 1 m/s. It is reported that the pulse radar can
measure the altitude from 3.5km to 10m ©®. In this research,
we conduct simulation on the final phase of landing below
the altitude of 10 m. The reflected power from each reflected
point is expressed by the Eq. (23)

GO - 22 -0 (0) - 5 - cos(6)

Pr o« G R L e (23)
Ex(t) = NP, Lyexp [j(27r o+ fun)t = 47;fn ke ¢n) ,
................... (24)

where G is antenna gain. A is the wave length. s is the size of
one mesh. o is backward scattering coefficient. 6 is incident
angle of the transmitted wave to the ground. In this simu-
lation, we adopt Chebyshev beam pattern for antenna beam
directionality ©.

The reflected signal is given by linear summation of the
Eq. (2) from all reflected points on the ground. Individual
amplitude of reflected signal is assumed to follow a Rayleigh
distribution, which corresponds to L, in Eq. (24)®®. Same
level of Gaussian noise is added on all altitude situations. In
this condition, the S/N ratio is 30 dB when the radar is located
at altitude of 3 m. The backscatter coefficient depends on the
incident angles "”. As described in chapter 2, we can assume
following things. The step frequency bandwidth (4f) is neg-
ligible small compared to the carrier frequency (4fy). The
phase shift depending on the incident angle can be also ig-
nored. The phase shift from each reflection point depends on
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Table 1. Radar parameters used in this research
Radar Parameters Specification
Transmission Frequency 24.1125GHz

Number of Frequency Step 8

Sampling Rate 20kHz
Frequency Step Width/Maximum Range 10MHz/15m
Switching Time of Frequency/Maximum Velocity 50us/7.8ms™
Observation Time/Velocity Resolution 102.4ms/0.06ms™!
Antenna Beam Width 30deg(Chebyshev Pattern)
Transmission Power 10mW

Table 2. Conditions of the airframe on the simulation

Setting Values
3-9m
1m/s

Parameters
Altitude for Estimation
Descending Velocity

Table 3. Ground parameters on the simulation

Parameters on the Reflection (Ground)
Distribution of Surface Asperity

Specification
Uniform Distribution (Om -
0.028m)
Rayleigh Distribution
Depending on thg incident angle

Distribution of Reflection Intensity
Backscatter Coefficient

Distance Decay R
Resolution of the Reflection 0.1m square
Simulated Area 10m square

Fig.3. Ground map of mean amplitude of received
power from reflection points in the situation where the
radar is located at the altitude of 9m

only the path differences. Figure 3 shows an example of map-
pings of received power in the situation where the airframe is
located at an altitude of 9 m.

3.2 Evaluation of the Basic Performance At first,
the situation where the airframe descends to the ground with
the velocity of 1 m/s at an altitude of 9 m is simulated to eval-
uate the basic performance of the multiple frequency CW
with 1D and 2D MUSIC.

Figure 4(a) shows |E(n, k)| obtained by the signal process-
ing for the target velocity of the multiple frequency CW with
1D MUSIC. The received signal from the ground just below
the airframe is considered to have the maximum Doppler fre-
quency. Thus the maximum frequency where the amplitude
take the local maximum value and exceeds the threshold level
as shown by a dash line in Fig.4(a) is associated with the
relative velocity Obetween the airframe and the ground. The
corresponding frequency is indicated by an arrow in Fig. 4(a).
Figure 4(b) shows the MUSIC spectrum obtained by the sig-
nal processing for the altitude estimation using 1D MUSIC
(Eq. (16)). As shown by an arrow in the figure, the minimum
range where the amplitude takes local maximum value is the
altitude of the airframe. The simulation is conducted 1000
times for obtaining statistical analysis results. Figure 5(a)
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Fig.4. Altitude estimation result at 9 m using multiple
frequency CW with 1D MUSIC ((a) velocity estimation,
(b) altitude esitimaion)

shows the histogram of altitude estimations calculated by the
multiple frequency CW with 1D MUSIC. The mean and stan-
dard deviation of estimated altitude are 9.07 and 0.13, respec-
tively. Simulations for the altitude between 3 m and 9 m are
also conducted to investigate the dependency on altitude of
the estimation results. Table 4 shows the mean value of the
estimated altitude and the standard deviation at each altitude.
The bias and random errors tend to decrease with decreasing
altitude. The bias errors are less than 1% of the altitudes and
the random errors are 1.3%—1.7% in the simulation.

