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RAdio Detection And Ranging
or P17 71772 720

(RAdio Direction And Range)

Basic Radar Functions

* Detection

— determine if observed signal represents noise only, or
noise plus the echo of a transmitted signal

* implies reflection off an object

* Tracking
— measure and track the location and velocity of a detected object

* Imaging
— form a 2- D or 3- D image of an area or a volume
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From M.A. Richards, Georgia Tech

Albuquerque Airport

3 meter resolution, K, band (15 GHz)
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From M.A. Richards, Georgia Tech

What the Albuquerque Airport Might Look
Like on a Cloudy Night

Optical
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From M.A. Richards, Georgia Tech

IFSAR of University
of Michigan Stadium

Collected with
ERIM/DARPA/TEC
IFSARE system
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Target Vehicle

RCS (6.)

mmWave
Automotive Radar
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Typical Vehicle

Traffic Direction ;

Traffic Direction
4+—

One temporal snapshot of radar ray-tracing, showing the reflected-back rays
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RADAR SRR

Vehicle Battery |

Power Distribution Unit

Power Inverter

Computer with ROS

RADAR SRR |

Left Rear Camera
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! RADAR SRR
( ~ Y
Left Side Camera Hr DBW CAN Gateway

Vi

L P Wide Camera

A Voyage self-driving taxi on the road at The Villages community in Florida.
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IEEE SIGNAL PROCESSING MAGAZINE

Range x FOV
September 2019 10

Angle
Resolution

Robustness
to Interference

Velocity
Detection

Adverse Weather & Processing
Overhead

Night Operation Device Cost

Camera

Radar e | idar

Stephen Alland, Wayne Stark, g 3
Murtaza Ali, and Manju Hegde FIGURE 1. A comparison of automotive sensors.

Interference in Automotive Radar Systems

Characteristics, mitigation techniques, and current and future research
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Low-cost civil marine radar (~1500 us$)
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RADAR HISTORY

Germany

Christian Hulsmeyer — 1904 (Radar)
Hans E. Hollmann — 1925 (Magnetron)

England

Robert Watson-Watt - 1937 (Chain Home radar)
John Randall & Harry Boot — 1940 (High power magnetron)

USA

Albert Hoyt Taylor - 1922 (NRL, Bi-static radar)
Robert W. Page - 1937 (NRL, Naval radar, CXAM)

Italy
Guglielmo Marconi - 1934
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pas TELEMOBILOSKOP 1904

CHRISTIAN HULSMEYER, DUSSELDORF, DRP 165546169154
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The British patent
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N° 13,170

Date of Agolication, 10th Jure, 1901 —Accepted, 22nd Sept., 1904

COMPLETE SPPECIFICATIUON,

‘“Hertzian-wave Projecting and Receiving Apparatus Adapted to
Indicate or Give Warning of the Presence of a Metallic Body, such
ae & Ship or a Train, in the Line of Projection of such Waves "’.—

T, Coustonx Hersannun of 3 Ghalbeanstrasse, Disacldor?, Germany, Fngineer
do hierehy ol wtae of thex dnvention and in what monuer the sone
= 1o be ]nlln s peatiendnedy descriliod and asweerlained in and by the
following <tatc

This invention consists, broadiy, of inproved spparatus for oojecting clee-
tric waves in any desired diveelion combined with mproved apperatus for ree
coving said wiores when reffected ek foom soy metallic budy, swch as o ship
or o teain, skl receiving appoziins beiug ulxltlul tu put inloe vetion an sudible
or a visible sigenal aned Ilnus give waming of the presence of suelc metallic Tedy
i the line of pojection of the waves

Hulsmeyer and Watson-Watt actually met, at a radar conference in Frankfurt in 1953 (Figure 6). This
must have been a remarkable meeting. Watson-Watt is recorded as saying: ‘| am the father of radar.
You may be its grandfather’ — which in hindsight seems a shade arrogant. The expression on

Hulsmeyer’s face shows a certain confidence in his own claims.

Hulsmeyer died on 31 January 1957, at the age of 75, and was buried in the North Cemetery at
Dusseldorf.

Figure 6: Hulsmeyer (centre) and Watson-Watt (left) meeting in 1953.
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Hans E. Hollmann - In 1928 Hollmann
started a company called GEMA. GEMA
built the first radar in the autumn of 1934
for naval use. It used a 50cm wave-length
and could find ships up to 10 km away. By
1935, they had developed the technology
into two applications. For naval use, the
"Seetakt" system used a wavelength of 80
cm. A land based version at 120 cm

wavelength was also developed as "Freya".
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Telefunken set up a radar
business in 1933 based on
Hollmann's work and
developed a much shorter-
range gun-laying system
called "Wurzburg." During
World War II, Freya and
Wirzburg worked in pairs.
Freya would spot the
incoming aircraft while the
Wiirzburg calculated the
distance and height.
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The German military considered the Magnetron’s frequency drift to be undesirable and
based their radar systems on the klystron instead. It was primarily for this reason that
German night fighter radars were not a match for their British counterparts.

Lichtenstein Antenne
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2,123,728

H. E. HOLLMANN

July 12, 1938,

2,151,766

H E. HOLLMANN

March 28, 1939.

MAGNETRON

MAGNETRON
Filed Sept. 8, 1938

Filed Nov. 27, 1836

INVENTOR
HANS ERICH HOLLMANN

' ATTORNEY

INVENTOR.

HANS ERICH HOLLMANN

» Ci

ATTORNEY.

Y iy
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In 1940, at the University of Birmingham in the UK, John Randall and Dr. Harry
Boot produced a working prototype similar to Hollman's cavity magnetron, but
added liquid cooling and a stronger cavity. Randall and Boot soon managed to
increase its power output 100 fold. Instead of giving up on the magnetron due to
its frequency inaccuracy, they sampled the output signal and synced their
receiver to whatever frequency was actually being generated.

