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[57] ABSTRACT

. A two-way ranging system in which deviations of trans-

mit times of interrogation signals from a nominal transit
time are determined at a transponder. These deviations
are dependent upon the propagation conditions for
interrogation and reply signals in the medium of propa-
gation. A normally fixed delay is developed in the tran-
sponder. This fixed delay occurs between the reception
of an interrogation signal and the transmission of a reply
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1
TWO-WAY RANGING SYSTEM

BACKGROUND OF THE INVENTION

The present invention relates to a two-way ranging
system, and more particularly to propagation delay
deviation correction devices for such a system.

PRIOR ART STATEMENT

In a book by E. Kramar, “Funksysteme fur Ortung
und Navigation”, Verlag Berliner Union GmbH, Stutt-
gart, 1973, pp. 147-159, a two-way ranging system
DME (distance-measuring equipment) is described, in
which the interrogation and reply signals consist of
pulse pairs. .

In the use of a DME equipment, measuring accuracy
is affected by errors caused by multipath propagation.
Measures are known by which such errors can be re-
duced.

If an interrogator and a transponder are so located in
relation to each other that the signals penetrate the
troposphere and the ionosphere, for example, errors are
also caused by the propagation conditions for the sig-
nals in the media forming the ionosphere and the tropo-
sphere. Then, the measured transit time is longer than
the transit time in case of straight-line signal propaga-
tion (the nominal transit time). The nominal transit time
is that on which the distance measurement is based.

It is known that the distances between satellites and
ground stations are measured by means of a two-way
ranging system.

Deviations of the transit times of signals propagating
in the ionosphere and/or troposphere have disturbing
effects in other systems, too. In a GPS (Global Position-
ing System) navigation system, for example, one-way
ranging is performed. It is known how transit-time devi-
ations caused by the propagation conditions for the
signals in the ionosphere and/or the troposphere can be
taken into account during evaluation. Reference is made
to an article by E. H. Martin, “GPS User Equipment
Error Models”, NAVIGATION, Journal of the Insti-
tute of Navigation, Vol. 25, No. 2, 1978, pp. 201 to 210
(especially pages 207 to 210), and a report by E. E.
Altshuler and P. M. Kalaghan, “Tropospheric Range
Error Corrections for the NAVSTAR System”, Air
Force Cambridge Research Laboratories, AFCRL-TR-
74-0198, April 1974. To aliow for the ‘“ionospheric
error”, two signals of different frequency are evaluated
for one-way ranging. Compensation for the “tropo-
spheric error” is performed in accordance with the
Altshuler model, in which, inter alia, the refractive
index of the troposphere and the elevation angle from
the measuring station to the station transmitting the
signal used for one-way ranging are evaluated.

In a two-way ranging system, unlike in a one-way
ranging system, transit-time deviations are present on
two signal paths (interrogation and reply signals).

SUMMARY OF THE INVENTION

In accordance with the system of the present inven-
tion, the above-described and other disadvantages of
the prior art are overcome by delaying a reply signal to
compensate for unwanted deviations in interrogator and
reply signals.

In the novel two-way ranging system of the present
invention, it is an advantage that the instant of reception
of a reply signal at the interrogator is already the cor-
rected instant of reception. That is, from the time differ-
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2

ence between the transmission of the interrogation sig-
nal and the reception of the reply signal, the distance
between the interrogator and the transponder can be
calculated directly in a manner known per se, taking
into account the fixed delay (nominal delay) in the tran-
sponder and the built-in equipment delays.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings which are to be regarded as merely
illustrative:

FIG. 1 is a block diagram of the essential parts of a
conventional transponder of a two-way ranging system;

FIG. 2 is a block diagram of one embodiment of a
portion of the transponder;

FIG. 3 is a block diagram of another embodiment of
another portion’ of the transponder; and

FIG. 4 is a block diagram of a transponder in which
the two embodiments of FIGS. 2 and 3 are imple-
mented.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the novel two-way ranging system of the present
invention, the type of interrogation and reply signals
used is of no importance. It is of great importance with
regard to the implementation of individual components
of the system. As the implementation of the system
components is unimportant for the invention, it will not
be dealt with here.

