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A new altimeter has been developed for the observation of the land shape of a planet from an orbiting spacecraft by
transmitting RF pulses. The present system utilizes an RF sounder for observing the electron density profile of the
topside ionosphere by selecting a transmission frequency f higher than the local cutoff frequency of the ionosphere
by adding upper and lower side band modulations with a frequency p; i.e. at frequencies f + p and f − p. The
phase difference of the propagating signals at the upper and lower side band frequencies gives a fine delay time
with a range resolution of 100 m for p = 50 kHz and 20 m for p = 250 kHz with f = 9 MHz corresponding to
a resolution of 6◦ of the phase detector of the system onboard the spacecraft. Using 600 Watts transmitting power
applied to a 52 m tip-to-tip dipole antenna, the altitude of the spacecraft and the land shape can be measured while
the spacecraft is in the range below 300 km altitude at the planet.

1. Introduction
A swept frequency radio wave sounder has been designed

to be installed on the Planet-B spacecraft for the observation
of the Martian topside ionosphere using pulsed radio waves
in the frequency range from 20 kHz to 5 MHz. In addition
to this regular ionosphere sounding mode a function of al-
timeter has been installed extending frequency range to cover
between 8 to 10 MHz. When the transmitting frequency is
selected to be higher than the local cutoff frequency of the
radio waves at the planetary ionosphere, the transmitted ra-
dio wave approaches the planetary surface. By measuring
the propagation time of the transmitted pulse between the
spacecraft and the planetary surface, we can detect the alti-
tude of the spacecraft with respect to the sub-satellite point.
A weight-saving system has been designed for the altime-
ter; i.e., the system of radio wave transmission and reception
of the ionosphere sounder is utilized only by changing the
transmitting frequency. The altimeter system can be applied
to measure the land shape of Mars by detecting the variation
of altitude with respect to the smoothly averaged spacecraft
altitude.

The most popular and well established technique of the al-
timeter or the range shape sounder is the synthetic-aperture
radar (Ulaby et al., 1981) using a higher frequency range
than the S-band. In this context, the present system is quite
unique and no previous example appears to be compatible
with this technique. The uniqueness of the present altimeter
lies in the following three points: (i) The radio sounder tech-
nique is applied only by changing the frequency to penetrate
the ionosphere; therefore the frequency range is in the mid-
dle of the decameter waves. (ii) The altimeter uses coherent
waves and, with the measurement of the pulse transmission
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time; the phase shift detection of the reflected waves pro-
vides sufficient resolution to determine the altitude with an
error of 20 m. (iii) Though decameter waves that are usu-
ally sensitive to ionospheric plasma density variation, are
utilized, the ionosphere effect is completely eliminated by
using two frequencies for the observation of the propagation
time. Therefore the altimeter system is able to measure the
altitude of a spacecraft or land shape without using any other
data from different instruments.

Simple measurements of the pulse propagation time are
limited in their resolution of the pulse-delay measuring pro-
cess. The resolution of pulse-delay measurement, in the case
of the RF sounder of the SPW on-board the Planet-B space-
craft is 25 μsec which results in a resolution of 3.75 km for
the determination of the altitude. To make a detailed ob-
servation of the land shape, therefore, a higher resolution is
required. In the present altimeter, phase measurements of
the signals are employed using modulation of the RF signal
in the pulse to form lower and upper side band waves. By
setting the RF to be 9 MHz, the developed system is able to
determine the propagation range of the RF pulses between
the spacecraft and the land shape with resolutions of 20 m and
100 m, respectively for modulations frequencies of 250 kHz
and 50 kHz.

In this paper, the principle, instrumentation, and accuracy
of the present altimeter, developed for observation of the land
shape of Mars from the Planet-B spacecraft, are described.