Output couplin
P ping Resonating cavity

Copper
anode block

Oxide-coated

n+— | eads to cathode
cathode i

& heater

Resonant cavity magnetron high-power
high-frequency oscillator

Sir John Randall
1905-1984

Sir Harry Boot
1917- 1983
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OBITUARY

Dr Harry Bool, who died on
February 8 was 2 physicist who
made an outstanding contri-
buiion 1o the successful apph-
cation of British science during
the Second World War, With
J. T. (later Sir John) Randall he
produced the first 10 centimetre
radar through the cavity mag-
netron, a discovery which had a
profound impact on thc waging
of the war in several imponant
spheres, the most vital of which
was perhaps, the Battie of the
Allantic, :

Here, centimetric radar was
able 10 provide the Allies with 2
means of locating with accu-
racv, surfaced U-Boats in any
weather, night or day, an
advance which led 1o the defeat
of Admiral Doenitz's woll pack
svstem of deploying his U-
boats. This was 10 turn the tide
in the Allantic with surprising
speed. Other major areas in
which centimetric radar was
decisive was the dcfeat of
German night bombers in the
*Liwtle Blitz" of 1943-44, and in
the improvement in the accu-
racy of the Allies’ own night
bombing.

The discovery that the
magnetron could be a source of
short wave radiation of great
power camc afler no lengthy
research. ‘Boot and Randall
were among others in Professor
M. L. E. Oliphant’s laboratory

at  Birmingham  University
where the Problems ot proouc-

‘ing shoriwave radar were being

researched. Here the klvstron, a
recent Amecrican invention, was
under consideration as a pro-
ducer of centrimetric radar
puises and ‘Randall and Boot
were given the unglamorous
1ask of making Barkhausen-
Kurz tubes as possible receivers.
“They were not successful in
this task and. in the cormer of an
elementary teaching laboratory
they were left much 10 their
own devices, They therefore
turned their own attention 1o
the problem of generating
centimetric radar waves. They
eventually dismissed the klys-
tron as a viable source of such
radiation and in their consider-
ation of other sources <f power,
thought of the more favourable
geometry of the magnetron.

In February 1940 zficr three
months work a “‘sealing wax
and string™ model of their own
cavily magnetron was switched
on and after several falsc starts
they were able 10 measure the
wavelength of the pulses they
were transmitting. These were
found 10 be 9.8 centimetres, a
figure of an order which was 10
usher in a wholly new dimen-
sion in the usefulness of radar.

The Battle of Britain had 10
be fought with large, crude, and
moreover vulnerable radar

Nadav Levanon, Tel-Aviv University

” DR HARRY BOOT
<. 2% Invention of 10 centimetre radar

stations in . chains, which
through their numbers and
position could enable approach-
ing enemy air forces 10 be
dciected and roughly located.
But to do this the sky had, in
crude terms, to be virtually
‘flooded” with radar 1trans-
missions. Centimetric radar
brought in the era of the precise
radar beam, and the small,
lightweight radar transmitter,

First used in the aircraft of
Bomber Command on therr
night raids it soon became the

.property of anti-aircrafl units,

convoy escorts and night
fighters, making a decisive

.difference in the quality of radar

detection available 1o the Allies,
{from the middle of the war on.

Boot . and Randall were
intially rewarded with a prize of
£50 from the Roval Society of
Arts for “improving the safety
of life at sea”. Coming on the
same day as the dropping of tke
atomic bomb on Hiroshima this
modest announcement made
little impression. It was only
afier the war that thev applied
1o the Royal Commission for
Awards for Inventions, and,
with James Sayers. who did
much of the work on improving
their original design. received a
reward more commensurate
with their deccisive cffort -
£36,000.
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Typical Chain Home Radar Site

Radar Parameters

* Frequency

— 20-30 MHz
* Wavelength

- 10-15m
* Antenna

— Dipole Array on
Transmit

— Crossed Dipoles or
Receive

* Azimuth Beamwidth
— About 100°

* Peak Power
- 350 kW

* Detection Range

—  ~160 nmion
German Bomber

The British Chain Home radar. The transmit antennas are suspended between the towers
on the right; the receive antennas are on the four wooden towers on the left, with each
tower initially operating on a separate frequency (MIT radar course).
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Receiving antenna

A system
double DJF crossed B4
mean height
2161t

phasing boxes
Al transformer

A system
height
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receiver mast
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Obtaining good elevation resolution on-receive using multipath from two different antenna heights
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Chain Home Radar Coverage CHAIN HOME RADAR
circa 1940

(21 Early Warning Radar Sites)
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Klein Heidelberg—The First
Modern Bistatic Radar System

HUGH GRIFFITHS, Fellow, IEEE
University College London

NICHOLAS WILLIS
Consultant

We present a description and analysis of the German WW2

tic radar system Klein Heidelberg (KH). A brief account

is given of the nature of the electronic war between the Allied
bombers and the German air defense system, to show the context
in which the KH system evolved. This is followed by a description
of the development of KH. a technical description, and an
assessment of its performance. Next, a discussion of its operational
significance, of what happened after WW2, and finally some

conclusions and some lessons learned that may be relevant to the

develoy of pr lay bistatic radar sy s. In particular,
we show that its performance was impressive, yielding detection

ranges of Allied bombers in excess of 300 km, but that it became

operational too late in WW2 to significantly improve German air

defense operations.

Manuscript received March 28, 2010: revised July 22, 2010:
released for publication August 16, 2010.

IEEE Log No. T-AES/46/4/938744.
Refereeing of this contribution was handled by P. Willett.

Authors™ addresses: H. Griffiths., Dept. of Electronic and Electrical
Engineering. University College London. Gower Street. London,
‘WCIE 6BT. UK, E-mail: (h.griffiths @ee.ucl.ac.uk): N. Willis, 7009
Valley Greens Circle, Carmel. CA 93923,

0018-9251/10/$26.00 © 2010 IEEE

I.  INTRODUCTION

The term bisratic refers to a radar in which the
transmitter and receiver are in separate locations
(Fig. 1). In practice this means that they are separated
by a considerable distance, usually understood to be
of the order of the target range, so as to distinguish it
from smaller separations designed only for receiver
isolation from the transmit signal, and this gives
bistatic radars some different and distinct properties
compared with conventional monostatic radars [1, 2].
Bistatic radar is presently a subject of significant
mterest and research 1n many countries worldwide,
which is reflected in the large volume of publications
in journals and at conferences.

