Where did that happen?

How radar can determine the
location of meteors and cosmic
rays.



How to determine where we are

If we are at an unknown location, and want
to figure out where we are:

e “Dead reckoning”

e Distance and/or angle to known landmarks
* Celestial navigation

« GPS — Global Positioning System



Dead Reckoning

Dead reckoning is a method of estimating
current position based on previously
known position

Assume we know where we started

We know the speed, direction, and
elapsed time while we traveled, so we can
calculate where we are

In the long term, it Is very sensitive to
measurement errors



Using known landmarks

e Suppose we are
on a boat in New
York Harbor, and
want to know
where we are

e \We can use
known landmarks
to figure it out

* In this case, we
will use the
Statue of Liberty
and Ellis Island



Distance measurement

 The distance to
Ellis Island is 1
mile, and to the
Statue of Liberty
IS 2/3 mile

e We draw circles
centered at the
two reference
points, with the
radius equal to
the measured
distances

e Qur location is
where these
circles intersect



Distance measurement (cont.)

The circles will usually intersect at two points

Assuming we have some knowledge of roughly
where we are, we can probably figure out which is
correct

In our example, the circles intersect at our location
In the Harbor and also over land in New Jersey

Since we know that we are on the water, we can
determine which location iIs correct

If we cannot figure out which of the two
Intersections is correct, we may need to use a
third landmark



Bearings measurement

« We measure the
bearing to Ellis
Island to be
343° and to the
Statue of Liberty
to be 303°

« We draw a line
starting from
Ellis Island at
163°(= 343°-
1809, and from
the Statue of
Liberty at 123°

e Qur location is
where these
lines intersect



Distance/Bearings Measurement

* \We can combine distance and bearings
measurements as well

* For example, if we know that we are 2/3
mile Southeast of the Statue of Liberty,
that determines our position

* Or, we can combine distance to one
landmark and the bearing to a different
landmark to calculate position



Celestial navigation

The idea of celestial navigation is similar to
using the bearings of known landmarks

Except, in this case, the landmarks are the Sun,
Moon, planets and stars, and the angle is
measured between the object and the horizon

These landmarks move, so the location in the
sky depends on the time of day and time of the
year

The positions of the celestial objects are given in
tables in almanacs



GPS

The theory behind GPS is similar to determining
location based on distance to landmarks

With GPS, the landmarks are satellites, and the
distances are calculated based on arrival time of
signals from each satellite

In order for this to work, the GPS satellites must
all have very precise clocks on board

Since the satellites move, they also broadcast
their current positions as part of their radio
signals



How to determine where events
OCCcur

e Suppose we can observe an event, like a
meteor or cosmic ray, and want to figure
out where It happened

* \WWe can use technigues similar to many of
the methods we already discussed

e This is the theory behind radar (Radio
Detection and Ranging)



Simple radar theory

Radio waves reflect (or scatter) off changes in density or
material in the atmosphere

Radio waves travel at a constant speed through the
atmosphere (the speed of light), so knowing the time a
wave takes to travel is equivalent to knowing the distance it
traveled

An active radar transmits a radio signal and receives the
reflections

This type of radar can determine distance based on the
round-trip time of the reflected signal, and bearing from
directional receivers



Passive, bistatic, and multistatic
radar

Passive radar is a system that does not have its own
transmitter

Instead, it uses other sources of radio waves, such as
radio and TV stations

Bistatic radar is a system in which the transmitter and
receiver are not in the same place

A multistatic radar uses at least 3 locations,

for example, one transmitter and two

receivers

The MARIACHI Radar project is a
multistatic, passive, forward scatter radar
with 4 receiver sites



Radar object location

We will assume that we do not get directional
measurements from the radar receivers

So, we have to calculate the location based on distance

But, with passive radar, we don’t necessarily know when
the signal was transmitted; we might only know the time
It was received

If that Is the case, we might need to use a more
complicated algorithm called multilateration or hyperbolic
positioning, based on time difference of arrival



Radar location for known
transmission time

e Suppose we have a vehicle traveling in an area
with 3 recelivers

e Every second, the vehicle transmits a radio
signal to the receivers

e |f the clocks at the vehicle
and receivers are
synchronized, then the
receivers can calculate the
time between transmission
and reception



Calculating location for known
transmission times

For this example, let’'s assume that receiver 1 Is
ocated at (0, 0)

Receilver 2 i1s 5 km North at (0, 5)
Receiver 3is 5 km East at (5, 0)

The vehicle transmits the signal at exactly noon
(12:00:00.000000000)

The signal Is received at receiver 1 at
12:00:00.000009428, at recelver 2 at
12:00:00.000012019, and at receiver 3 at
12:00:00.000012019




Calculating location for known
transmission times (cont.)

SO, It takes 9.428 s for the signal to travel to
receiver 1, and 12.019 s for the signal to travel
to recelvers 2 and 3

* |n order to calculate the distances, we use the
equation d = ¢ - t, where d is the distance, c Is
the speed of light (3 x 10° km/s), and t is the
time

« Using this equation, we calculate that the venhicle

IS 2.828 km from receiver 1, and it is 3.606 km
from receivers 2 and 3



Geometric method for location with
known transmission times

 Now that we know the
distances from the
transmitters, we can use
the geometric method of
drawing circles of the
appropriate radius
centered at each receiver

e The vehicle is located at
the intersection of the
circles



Limitations of geometric method

 The geometric method is simple, but it doesn’t
easily give an exact result

* |In the graph, the circles look like they intersect at
approximately (2, 2), but we can’t really tell if the
Intersection is at (2.00, 2.00) or (1.98, 2.02)

e S0, Is there another method that will give us a
more exact solution for the position of the
vehicle?



Algebraic method for location with
known transmission times

« What if we write the equations of the circles, and
algebraically solve for the point that satisfies all the
equations?

 The general equation for a circle is

where (c,, ¢,) Is the center point and r is the radius
* S0, the system of equations to solve for the location is

where (x, y;) is the location of the it receiver,
d. is the distance from the i" receiver, and
(I, I,) Is the location of the vehicle



Algebraic method for location with
known transmission times (cont.)

* Plugging the values from the example into the equations,
we get

 These can be simplified to
« Then we can isolate |, and |, in the first equation

and plug them back in to one of the other two



Algebraic method for location with
known transmission times (cont.)

 Plugging |, into the second equation, we can solve for I,

« Then we can plug this back into the equation we got for |
and solve for it

 Using the same approach with the third equation, we get |,
=2and| =+2
e So0, we have determined that the vehicle is located at (2, 2)



Effect of measurement error on
location calculations

In an actual radar system, the time delays for the
received signals cannot be measured exactly

This leads to an error term in all of the equations

There are several optimization methods that can be used
to estimate the location (for example, least squares
optimization)

Using more receiving stations or multiple measurements
at each station can also increase the accuracy



Effect of measurement error on
location calculations (cont.)

* The effect of the error is more easily illustrated using the

geometric method