Figure 6 shows an example of the spectrum obtained by 2D
MUSIC (equation (20)) for the situation where the airframe
descends to the ground with the velocity of 1 m/s at an alti-
tude of 9m. In Fig. 6, two peaks as indicated by arrows are
identified. The one is located at velocity of 0.94 m/s, which
is considered to be due to the reflected waves from the sur-
rounding area. The other is located at velocity of 1.00 m/s,
which is considered to be due to the reflected wave from just
below the airframe. The estimated altitude is also calculated
as 9.00m. Among the spectrum peaks, the minimum range
having spectrum peak is assumed to be the altitude of the
airframe as described in chapter 2. As in the case of 1D MU-
SIC, the simulation is conducted 1000 times for obtaining
statistical analysis results. Figure 5(b) shows the histogram
of altitude estimations calculated by multiple frequency CW
with 2D MUSIC for the situation where the airframe is lo-
cated at an altitude of 9m. The mean and standard devia-
tion are 9.04 and 0.08, respectively. As in the case of 1D
MUSIC, the simulations are also conducted between 3 m and
9 m. Table 5 shows the mean value of estimated altitude and
standard deviation at each altitude. The bias errors are less
than 1% of the altitudes and the random errors are limited
to only 0.8%-1.0% in the simulation. In the application of
landing radar for exploration spacecrafts in the final phase of
landing, required accuracy for altitude measurement is 5% or

{a) 1

Number of Incidence

o /0N

9.5 10

Range [m]

(b) 100

o
2
k]
2
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Jtuu

?s\:: 9 9.5 10
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Fig.5. Altitude estimation result at 9 m using multiple
frequency CW ((a) with 1D MUSIC, (b) with 2D MU-
SIC)

10.00
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9.00

8.50
0.90 1.00 1.10

Velocity [m/s]

Fig.6. Altitude estimation result at 9 m using multiple
frequency CW with 2D MUSIC

Table 4. Simulation results of altitude estimation from
the altitude of 3.0 m to 9.0 m with 1D MUSIC
Altitude 3 4 5 6 7 8 9

Mean value [m] 298 4 5.01 6.03 7.04 8.05 9.07
Standard deviation [m]  0.05(1.7%) 0.06(1.5%) 0.07(1.4%) 0.08(1.3%) 0.11(1.6%) 0.12(1.5%) 0.13(1.4%)

Table 5. Simulation results of altitude estimation from
the altitude of 3.0 m to 9.0 m with 2D MUSIC
Altitude 3 4 5 6 7 8 9

Mean value [m] 297 3.98 4.99 6.01 7.02 8.03 9.04
0.03(1.0%) 0.04(1.0%) 0.04(0.8%) 0.05(0.8%) 0.06(0.9%) 0.07(0.9%) 0.08(0.9%)

Standard deviation [m]

0.1 m of the altitude ©.
4. Evaluation on Experimental Results

In this chapter, we show the fundamental experimental

IEEJ Journal IA, Vol.4, No.2, 2015
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Radar equipment