The purpose of this paper is to present and analyse
information on a German WW2 bistatic radar system
called Klein Heidelberg! (hereafter denoted KH)
which was used to enhance German air defenses
by exploiting transmissions from the British Chain
Home (CH) radar transmitter, as shown in Fig. |.
‘Whilst some scattered information about this system
has been known for many years, recently-discovered
material has greatly increased our knowledge about
KH and its performance. and the relevance to
present-day systems means that this discussion may
be timely.

target-to-receiver

ftransmitter-lo-target
range, Re

range, Ry
transmitier

H e F

Fig. 1. Bistatic radar. Many of the properties are a function of
the bistatic triangle formed by the transmitter, target and receiver.

The paper begins with a review of the properties
of bistatic radar, to explain the present interest and
to set the context for what follows. Next we give a
short summary of German WW?2 air detense radar
and electronic warfare. This is followed by an updated
account of the development of KH, a technical
description, and an assessment of its performance.
‘We then discuss its operational significance during
WW2, what happened after WW2, and finally
we present some conclusions and lessons learned,
particularly with respect to present-day bistatic radar
systems.

!The name comes from Heidelberg Versuche. which was the
codename for the German research program in HF radar.

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 46, NO. 4 OCTOBER 2010 1571
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Klein Heidelberg (passive bi-
static German radar)
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Klein-Heidelberg
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FIGURE 2
Ground-wave propagation curves; Sea water, average salinity,c =5 S/m, e =70
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Main Refernce

Nadav Levanon, Tel-Aviv University

CH-impulse

Available CH and Klein-Heidelberg signals

at a certain frequency. Some pulses might
show fluctuations due to ionospheric

propagation and/or shifting signal phase

Target ellipse number 26, delay-time
Rt + Rs - L. With the bearing wvector
the target is confined. Its trace was
painted only for 2 ms out of 40 ms

(25 Hz prf of CH). Trace blanking 38 ms

LECTURE A SLIDE 32


http://www.cdvandt.org/K-H-LB13-40 K-H-Ellipse-26-low.jpg

Radar Principles - extended Nadav Levanon, Tel-Aviv University

K in—Heidelberg

e Colchester _-‘ n Oostvorne

] * -'l.
* Sout ¢
-end o/5..05

S

L |
-
[ ]
¢ | N ] / oy
: I .'"-u'" q
" L
. Pover .. .

LECTURE A SLIDE 33



Radar Principles - extended

position error [km], Az. error =5 deg, DeltaR error =1 km

Nadav Levanon, Tel-Aviv University
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The Athenaeum

SIR HENRY TIZARD
1885-1959 ;

Chairmaﬁ, Aeronautical ‘Ré‘seaféﬁ'i‘ :
Committee, 1933-1943; Member Of F. A. LINDEMANN

the Council of Ministers of Aircrafc: & {Lord Cherwell)

Production; an additiohal member i ¢ "1336 1957

;[f thbe AX lf:ouncﬂ 1941 1943, ,%‘ onal assistant to the Prime
oo enaeu@ e .0 ¢ Minister, 1940; Paymaster General,

i }94‘.2 1945, ;_:.Member, Athenaeum. b' | 1 . 5 .. W 4
e 1 o My ““=

gt acia . : "1'!mtmm "!h: e
ok

ARVARD UNIVERSITY PRESS
Cambrldge 38, Massachusetts . - il - - :
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Henry Tizard headed the Committee for the
Scientific Study of Air Defence, 1935-1940

The Tizard mission to the US and Canada
(September 1940)

Sir Henry Tizard (Mission Leader)
Brigadier F.C. Wallace (Army)

Captain H.W. Faulkner (Navy)

Group Captain F.L. Pearce (RAF)
Professor John Cockcroft (Army Research)
Dr. E.G. Bowen (Radar)

A.E. Woodward Nutt (Secretary)

Sir Henry Tizard

“Tizard carried a black leather suitcase which contained nearly all the important new English
war devices — and, of a different order of importance from the rest, the new cavity
magnetron - ‘The most valuable cargo ever brought to our shores’ “.

“Tizard mission, on which John Cockcroft was his second in command, was one of the
successes of both their lives. American scientists, both at the time and since, have spoken
with extreme generosity, of the effect that visit made. It is true that, mainly because the
English had been forced to think in order to survive at all, in most military scientific fields
they were ahead. This was preeminently true of radar. Although English, American, and

German scientists had all begun developing radar at about the same time, by 1940 the
English had carried it further”

C.P. Snow "Science and Government”, Harvard University Press, 1961
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MIT president

— - v -’A - A\ el D G
L-R: Ernest O. Lawrence, Arthur H. Compton,\Vannevar Bush,
James B. Conant, Karl T. Compton, Alfred L. Loomis.

1927 Nobel, Physics Harvard president
- [ 1936 Nobel, Physics Alfred Lee Loomis
1887-1975
An American attorney,
Vannevar Bush , MIT EE Prof,, investment banker and patron
Head - Nat'l Res. Defense of scientific research.
Committee. His students: Claude Played a key roll in establishing
Shannon, Fredric Terman the Radiation Lab at MIT.
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In October 18, 1940 the Radiation Laboratory at the Massachusetts Institute of
Technology with Lee A. DuBridge as its technical director was set up with the
prime purpose of developing radar for the war effort. It had three primary goals:
1. Develop a 10 cm Aircraft Interception (AI) radar.

2. Develop a gun laying radar.

3. Aircraft navigation. In March 1941, a 10 cm radar was tested on a B-18
bomber.

In its 6 years of existence, over 2.1 billion dollars were spent on the development
of radar. This was about as much as was spent on the development of the atom
bomb

Lee DuBridge, director of MIT Radiation Lab (left)
and John Trump, in Paris during WW I1.