2. Principle
When we select a radio wave frequency well above the

maximum cut-off frequency of the ionosphere, the trans-
mitted radio frequency waves can approach the planetary
surface. By measuring the traveling time of the reflected
waves, therefore, we can determine the relative altitude of
the spacecraft with respect to the solid surface of the planet.
The method of determining the propagation range L using
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transmitted pulse depends on the frequency band width of
the receiving system. In general propagation, pulse form
f (t − r

c ) at point r , in a one-dimensional system, can be
expressed by

f
(

t − r

c

)
= 1

2π

∫ ∞

−∞
F(ω)eiω(t− n(ω)r

c )dω, (1)

where F(ω) is the frequency spectra for the pulse in the
complex regime measured at a given stationary point r = 0;
and n(ω) is the refractive index of the plasma media. When
we consider a wide band case where integration of Eq. (1) is
fully applicable, the pulse transmission is simply expressed
with the condition

t − n · r

c
= const. (2)

that is,

dt = n

c
dr. (3)

The principle for the determination of altitude L is then given
by (see Jackson (1969) and reference therein)

∫ L

0

dr

n(r, ω)
= cτ

2
(4)

for the propagation time τ of the pulse, where n(r, ω) is the
refractive index of the propagating wave at r through the
ionosphere. The refractive index n(r, ω) in a high frequency
range well above the local-ionospheric plasma frequency f p,
can be expressed by

n(r, ω) = 1 − 1

2
· ω2

p(r)

ω2
, (5)

where ω = 2π f for the transmitted frequency f and ωp =
2π f p. The expression of Eq. (5) is rewritten as

n = 1 − 4.05 × 10−5 · N (r)

f 2
(6)

for the frequency f (MHz), and the electron density N (r)/cc
at altitude r . When we select f = 9 MHz, for example, the
second term of Eq. (6) is given within a range of less than
0.05 over the entire range of the propagation path.

When we apply a narrow frequency band signal receiving
system, the detected pulse from g(t, r) is written from Eq. (1),
for approximately constant n(ω0), as

g(t, r) = 1

2π
·F(ω0) exp

{

iω0

[

t −
∫ r

0

n(r, ω0)

c
dr

]}

·�ω,

(7)
where ω0 is the center frequency of the receiving channel and
�ω is the receiving frequency band width. The information
of the propagating range r is then expressed by the phase
value of the detected signal that can be measured with refer-
ence to the original signal ei(ω0t+	), i.e., from the measured
phase difference angle 	mes, the range r can be obtained
from ∫ r

0
n(r, ω0)dr = c

ω0
· 	mes, (8)

when we assume n(ω0) nearly constant. Actually, we have
utilized two different frequencies to measure the phase dif-
ference, i.e., for an angular frequency ω0 + 2πp the arrival
signal is expressed as

S1 = a1 cos
[

(ω0 + 2πp)

·
{

t −
∫ r

0

n(r, ω0 + 2πp)

c
dr

}

+ 	1

]

, (9)

while the arrival signal is expressed as

S2 = a2 cos
[

(ω0 − 2πp)

·
{

t −
∫ r

0

n(r, ω0 − 2πp)

c
dr

}

+ 	2

]

(10)

for the transmission of angular frequency, ω0 − 2πp. To
obtain the result signal R, the detected signal is treated as

R=1

τ

∫ t+τ

t
S1S2dt

=a1a2 cos
[

4πp

c
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0
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ω0

}

dr
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]

, (11)

from which we can obtain 	mes as

	mes=4πp

c

∫ r

0

{

n(r, ω0) + ∂n

∂ω
ω0

}

dr

+ (	2 − 	1). (12)

3. Instrumentation
In the altimeter onboard the Planet-B, wave transmission

is designed to be made at the frequency f − p and f + p
for f = 9 MHz and two cases of p at 50 and 250 kHz with
an approximate power level of 60 and 600 Watts. Two sets
of 50 m tip-to-tip dipole antenna are installed; one is for the
pulse signal transmission and the other is for the reception
of the reflected pulse wave.