Fig.7. Overview of the experiment on an athletic field

results of the altitude measurement using multiple frequency
CW radar on an athletic ground. Figure 7 shows the overview
of the experiment using 24 GHz compact radar. In the experi-
ment on the athletic ground, the radar is equipped on the cage
of the crane as shown by a circle in Fig. 7. The radar beam is
directed to the ground. Radar parameters are the same with
the values adopted in the simulation described in chapter 3.
The output waveform of radar is recorded by an A/D con-
verter at the sampling rate of 20 kHz. The data is processed
by the signal processing of multiple frequency CW with 1D
and 2D MUSIC. Figures 8 and 9 show the results for the ve-
locity and the altitude of the radar. The result indicates that
the cage is initiated at the speed of 0.2 m/s and then descends
to the ground at the speed of 0.4—0.5 m/s. Figures 8 and 9 also
indicate that the radar can measure the altitude between 1.0 m
and 7.0 m. We note that the random errors of 2D MUSIC are
slightly smaller than those of 1D MUSIC. That is noticeable
especially in low altitude as shown in the enlarged view from
the time of 125 to 14 s in Figs. 8 and 9. The observed signal
that is composed of the reflected waves from reflection points
on the ground involves the close Doppler frequency compo-
nents and phase difference. 2D MUSIC seems to work well to
distinguish the spectrum peaks associated with the reflected
wave from the ground just below the airframe and associated
with the reflected waves from the surrounding area. As a re-
sult of experiments, it is demonstrated that the velocity and
altitude could be obtained by the compact radar equipped on
the case of the crane with low sampling rate of 20 kHz using
multiple frequency CW radar.

5. Discussion and Summary

In this paper, we conducted feasibility study on multiple
Frequency CW for landing radar of spacecraft. We described
the methods of multiple frequency CW with 1D and 2D MU-
SIC to measure the altitude of an airframe. Then we showed
the simulation results using the ground simulator for the sit-
uation where the radar is equipped on an airframe that de-
scending to the ground. We also showed the fundamental ex-
perimental results conducted on an athletic field using small
radar equipped on a cage lifted by a crane.

As shown in the simulation section, the bias errors are less
than 1% of the altitudes. The random errors of 1D MUSIC
and 2D MUSIC are 1.3%-1.7% and 0.8%-1.0%, respec-
tively. The bias and random errors tend to decrease with the
decreasing altitude in the cases of 1D MUSIC and 2D MU-
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Altitude [m]
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Fig.8. Estimation results of velocity and altitude of the
cage by multiple frequency CW with 1D MUSIC
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Altitude [m]
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Fig.9. Estimation results of velocity and altitude of the
cage by multiple frequency CW with 2D MUSIC

SIC, which is considered to be due to S/N ratio. The random
errors of 2D MUSIC are smaller than that of 1D MUSIC. We
can also see that the bias error is not simply decreasing with
altitude. In the simulation, the size of reflection point is lim-
ited to 0.1 m square because of the computation load. Thus
the size limitation is considered to affect the simulation result
especially in the low altitude. The bias error of 3 cm in low
altitude is also considered to be enough small compared to
the required performance.

In the histogram of 1D MUSIC, some estimation results
having far different values from the altitude are identified as
indicated by circles in Fig. 5(a). In these cases, wrong ve-
locities were chosen by the target detection procedure. The
Doppler velocity associated with the reflected wave from just
below the airframe does not always take maximum amplitude
as shown in Fig. 4. These amplitudes are sometimes smaller
than 3 dB from the maximum value. On the other hand, such
far different values from the altitude were not identified in
the histogram of 2D MUSIC in Fig. 5(b). Also, multiple fre-
quency CW with 2D MUSIC satisfied the required perfor-
mance of landing radar in the final phase. On the experi-
ment on the athletic field, stable estimation results on altitude
are obtained from the initiation to the end. The experimental
result also indicates that the random error of 2D MUSIC is
slightly smaller than that of 1D MUSIC.

These results indicated that multiple frequency CW was
one of the effective tools for landing radar in the final phase
of landing. The fundamental experiment was conducted on
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the good weather condition with no dust, since we concen-
trated on the fundamental capability of the method for esti-
mating altitude. Further research including experiments on
the situation with dense dust is also needed.
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