In 1943 the Rad Lab established a British
Branch (BBRL), which created a direct
channel between the lab and the
European Theater. Trump became the
head of BBRL in February 1944. By
November he had begun shuttling back
and forth between Great Britain and
forward military positions on the
continent, serving a dual role with BBRL
and with Bowles’s contingent working for
the US Army Air Forces in Europe.
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In the autumn of 1922, Albert H. Taylor and Leo C. Young of the U.S.
Naval Research Laboratory (NRL) were conducting communication
experiments when they noticed that a wooden ship in the Potomac River
was interfering with their signals; in effect, they had demonstrated the
first continuous wave (CW) interference radar with separated
transmitting and receiving antennas. In June, 1930, Lawrence A. Hyland
of the NRL in the U.S. detected an airplane with this type of radar
operating on 33 MHz.

Taylor instructed an assistant, Robert M. Page to construct a working
prototype - a problem solved by 1934. By 1937 his team had developed
a practical shipboard radar that became known as CXAM radar - a
technology very similar to that of Britain's Chain Home radar system.

Robert M. Page 1903-1992

Was central to the development of US
Naval Radar systems which were
completed prior to World War II. His
successful demonstration of pulse
radar was critical to the funding which
made rapid development of the naval

Albert Hoyt Taylor radar systems possible.

1879-1961
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Patented Nov. 27, 1934

UNITED STATES

Nadav Levanon, Tel-Aviv University

1,981,884

PATENT OFFICE

1,981,

884

SYSTEM FOR DETECTING OBJECTS BY
RADIO

Albert H. Taylor, Leo C.

Young, and mwrence

A. Hyland, Washington, D. C.
Application June 13, 1933, Serial No. 675,624

12 Claims.

(C1, 250—2)

{(Granted under the aci of March 3, 1883, as
amended April 30, 1928;: 370 O. G. 757)

Thig invention relates to a2 method of and m&a.ns
by which moving objects in the air or on the sur-
face of the earth may be detected by the employ-
ment of radio receiving and transmitting equip-
ment.

An ohject of this invention is to utilize 'Ehe
ground and other components of radiation com-
monly known as sky waves emitfed by a radio
transmitter and received in an indicating radio re-
ceiver so as to indicate the presence of an air-
plane or other motive vehicle when within the
vicinity of the transmitter-receiver or when
within the electromagnetic field created by said
transmitter.

Another cbject of this invention is to 50 induce .
currents in intervening objects of a size compar-
able to the half wave length of the wave emitted

" by a radio transmitter that the radiated energy

commonly called reradiation resulting from said
induced currents and the energy received directly
from the transmitter create a wave interference
pattern which will be indicated by a characteristic
signal in the receiver.

" The phenomena upon which this invention op-

erates is based upon the transmission of radio -

waves which may or may not be directional, the

reradiation of those waves by an intervening ob-

ject and the reception of the primary, as well as
the reradiated waves by a receiver remotely situat-
ed with respect to the transmitter., As will be
shown, the detection of intervening objects is ac-
complished either by properly receiving and in-
terpreting the interference pattern created by the

“interaction of the ground waves as sent out from

the transmitter and the reradiated waves from
the intervening objects, such as an airplane, mo-
tive vehicle, or vessel, or by eliminafing the said
ground waves and adjusting the receiver to actu-
ation only by the reradiated sky waves.

In cunn'ﬂctmn with the foregoing, it is desired
to puint out the distinction between reradiation
and reflection. In the previously issued patents
directed along similar lines, reflection has been
the basic phenomenon. Thesz patents, in every
case, have to do with the location of objects or
the determination of altitude by means of re-

60

a5

70

76
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The United States Army Signal Corps started developing radar as early as 1930. In 1935,
tests on microwave propagation using Hollmann built valves, RCA magnetron operating at 9
cm, RCA acorn valves were performed. In 1937 the test radar unit was demonstrated. Based
on this test unit, in 1940, the SCR-270 became available for coastal defense and it was first
deployed in Panama in the Fall of 1940 as an early warning for the Air Corps, Pursuit
Squadron. This unit operated on a frequency of 205 MHz (I=1.5 m) and had a range of 23
miles, had an angular accuracy of 1 deg. 18 units were built by the Army Signal Corps
Laboratory for training purposes. By June of 1941 a total of 85 sets had been delivered by
Western Electric. A total of 794 were produced between 1939 and 1944.

SCR-271 3 m air warning radar at New
Caledonia in May 1943. The SCR-271
was an early version of the SRC-270.

Fig. 1—AN /SCR-270.
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— . .
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FIRST AIRCRAFT DETECTION RADAR - The first aircraft detection radar in the United States was this SCR-268, developed and built at
Fort Monmouth in 1938. Aircraft detection radars were vital to Allied victory in World War Il in both the Pacific and European threaters.
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A GUGLIELMO MARCONI
INVENTORE DELLA RADIO

L OPERA DI SANTA CROCE
NEL PRIMO CENTENARIO
DELLINVENZIONE

] _ POSE QUESTO RICORDO _ _

Guglielmo Marconi | MDCCCXCV - MCMXCV | Princess Elletra Marconi
Nobel prize, 1909 ——— (Guglielmo’s daughter) speaking at
RADAR 2008 Conference in Rome

In 1922 Marconi foretold the discovery of radar in a lecture at the
American Institute of Radio Engineers in New York.

In Italy in 1935 he gave a practical demonstration of radar.