In Fig. 1, a block diagram of the altimeter system is given;
the signal from the receiving antenna is fed to the pre-ampli-
fier from the terminal fR X and the observed frequency is
stepped up to a first-stage amplifier at the center frequency
of 25 MHz. The local signals with frequencies

f1 = f − p + fL and f2 = f + p + fL (13)

are generated for fL = 25 MHz, in this case, using frequency
synthesizers.

The present frequency synthesizer system is also utilized
to generate the origin of the transmitting signal:

at=[a1 cos{(ω − 2πp + ωL)t + ϕ1}
+ a2 cos{(ω + 2πp + ωL)t + ϕ2}]

· b cos(ωL t + ϕ3). (14)

When the generated signal passes through a low pass filter,
the signal given by Eq. (14) is further modified as

L[at ]=a1b cos{(ω − 2πp)t + (ϕ1 − ϕ3)}
+ a2b cos{(ω + 2πp)t + (ϕ2 − ϕ3)}. (15)
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Fig. 1. Block diagram of an Altimeter system that consists of transmitting and receiving systems. The generated signal
a1b cos{(ω − 2πp)t + (ϕ1 − ϕ3)} + a2b cos{(ω + 2πp)t + (ϕ2 − ϕ3)} is fed to a power amplifier and transmitted from the transmitting antenna.
The waves reflected by the planet’s surface are picked up by the receiving antenna and fed to fR X point after passing through a pre-amplifier. The
received signals are separated into two channels A and B through the process of frequency conversions into 25 MHz signals. After amplification, the
signals are further converted, keeping the phase relation between A and B to 455 kHz signals, which are finally fed to a phase detector where the phase
difference 4πp( �r

c ) can finally be obtained.

This signal is amplified and fed to the power amplifier to be
transmitted from the antenna.

By applying the two local signals (see Eq. (13)) during the
reception phase which are given as

al1 = A1 cos{(ω − 2πp + ωL)t + ϕl1} (16)

and
al2 = A2 cos{(ω + 2πp + ωL)t + ϕl2} (17)

two signals are obtained which are both divided into the first
converted stage as

S1=ar1 A1 cos
{

ωL t + 	1 − (ω − 2πp)

·
∫ 2L

0

n(r, ω − 2πp)

c
dr

}

(18)

and

S2=ar2 A2 cos
{

ωL t + 	2 − (ω + 2πp)

·
∫ 2L

0

n(r, ω0 + 2πp)

c
dr

}

, (19)

where L is the distance between the spacecraft and the solid
surface of the planet and 	1 and 	2 are the phase shifts in
each signal path together with the instrumental phase shifts in
the operating systems 1 and 2, respectively. The signals given

by Eqs. (18) and (19) are amplified and converted to the in-
termediate frequency at the center frequency of 455 kHz. As
shown in the block diagram (Fig. 1), two signals at 455 kHz
can be obtained at channels A and B. The phase detector set
between A and B channels then gives the phase data between
the signals given by Eqs. (18) and (19).

A first-order estimation of the altitude is only possible by
measuring the delay time of the transmitted pulse; the time
resolution for the measurement of pulse delay is designed
here to be 25 μsec. The corresponding resolution of the
altitude range is then limited to 3.75 km. To obtain a fine
resolution of the altitude within a given altitude range of
3.75 km accuracy, we must apply the phase detection system
for two signals given by Eqs. (18) and (19).

Applying the operation given by Eq. (11), the resultant
signal R is obtained as

R=ar1ar2 A1 A2 cos
{

1

c

∫ 2L

0
[(ω − 2πp)n(r, ω − 2πp)

− (ω + 2πp)n(r, ω + 2πp)]dr

+ (	′
2 − 	′

1)

}

. (20)

Because frequency conversion has been applied to the signals
given by Eqs. (18) and (19), the phases of the corresponding
channels are further shifted from 	1 to 	′

1 and 	2 to 	′
2.
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Fig. 2. Concept of the altimeter data at the time of observation onboard the spacecraft orbit around Mars. Panel (a) shows a planned orbit near the peri-aeron.
At an example point on the orbit S in an altitude range lower than 300 km, the altimeter data are indicated as in panel (b) where the pulse arrival time is
illustrated at the top with the duration time of the arriving pulses, while a fine measurement in the range �r is made by phased measurement during the
arriving period of the pulse (300 μsec). The phase data used to obtain the fine range �r versus time passage is given in the bottom part of panel (b);
obtained phase data interpolate into a 3.75 km interval, corresponding to a time resolution of 25 μsec for measurements of the pulse arrival time.