The interrogation signals transmitted by an interroga-
tor have a carrier of frequency fi. They are received by
an antenna 1 of the transponder (FIG. 1) and fed
through a circulator 2 to a mixer 3, where they are
combined with a signal of frequency F to produce an IF
signal. The TF signal with the frequency f1—F is applied
to a device 4 in which a trigger pulse is derived from the
IF signal. The trigger pulse delivered by this device 4
triggers a delay line 5, and the delayed trigger pulse
triggers a transmitter 6. The latter generates the reply
signal, whose carrier has the frequency f3. The reply
signal is applied through the circulator 2 to the antenna
1, which radiates it.

Such a transponder is known per se. Automatic con-
trol systems which compensate, for example, for delay
variations due to temperature changes or component
aging are not discussed here, because they are not nec-
essary for an understanding of the invention. In a com-
plete transponder, however, such automatic control
systems are usually present. They are present in addi-
tion to the devices which will be explained with the aid
of FIG. 2 and/or FIG. 3. In DME, the delay is chosen
so that the reply signal is transmitted exactly 50 micro-
seconds after reception of the interrogation signal. In
the GRANAS navigation system which is disclosed in
German patent application No. 3301613, this delay is 1.2
seconds.

The first embodiment of the invention is shown in
FIG. 2 which shows a block diagram of a portion of a
transponder. Delay-time deviations caused during sig-
nal propagation in the troposphere are compensated for.

In this embodiment, the following information must
be available at the transponder:

1. The coordinates X, Yp, Zp of the transponder;
geographical longitude and geographical latitude
of the transponder position;

2. The coordinates Xs, Ys, Zs of the interrogator;

3. The refractive index of the troposphere.



4,677,441

3

If both the interrogator and the transponder are in
motion, each of them must determine its position, and
the interrogator position must be transmitted to the
transponder.

In the GRANAS navigation system, the interrogator
is aboard a satellite, and the transponder is a fixed
ground station. Thus, the data specifying the position of
the transponder must be determined and stored only
once.

In the GRANAS navigation system, the interroga-
tion signals contain the satellite coordinates in coded
form. As a result, the satellite position (and, conse-
quently, the interrogator position) is known at the tran-
sponder.

The transponder includes a conventional device for
measuring the refractive index of the troposphere.

From the values measured by this device, the transit-
time deviation At” of the interrogation signal is deter-
mined in accordance with Altshuler’s model. At” is the
time by which the interrogation signal is delayed as
compared with the delay of the signal arriving over a
direct path.

From the measured values, At” is calculated by the
equation

At =G(a)-H(k)-F(h,Ns) 4))
where

a=elevation angle

h=nheight of satellite above sea level

G, H:and F=empirical functions

Ns=refractive index of the troposphere

The functions will not be dealt with here because
they are known from the report of Altshuler and Kalag-
han. They contain empirical values which are deter-
mined anew at long time intervals (about 10 years).

The correcting value thus determined, At”, is inde-
pendent of the frequency of the interrogation signal.
The transit-time deviation is present in the case of both
the interrogation signal and the reply signal. Therefore,
the normally fixed delay, which is the time difference
between the reception of the interrogation signal and
the transmission of the reply signal, is shortened by
2At". The sum of the transit-time deviations of the inter-
rogation and reply signals, and the delay in the tran-
sponder is thus equal to the value which is to be con-
stant. Thus, a correction of the propagation errors is
obtained without any additional steps having to be
. taken at the interrogator.

FIGS. 2, 3 and 4 show how the transponder of FIG.
1 can be modified to correct the tropospheric error.

The output signal of the mixers 3, 3', 3" and 3" in
FIGS. 1, 2, 3 and 4 are fed not only to the devices 4, 4,
4" and 4", respectively, for generating the trigger pulse
but also to a demodulator 13 in FIG. 2 and to 2 demodu-
lator 13" in FIG. 4. The latter demodulate the received
interrogation signal and decode the interrogator coordi-
nates Xs, Ys, Zs, which are contained in the interroga-
tion signal. These coordinates are fed to computers 11,
11’ and 11" which also hold the data Xp, Y5, Zp, ¢, and
A for the transponder. The transponder further includes
measuring devices 14 and 14"’ which measure the re-
fractive index Ns of the troposphere. N, too, is fed to
the computers 11, 11’ and 11", In the computer, 2At" is
calculated as described above. :

While delay line 5 in the transponder of FIG. 1 pro-
duces a fixed delay, the novel transponder contains a
variable delay line 12. This variable delay line 12 is
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4
controlled by the computers 11, 11’ and 11" so as to
provide a delay equal to a fixed delay minus 2At".