GALILAEVS GALILEIVS PATRIC. FLOR.
GEOMETRIAE ASTRONOMIAE PHILOSOPHIAE MAXIMYSRESTTVTOR

TATIS SVAE COMPARANDVS

NVLLI Al
HIC BENE QVIESCAT
VIX A LXXVITLOBIT AL CID 1D CXXNXR]
CVRANTIBVS AETERNVM PATIUAE DEEVS

VIS PATRICHS SACRAE HVIVS AEDIS PRAEFECTIS
MONIMENT VA A VINCENTIO VIVIANIO MAGISTRI CINER SIBIQVE SIMVI
IFESTAMENTO E |
HERES 10, BAPT. CLEMENS NELLIVS 10, BAPT, SENATORIS ¥
LVBENT] ANIMO ABSOLVIT
AN, CIDID.COCXXX VI
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antenna
TRANSMITTER 4(9> \
: v.
i 2¢
i antenna

\
RECEIVER 4(9>
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Range

2-way

Range < Delay

R=5;C

Nadav Levanon, Tel-Aviv University

Delay

Velocity of
propagation
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Velocity < Doppler shift

ﬂ/ Range rate
Wavelength
2-way
Doppler shift f Velocity of
propagation

Carrier frequency
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(A relatively simple and instant measurement).

Nadav Levanon, Tel-Aviv University

Comments on implementation of delay and frequency measurement
(Covered in details in the lecture on “Radar Measurements” and in Ch. 13 of “Radar — Concise Course”)

 Delay measurement — Involves detecting the instant when the returning pulse arrives.

 Frequency measurement — Not instant. Requires time duration to perform. Frequency
estimation accuracy improves with measurement duration and signal-to-noise ratio.
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Christian DoEEIer‘s birthEIace

Salzburg, Austria
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A

| | !
| | >
I{ o ot 86 ©-8

0 Ry Ry+VAL
C At =
R, = Target location when peak A leaves the radar (t=t,) C pAt = R, + VAt
At = Travel time of peak A to reach the target R
. | At=—20
VAt = Distance traveled by target during At C v
t, = Time of return of peak A to radar P
2R
R, = Target location when peak B leaves the radar t,=t,+2At =t, + :
(at t=t,+T ) o C,—-v
t, = Time of return of peak B to radar t, =t, +T +—— 2(R +VT)
_ _ C,—V t,=t, +T + =0
T = Period of transmitted waveform CIo —V

: : R =R, +VT
Tk - Period of received waveform
2(R, +VT 2R C, +V
( 0 ) _ to + 0 — T

Cp—v Cp—v Cp—v

To=t, -t =t,+T+
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T :TCF’+V T, Cp+Vv fep Co-v 1-¢
R = = —
C,-v T C,-v fpb Cp+v 1+g
1— Vv 1
Cp v v2
— v<<C = =]1- X +L -
fe=To 1+ 2 ol S
p

fr = 1:o_cpz)/fo = fo—Z
— ~ _ 2V
fo=f,— f,~—2 V=R
~ _ 2R
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= f - f,

Two assumptions were made: fR =~ 1:O p/ fo

V<< Cp (assumption valid in EM propagation, not necessarily in acoustics or sonar)

Narrow band signal - All the frequencies of the signal are almost equal to f;
Hence, all the frequencies are shifted by the same fj

S(t) = g(t) cos[2ft + (1) ]
Sr (1) = 9(t — 7o) cos[27z(fy + f Nt — 75 )+ h(t — 7o)

When the signal is wideband (namely g(t) and #t) are wideband) they

are changed and not only delayed.
C —-v 2V [ (C,—V
_ p ~ 122 _ P _
T=T C,+V v<:Cp[1 ijTR SR(t)_S-(Cp+V)t TO]
~ 2V )t —
The received signal is both Se(t) ~s _(1 Cp )t TO}
delayed and time-scaled.
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From M.A. Richards, Georgia Tech

Radial Velocity

For a % ﬁ%ﬁ-—

monostatic

radar the V= [’m* fa, = ){:_L“”“W
Doppler | 5 A
shift is o - _ &V
determined 28 Ja= cosY
by the radial 23

component

of the \_ﬂ\_‘/
velocity >

radar antenna
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Y [m]
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200

Nadav Levanon, Tel-Aviv University

All the target’s velocity
vectors (red lines) have the
same range-rate toward the

radar.

0 *
radar auxiliary receiver
-200
-600 -400 -200 0 200 400 600 800 1000
X [m]
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Radar Frequency Bands

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Band Freguencies Wavelengths
HF 3-30 MH=« 100 m - 10 m C:;Lf
VHF 30-300 MHz 10m-1m
UHF 300 MHz-1 GHz 1m-30cm
L 1-2GHz J0em-15¢em
S 2-4GHz 15¢m - 7.5 em
C 4-8 GHz 7.5¢em-3.75cm
X 8-12GHz 3.75em - 2.5 em
Ku 12-18 GHz 25¢m-1.67 cm
K 18- 27 GH=z 1.67 cm - 1.11 em
Ka 27 - 40 GHz 1.11 cm - 7.5 mm
mm 40 - 300 GHz TS5 mm-1 mm
Wavelength 1 km 1m 1mm 1um 1nm
Frequency 1 MHz 1 GHz 10° Hz 102 Hz
IR UV

| ! | |
1 2 3 4 5

Allocated Frequency (GHz)

m C

o —<
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Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Values of Doppler Shitt
« Mach 2 aircraft causes 4.4 kHz shift at L

band (1 GHz)

Frequency
(GH?z)

Doppler shift (H3)
forv=1m/s

6.67

6

40.0

10

66.7

35

233

95

633
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Bi-static scene (2-D) Iso-range and iso-Doppler contours in bi-static scene (2-D)
(Passive radar is a special case of Bi-static radar)

1
Iso-range contour value = > Riargetotrans T Rearget—rec — P

baseline:b=R_. . ..

Motion East
300 on East : ] 300 [
iro; 250
:—ﬂ
>
200 . 200 1
150 150
100 . . 100 (3
S I
50 T P 50
H - a2
- o 3 H ~
N F
0 g 0
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-100 L -100 [ue
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100 -350 300 -250  -200  -150  -100 -50 0 50 100

-350 -300 -250 -200 -150 -100
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Motion North-East, Iso-range (solid), Iso-Doppler (dotted)

Bi-static scene (2-D) .
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Isotropic antenna Directional antenna

G = antenna gain N\
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RADAR EQUATION
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Radar cross section of a target - ©

O = The area of a virtual target which reflects back isotropically,

that would have caused the same return as the actual target.