Considering Eqs. (5) and (6), it then follows that

(ω − 2πp)

∫ 2L

0

n(r, ω − 2πp)

c
dr

= 2L

c

{

1 − αω2
p0

ω2

(

1 + 4πp

ω

)}

(ω − 2πp), (21)

where α is defined as a factor to satisfy
∫ 2L

0
1.599 × 10−3 N (r)dr = 1

2
αω2

p02L , (22)

i.e., α is an equivalent ratio of the ionosphere thickness to the
entire path length with an assumed constant angular plasma
frequency ωp0, neglecting the term with the order of magni-
tude (p/ω)2(ω2

p/ω
2), Eq. (21) is further rewritten as

(ω − 2πp)
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0
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c
dr

= 2L

c
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ω
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1 − αω2
p0

2ω2

)

− 2πp

(

1 + αω2
p0

2ω2

)}

. (23)

In parallel to the operation of phase detection, we can
detect ar1, and ar2 through the amplitude detection channel;
then by making a calibration for a nonpropagation link at
L = 0, we can finally obtain the phase value from Eq. (20)
by considering Eq. (23) for ±p as

	 = 4πp

(
2L

c

) {

1 + αω2
p0

ω2

}

. (24)

In actual data analyses, we can measure the phase variation
�	 with respect to the variation of range �r that is defined

as;
�r = 2L − mr0

for a given range mr0, where m is an integer and r0 = 75 km;
i.e.,

�	 = 4πp

(
�r

c

) {

1 + αω2
p0

ω2

}

. (25)

In Fig. 2, the concept of expecting data from the altimeter
is depicted in panel (b) relating to the planned orbit given in
panel (a). When we select a point S in the observation period
of the altimeter, the pulses are observed with a time delay
after transmission at τ = 0. Because of the resolution limit
of 25 μsec for measuring the timing of the arrival pulses, the
apparent arrival time looks the same for several trials of the
pulse propagation experiment, which made every 250 μsec.
The measure of the pulse arrival time then jumps by 25 μsec
when the distance makes a corresponding variation. As is
shown at the bottom of panel (b), the phase measurement of
two-side band waves at f + p and f − p is made during
the 300 μsec time duration of the arriving pulse. Through
this process high resolution data in terms of 4πp(�r/c), for
L = (mr0 + �r)/2, are obtained.

4. Accuracy—Discussion of Error
Calibration for the phase measurement function has been

made for the present instrument using a simulator to gener-
ate a pulse delay equivalent to that of the propagation. In
Fig. 3, a block diagram of the calibration system is given.
A phase delay equivalent to the propagation is produced by
shifting the timing to the time-series data obtained by high
speed sampling of the received wave form. The delay to this
digitized time series data is controlled by an FIFO memory
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Fig. 3. Block diagram of the calibration system (ALT Calibrator) for phase delay. The output from the sounder power amplifier is fed to the A/D converter
controling the power level. The time-series data obtained from the A/D converter is shifted their timing from the reference timing of the pulse transmission
by controlling the timing of the time-series data in the FIFO (First In First Out) memory with a time resolution of 0.03125 μsec. After making a delay
equivalent to the time difference of the propagation, the digital time series data are fed to the D/A converter to form an actual case of an analog signal
with actual S/N ratio. The signal is then fed through the antenna’s matching circuit to the receiver and the system for the measurement of the phase
difference.