In the second embodiment, for which a block dia-
gram of a portion of the transponder is shown in FIG.
3, transit-time deviations caused during signal propaga-
tion in the ionosphere are compensated for.

It is known that the ionosphere is a dispersive me-
dium. A signal travels in the ionosphere over different
paths depending on its frequency. Accordingly, the
signal transit time in the ionosphere is frequency-
dependent, too.

This property is used to determine a correcting value.
Instead of one interrogation signal, the interrogator
transmits two interrogation signals with different fre-
quencies f and f5. The following is a numerical exam-

ple:
fi=1.575 GHz
f,=1.228 GHz

f3=1.654 GHz (f3=frequency of the reply signal)

If transmitted by the interrogator at the same time,
the two interrogation signals reach the transponder at
the instants 71 and 72. From these instants (or the differ-
ence Ar=71—73) and the frequencies of the interroga-
tion signals, a correcting value At is determined. If the
two interrogation signals are not transmitted simulta-
neously, this time displacement must be taken into ac-
count in the determination of A7.

The correcting value by which the fixed delay must
be reduced is 2 At, because a transit-time deviation
occurs both in the case of the interrogation signal and in
the case of the reply signal. The correcting value is

At = 2(r1 — 72) _ 2AT
- it _ A2
7? 52

As mentioned above, the transit-time deviation is
frequency-dependent. Therefore, since the frequency of
the reply signal differs from the frequencies of the inter-
rogation signals, a reduction of the fixed delay by 2 At
gives a correction of the transit-time deviation, but this
correction contains an error which is caused by the fact
that f3 differs from fj and f5.

A further improvement in accuracy is obtained if this
fact is taken into account in the determination of the
correcting value.

As mentioned above, the deviation of the transit time

'of the interrogation signal is At. The transit-time devia-

tion of the reply signal is then

2
Af = At--L-

f32

To eliminate the transit-time deviations of the interro-
gation signal and the reply signal, the fixed delay is
reduced by At-+At', i.e., the correcting value is At-+At'.

Possible numerical values of the difference and the
correcting value At at the above frequencies:

A7=-—35.3 ns.

At=10 ns.

FIG. 3 shows how the transponder of FIG. 1 can be
modified to correct the ionospheric error.

Since the transponder receives two interrogation
signals with the different frequencies f1 and f, the mixer
3" delivers IF signals with the frequencies fi—F and f;
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—F. The mixer 3" is followed by two bandpass filters 7,
8 each tuned to one of these frequencies. The output
signals of the bandpass filters are fed to trigger-signal-
generating devices 4" and 9, respectively.

The two trigger signals are applied to a time-measur-
ing device 10, which measures the time difference be-
tween the two trigger pulses present at the instants 71
and 7. It can be implemented as a counter which is
started on receipt of the first trigger pulse and stopped
on receipt of the second trigger pulse. From the count
and the clock frequency at which the counter is driven,
the time difference can be derived.

The trigger pulse provided by the trigger-pulse-
generating device 9 (instant 71) not only is applied to the
time-measuring device 10 but also triggers the variable
delay line 12'. The delay is controlled by the computer
11’, as in the embodiment of FIG. 2. In the embodiment
of FIG. 3, the correction of the normally fixed delay is
calculated from A7 and f] and f; or from A7 and f, f5,
and f3, as described above.

Which correction must be performed depends on the
application of the two-way ranging system, particularly
on where the interrogator and the transponder are lo-
cated. This is true because the signal propagation paths
depend on the positions of these two stations. If the
signals must pass through the troposphere and the iono-
sphere, and maximum measurement accuracy is re-
quired, both the corrections of the embodiment of FIG.
2 and the corrections of the embodiment of FIG. 3 must
be made. Additional corrections are possible in the
presence of still other transit-time deviations caused by
a medium of propagation. The common idea is always
to determine the propagation-medium-induced transit-
time error of the interrogation signal. The normally
fixed time difference between the reception of the inter-
rogation signal and the transmission of the reply signal
is then corrected so that the transit-time errors are re-
duced or eliminated.

An embodiment in which both the tropospheric and
the ionospheric errors are corrected will now be ex-
plained with the aid of FIG. 4. The block diagram of
FIG. 4 is composed of the block diagrams of FIGS. 1 to
3. Like devices are designate by like reference charac-
ters with primes added.