Dimension of G is M2 (i.e., area)
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Bistatic radar equation

20 log (R target- trans s R target-rec)
200 / /

; ~

/ /m
150 p /
/ \
/ \
/
E 100 ! A~y ‘h'- \Rt-"'el‘ "l/-_
= /7 aY
4 / ‘
/7
t-tr —
/ \ ‘0
50 P /\/ N\
) [ [/ )\/—\
/ LA N ]
/ | / / AN
RN 4 or
-250 -200 -150 -100 -50 0 50 100 150

4

Power ratio[dB] =101log % Riw  _ 201log Rew

2
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o
A

Antenna aperture < antenna gain A

When P'P"= 4 the radiation from P and P’
P,\ 6 are out of phase and cancel. Approximate:

— 4
‘91—2D

G(Q):{GO 6] <6,
0 elsewhere

PI

P'P'=Dsin@d~D@ , 8<<1lrad

LECTURE A SLIDE 64



Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

1.62 caused by the approximations.
True value = 1 \

PR D; . D;DT2 D2_4A R 16ARAT —1.62 AT PR _ ARAT

~
~

R (RYD,Y (R P xRy (RAY P (RAY

From the radar equation development, the power P  AG;
received (and reflected) by a target of area A,=0c is: P - AR?

. G
A Ar

N
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Radar Principles - extended

Typical RCS Values - 1

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Target RCS, m? RCS, dBsm
Conventional unmanned winged missile 0.5 -3
Small single-engine aircraft ] ()
Small fighter aircraft or 4-passenger jet 2 3
Large fighter aircra fi 6 8
Medium bomber or jet airliner 20 13
LLarge bomber or jet airliner 40 16
Jumbo jet 100 210
Small open boat 0.02 -17
2 3

Small pleasure boat
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Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

ypical RCS Values - 2

Target RCS, m? RCS, dBsm
Cabin cruser 10 10
Large ship at zero grazing angle 10,000 40+
Pickup truck 200 23
Automobile 100 20
Bicycle 2 3
Human ] ()
Bird 0.01 -20
Insect 0.00001 -50
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From M.A. Richards, Georgia Tech

RCS of a Conducting Sphere

« Three regions, depending on relative size of sphere
and wavelength

e Forradiusa>> A

2
O =rmad

« Aspect and frequency independence makes it a
good calibration target
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From M.A. Richards, Georgia Tech

RCS of Conducting Trihedral

« RCS is not a simple scalar in general
— depends on aspect angle, frequency, polarization
« Example 1: trihedral (“corner reflector”)

— RCS can be determined theoretically when looking
along axis of symmetry (“into the corner”)

_127a’
AE
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From M.A. Richards, Georgia Tech

Elements of a Pulsed Radar

duplexer
ante nrm

wave torm
generator

transmoter teell—

{rnurmatdtmj

low-nose
RF
amp hber

—— - Jisplay

. oy cal
mixer  (aill—

gscllator

IF s1enal data
amp e r PIroOCesSs0r PIOCESS0T
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—»

The Receiver and Signal Processor

1
1
1
1
1
|
! - bl , i
| The Transmitter o Drive | o sl !
| Lo Mechanism/ '
; o Lo echanism ,
Prime Power | ! i Beam Steering The !
:' Power Supply Modulator i : Computer Antenna i
| N t |
! o |
! I ;! 1
| | | | :
| |
| | !
| 1
| Master . . b Duplexer '
| . . Driver Final Lo P The l
3 : q’ o q o # 1
i U{Ji}bé:_'lljjjﬁ::;er Amplifier Amplifier } | Antenna i
i . Subsystem |
| | L [ 1
e X I
I Local Oscillator Signal
e | 1 e S |
| T T |
| | 1 |
| | | |
| . |
i . » _.Modc : : Waveform R.Fv . I
, Display 4+ Control, H ! Generator Preamplification| | RF
i Scheduler i i i Signals
! Lo ! —l
| £ ¥ o i
! | P h 4 ' IF Signals
1 1 1 1
! Video o ! ——p
:TO rhf Processing/ b . . | ,
“User” 4—o . | | Detector == IF Processing [ Mixer i Video, Data,
l Local Data P | Bias Voltages
o o it 1 1 \ H .
Processing N ! Control Signals
Lo i
I 1 I
I 1 I
1
i
1

i The Control and Interface
i Apparatus

An elementary radar block diagram showing composition of the four principal subsystems

LECTURE A SLIDE 71



Radar Principles - extended

A Tour of
Basic Radar
Signal
Processing
Operations

S

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

PHENDMENOLOGY

/" [ RECENER & AID | - BANDPASS SAMPLING
CONVERSION « DIGITAL I
= ¥ « ADAPTIVE BEAMFORMNG
= BEAMFORMING | . spremmar esmmanion
2 v
§ < PULSE - WAVEFORM DESIGN
= COMPRESSION « MATCHED FILTERS
g L 4
& CLUTTER « MTI FILTERS
FILTERING - CLUTTER MAPS
DOPPLER - FIL TERBANKS
l\.‘_ PROCESSING « AMBIGINTY RESOLUTION
¥
- SYNTHETIC APERTURE
IMAGING . ALTOF
|
L 4
AUTOMATIC ~ OPTIMAL DETECTION
DETECTION - CFAR PROCEDURES
|
¥ b
TARGET
TRACKING RECOGNITION
. OPTIMAL E5TIMATION - TWAGE ANAL V515