Fig. 4. Results of the measured phase (ordinate) versus the control time delay given in the abscissa. The measured phase angles are plotted for p = 200 kHz
(• symbols) and p = 50 kHz (◦ symbols).

with a resolution of 31.25 × 10−9 sec (i.e., 0.03125 μsec).
The digital data of the delay controlled time series are then
converted to analog wave form again to feed the signal to
D/A converter to achieve a real wave form for an actual case
of S/N ratio. In Fig. 4, results of the measured phase angle
	mes (in ordinate) are indicated versus delay time. The re-

sults verify that we can measure the phase difference with an
error of ±3◦ for an actually possible S/N ratio of the signal.

For an example case of α = 1/5, f p0 = 3 MHz, and
f = 9 MHz, the resolution limit |�	mes| is 6◦; this limit
results in �r = 100 m for p = 50 kHz, while �r = 20 m
for p = 250 kHz, i.e., the estimate for the possible error of
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Fig. 5. Geometry of the spacecraft position and ray direction of the propa-
gating waves.

a measured �	 value, is given by

δ(�	) = 4πp
(r0

c

) {
δ(�r)

r0
+ α

(ωp0

ω

)2 δ(ωp0)

ωp0

}

. (26)

For �r ≈ r0 = 3.75 km, corresponding δ(ωp) value to
result the same error level of δ(�r) = 20 m is 0.72 MHz;
therefore, the value means a plasma density variation of 40%
in the ionosphere. Within the short period of time when the
spacecraft passes over a special land shape, no such large
density variation will take place. We can then neglect the
variation effect of the ionospheric plasma density.

In this method, it is not necessary to consider the Doppler
effect due to the relative motion of the spacecraft with re-
spect to the reflection point. This is mainly because only
the wave with the wave normal mostly in the perpendicular
direction of the planetary average surface can be detected
by the spacecraft. As has been given in Fig. 5, the devia-
tion angle θ from the vertical direction is within the range of
3.3×10−4 rad when we consider even five times the possible
deviation distance of the spacecraft during the propagation
time interval of the transmitted waves for 300 km, assuming
a spacecraft velocity of 8 km/sec. The Doppler frequency
in this case is given by ωD = 2kvθ , that gives the result,
ωD = 8.8 × 10−9ω. We can therefore confirm that there is

no disturbance from the Doppler effect in the present obser-
vation system. From the argument related to Fig. 5, we can
also conclude that the illuminated area of measurement is
around 100 × 100 m when the land shape is approximately
flat or convex, as in the cases of plains or mountains. The
illuminated area may be increased for concave land shape.

5. Conclusion
Considering the chance to carry out an RF sounder ex-

periment for the measurement of the topside ionosphere of
Mars, a new altimeter has been developed utilizing the same
principal facilities of the RF radio sounder. By selecting the
frequency of the transmitted RF pulse to be higher than the
local cutoff frequency of the planetary ionosphere, the re-
ception of reflected pulse can be applied to the time of flight
measurements of the spacecraft altitude with respect to the
planetary surface. Because of the limitation of the time reso-
lution for the measurement of the pulse arrival time, a simple
application of time measurement of the pulse transmission
gives a limit of 3.75 km for determination the spacecraft al-
titude, which corresponds to a time resolution of 25 μsec.
To interpolate within this range limit for fine measurement,
a phase detection system is added to the proper RF wave
sounder technique.

The RF pulse signal with frequency f is modulated with
low frequency p to make the upper side band at f + p and
the lower side band at f − p. The phase difference of these
two side band signals is strictly related to the propagation
range without significant effects of the ionospheric plasma.

The achieved instrumentation for the altimeter mode (ALT-
mode) of Planet-B PWS observation verifies that the altitude
can be measured with a resolution of 100 m for p = 50 kHz
with f = 9 MHz and a resolution of 20 m for p = 250 kHz
with f = 9 MHz, corresponding to a phase resolution angle
of 6◦ for the phase detector of the on-board system. It is also
confirmed through simulation that the stable measurement of
the altitude and land shape is possible within an altitude range
below 300 km, when a nominal 600 Watt power transmission
is made, as has been achieved for the proper RF sounder of
the Planet-B spacecraft.
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