The signal received by an antenna 1’ is fed through
a circulator 2" to mixer 3. The output signal of the 25
mixer 3" is applied to two bandpass filters 7'’ and 8",
which are followed by trigger-pulse generating devices
4" and 9", respectively. The output signals of the latter
are fed to a device 10"’ for measuring the time differ-
ence A7. The output signal of the trigger-pulse-generat-
ing device 9'” (instant 71) is applied to a variable delay
line 12", The output signal of time-measuring device
10" (A7) is fed to computer 11", which is also fed with
the values f1, f3, f3 and with the coordinates of the inter-
rogator (Xs, Ys, Zs), which were determined by de-
modulator 13"’. The input signal for the demodulator
13" is the output signal of the mixer 3'’. Measuring
device 14"’ determines the refractive index Ns of the
troposphere and feeds this value to the computer 11'".
The latter is also fed with the coordinates of the tran-
sponder, X, Y 5, Zp, longitude and latitude. From these
values, the computer 11" calculates a correcting value
by which the normally fixed delay in the transponder is
shortened, as described above. The correcting value is
applied to the variable delay line 12'”". The output signal
of the variable delay line 12"’ controls a transmitter 6",
which delivers the reply signal with the frequency f3.
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6

Longitude and latitude are sometimes referred to
herein as A and ¢, respectively.

What is claimed is:

1. In a two-way ranging system comprised of an inter-
rogator for transmitting an interrogation signal through
the atmosphere, and a transponder having means for
receiving said interrogation signal, means for determin-
ing the time of arrival of said interrogation signal, and
means for transmitting a reply signal to said interroga-
tor through the atmosphere after a fixed delay follow-
ing the reception of said interrogation signal, an im-
provement comprising:

means at said transponder for determining the devia-

tion of the interrogation signal transit time from the
nominal transit time due to propagation conditions
of said interrogation signal through the atmo-
sphere, and

means at said transponder for shortening said fixed

delay before said reply signal is transmitted as a
function of said determined deviation of said inter-
rogation signal transit time, whereby said transmit
time deviations of said interrogation and reply
signals are eliminated to a very large extent.

2. A two-way ranging system as defined in claim 1,
wherein said interrogator transmits two interrogation
signals having different frequencies f1 and f, said tran-
sponder includes means for determining the respective
times of arrival 71 and 73 of said two interrogation sig-
nals, means for determining the difference A7 between
said two times of arrival, and said means at said tran-
sponder for shortening said fixed delay includes means
for determining said deviation on the basis of said time
difference and said frequencies of said two interrogation
signals, and means for determining the value by which
said fixed delay is shortened as a function of said two
frequencies and said determined deviation of transit
time.

3. A two-way ranging system as defined in claim 2
wherein said last named means includes means for tak-
ing into account the frequency of the reply signal (f3) in
the determination of the value by which said fixed delay
is shortened.

4. A two-way ranging system as defined in claim 2
wherein said means for determining the value by which
said fixed delay is shortened is calculated in accordance
with the equation:

_ A —72) -
LT

f22

2At

where 71 and 7 are the times of arrival of the two inter-
rogation signals with the frequencies fj and f5.

5. A two-way ranging system as defined in claim 2
wherein said means for determining the value by which
said fixed delay is shortened is equal to At+At’, where
At is calculated in accordance with the equation:

A,=<_ﬂ;’§l
D
2

and At’ is calculated in accordance with the equation

v— - o
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Ar = il-z— - At
S

where f3 is the frequency of the reply signal.

6. A two-way ranging system as defined in claim 4
wherein said means for determining the value by which
said fixed delay is shortened is determined by the sum
At-++At’, where At is the determined deviation of transit
time of the interrogation signal, and At’ is calculated in
accordance with the equation:

2
ar =L

At
f32
where f3 is the frequency of the reply signal.
7. A two-way ranging system as defined in claim 1
wherein said means for determining the value by which

said fixed delay is shortened includes as parameters the
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refractive index of the medium in which the interroga-
tion signal propagates, the height of the interrogator
above sea level, and the elevation angle of the interroga-
tor from the transponder.

8. A two-way ranging system as defined in claim 7
including means at said interrogator for transmitting
position data to said transponder, and means at said
transponder for determining said elevation angle from
said position date received from said interrogator.

9. A two-way ranging system as defined in claim 6
including means at said transponder for measuring the
refractive index of the medium of propagation.

10. A two-way ranging system as defined in claim 1
including at said transponder a first means for determin-
ing the values by which said fixed delay must be short-
ened, and a variable delay line responsive to said values
for providing a corrected delay before responding with
said reply signal.
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