« MULFI-TARGET TRACKWG - POLARWIETRICS

LECTURE A SLIDE 72



Radar Principles - extended

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Radar Time Scales

Processing
occurs on time
scales varying
by 10-12
orders of
magnitude

single pufse:pb.‘se

o

cpmpressio
_ magched filteding

et >

mu

ip

| I |
i;nbigujty rlksnfuﬁnn, -
track filfering
1

le!p*u.fse CPI3

Doppler gprocessing,

space-ﬁq':e adap:!fvi

processikg, imaging
1

-10

10

-8
10

G
10

-4
10

-2

10

10

10
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Two Loss Sources
* Received power calculation so far is for an
iIdeal radar in free space with no processing
to increase sensitivity

* Real systems suffer losses in duplexers,
waveguide, power dividers, radome, efc.
represented by a system loss factor L,

* Also suffer atmospheric propagation losses

— function of range

— with R in meters, loss factor
o in dB/km, we have

Lﬂ (R) _ lorxﬁfsmn

R Rimp

L (R )[dB] ~1010, | L, (R ) | =10 G o = Ol ) 27 = Ol 2 Ry

L, (R[km] )[ 8] - a[dB/km] 2 R[km]
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Propagation Losses

102 T T T T T T T
' A Dry Air
y = O Water Vapour| -
10" ‘ A ‘Total 3

One-way

Specific Attenuation [dB/km]
S
o

—_
=

—
<
N

| | 1 | 1

—
<
w

20 40 60 80 100 120 140
Frequency [GHZ]

ITU-R, Rec. ITU-R P.676-9 Attenuation by Atmospheric Gases, P Series,
Radiowave propagation.
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Radar Range Equation for a

Point Target
« Adding in loss factors gives:

P PG*A’o
" (47) R*L.L,(R)
* Note for a point target, received power
decreases as R*:
— Doubling range requires

« 16x (12 dB) transmitted power increase, or

« 4% (6 dB) antenna gain increase = 4x antenna area
Increase

— Stealth: Halving detection range requires 16x
decrease in RCS ¢

LECTURE A

av Levanon, Tel-Aviv University
ichards, Georgia Tec
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David K. Barton: "Radar Systems Analysis and Modeling "
Artech House, 2004

System Analysis
and Modeling

Radar
Range-Performance
Analysis

Lamont V. Blake: "Radar Range Performance Analysis "
D. C. Heath 1980 (Artech House, 1986)

Lamont V. Blake
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Aperture Antennas

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

« Parabolic dishes, flat plates, efc.

« Far-field antenna radiation pattern is the
-ourier transform of the aperture current

distribution:

.l'_,'|':;':r2 ’.f ‘IE.‘C'IIIH] _ — "
E(0)= | A(z)e dz

__E|-:I|Ir] % TF —— | B vl

-
-

* |Important parameters are*%? il

— peak gain T

— mainbeam (3 dB) width

siviha OIT baniaht { desries
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Uniform Current Distribution Antenna

Simplest case

1 D/A=10
A T
T o9
X Z
7 gO.B
—>» [ <—— 3 dB width
0.7
A Pt E(0 o 3
% 0.6 PSL
£
H 50.5
—P €04
y 2 |
© X8.2
803 ‘ Y 0.2172
-D, /2 § 02 -1 1. J
I
/ T 0.1 N A
N W Waasaa~
-100 -80 -60 -40 -20 0 20 40 60 80 100
Off boresight angle [deg]

_sin ' 7(D,/A)sing |

E(9) 7(D,/A)sin@
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Array Antennas

« Uniform array of

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

individual elements W7
-u‘-
« Conducive to digital wl  al w|  wml| e
beamforming '

i inmném ﬁiqﬁ//
s
Vv

« Antenna pattern is

N1 - §
product of array factor |AF(0)=E, Z a o2 A judsing

and element pattern:

in={

E(0)=4F (0)E, (60)

E, (0)=cosf

« Linear array case: ‘AF(H)‘ =E,

*.-';in[N(:rd/,l]gin H]

sin| (md/A)sin6 |
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Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Apprommatlons to Antenna

Number of square degrees in
a sphere: 4n(180/n)2= 41253

Typical ant. Efficiency= 0.5
41253*0.5 = 20000

Beamwidth: 6, =2sin"

0
=277, 1°=360 = r=1_— 00 _180
2r 27 T
180
Sprare = 471" Sopere = 47{ 73 j = 41253

Parameters
20,000

(0,,0, in degrees)

(6,.¢, 1n radians)

1.44 ~ U.S‘)i radians

D, D

Z
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From M.A. Richards, Georgia Tech

Range Equation Example

X band (10 GHz)
— A =3x10%10x10° =3 cm

Transmitted power P, = 1 kW

Beamwidth (azimuth and elevation) = 1°
— G =20,000/(1)(1) = 20,000 = 43 dB
Jumbo jet aircraft: RCS = 100 m2 12 orcers of

-

L ]

-

L ]

magnitude!
* Range R =10 km
« What is received power P,?
2 2
1,000)(20,000) (0.03) (100
» _ (1,000)(20,000) (0.03) (100) _ o . s

P

(47)'(10,000)’
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Un-ambiguous range and Eclipsing

Nadav Levanon, Tel-Aviv University

Eclipsed by pulse

Intensity
Trans.
pulse
Dela
0 W 2Tﬂ Y
Near [EN% Srove R o e
clutter 3 2 2
un-ambiguous
range \
CT, /2 /

CT,

Masked by near clutter

v Range
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SNR version of the radar equation

(Will be demonstrated on a coherent pulse train, but true for all coherent signals)

A
—
;

I
A\ 4

Coherence = Known phase
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Nadav Levanon, Tel-Aviv University

2

-2

]

|

| | 1 1 1 1 1 1 1 1
(8] 0.1 0.z 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [sec]
Coherent transmission
T T T T T T T
1 1 L 1 1 1 L
O 0.01 0.02 0.03 0.04 0.05 0.06
Time [sec]
Non-coherent transmission
T T T T T T T
| | | 1 | | |

0.03 0.04

Time [sec]

0.02

0.05 0.06
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Magnitude

Angle [deg]

3000

2500

2000

1500

1000

500

150

100

50

-100

-150

Example of non-coherent magnetron pulses

Magnetron pulse # 6

Nadav Levanon, Tel-Aviv University

I

[

10

Time

15

20

25

ITT-Gilfillan
GCA - Mark 5

LECTURE A SLIDE 86



Radar Principles - extended

Magnitude

Angle [deg]

2500

2000

1500

—_—

o

o

o
I

500 |-

Magnetron pulse # 7

Nadav Levanon, Tel-Aviv University

I

I

Time

25
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R, IHE) c 1
— — fg 8 t,
N No/2 : 1, .". Signal power pass through BPF
. .fC ¢
c
W: W I
S(t) | ) , | Synchronous *| Coherent
\TV BPF 1 “detector | — integrator
AWGN T < rg Q
(No/2) cos 2nxf t ,
SNR, = for a single pulse R PTGZEZG o T L
SNR = for integration time P 3p4 T 'R
9 (47 )P R*N, fg T
T, = Coherent integration interval Pt PM
= Coherent Processing Interval (CPI) SNR=M SNRp F’ave = T f T
M = number of pulses in T, — —
SNR — G Ao P,T

(4z)R* N,
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F - Receiver's noise figure

K - Boltzman coefficient = 1.38E-23 [Watt-sec/ OK:|

. 0
T, - Effective temperature [ K]

N,=F KT,

pt=3;% transmitted power in W

g=50; % antenna gain

rcs=100; % target RCS in square meters

fc=3e9; % carrier frequency in Hz

c= 3e8; % velocity of propagation in m/s

k= 1.38e-23; % Boltzman coeff in Watt*sec/degK
te=300; % effective temperature in Kelvin =273+27
f=1.6; % noise figure (good LNA)

tp=2e-6; % pulse width in sec

fb=1/tp; % receiver bandwidth (one sided)
lambda=c/fc;
nO0=f*k*te;

r=1000:100:5000;

snr=pt * g”2 * lambda”2 * rcs / ((4*pi)”3 * n0 * fb)
*r. =4;

snrdb=10*10gl0 (snr) ;

figure (1)

plot (r/1000, snrdb, 'k',
xlabel (' Range [km] ")
ylabel (' SNR [dB] ')
grid on

'linewidth', 2)

35

30

25

10

Nadav Levanon, Tel-Aviv University

T T T T T T

1.5

Range [km]

2 12
SNR,, = i f"
(47 ) R*N, f,
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Nadav Levanon, Tel-Aviv University
- - pt=3;% transmitted power in W
Intensity on Range/Time Map Ge50: & Antenta athy

fc=3e9; % carrier frequency in Hz

f=1.6; % noise figure (good LNA)
Recorded reflection from a jetliner approaching Ben-Gurion airport

tp=2e-6; % pulse width in sec

I I T o m ) w s 1l ]

\ “l I| \IIFI i | 11

W Illlﬂ\ \MIH \I

1000 ‘

i | le IMH | 1

¥

]
o
o
o

range [m]

i1 L

3000

4000

2000
05 1 1.5 2 25

3 35 4 45
time [msec]

x 10*
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G*Xo P,T,

(4z)R* N,
SNR determines the accuracy of measurement (range, velocity, angle)

SNR determines the detection probability SNR =

The noise in the expression of SNR was thermal noise

SNuermaiR CAN be improved by increasing the transmitted power

Returns from ground or

sea are also “noise” and
can undermine detection
or measurements

SCuerR Can be
improved by decreasing
range, Doppler and/or
azimuth resolution
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Basic Topics
The nature of the target. RCS, RCS statistics, location, motion.
The competition (background): Multipath, ground reflection (clutter), noise.

Clutter: Normalized RCS, angular dependence, statistics.

Selecting (defining) a cell location in the 4-D space: Azimuth, elevation, range,
range-rate , or in the 6-D space: {X, Y,Z, X, Y, Z}

Minimizing the cell size: In order to minimize the competition (From: clutter,
other targets, noise).

Minimizing ambiguities: Preventing returns from other cells to add erroneously
to the return in the desired cell.

Detection: Declare if there is a target in the defined cell, with high probability of
detection P, and low probability of false alarm P,

Improving the detection performances using integration (coherent or non-
coherent) of returns from many pulses, using possible motion of the target or the
radar, using reference neighbor cells to define an adaptive detection
threshold.
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: : A range, range-rate array in a given azimuth-elevation cell
Defines cells in
the 4-D space: —>
- Azimuth o
Antenna -{ : 2
_Elevation &% -
Transmitted waveform & -{ Range Target
Receiver processor - Range-rate—| MTI |~
CUT
L~
S\
Q e
Ge\\\)
.- ] 50?‘
Specifications: Py, N
Detection <
Outcome: Py ——
Al
Doppler-range map, recording :45, 05.081 seconds -~ Doppler-range map, recording 5, 05.081 seconds Range-rate

Noise, clutter

range (m]

2 0 2
range rate [mvsec] range rate [m/sec]
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Electromagnetic propagation in the Earth atmosphere

C = Speed of light in vacuum = 2,997925x108 m/s ~3x108 m/s

N = refractive index N = (n —1)106

N = 776(P+481O j
T T

T - air temperature in °K
P - air pressure in milibar

e - water vapor presure in milibar
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Refraction index as function of height for standard atmosphere

H [km] N Ni-[h/(4)]10°
[ T 0 319=N; O F 319
! 217 » =~ 219
3 216 _ L 201
10 92 _
20 20 _
| 50 0.2 _
N =(n-1)10° n
=1+ n(h)=n,—— , h<5km
n=1+1 1a

a = Earth radius = 6370 km
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_
IV

Nokomura . ».
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Snell’s law in polar coordinates: n.a COS&’S = n(a + h)COS@
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n.acosé, =n(a+h)cosd
n,~1

Nadav Levanon, Tel-Aviv University

a n
cosé = scosf, h<<a _~“n=n-——
a+h n 4a

-.If we assume an Earth radius of 3a

we can ignore the change in N with
h COS ‘9s height, i.e., ignore refractivity.

Cosf ~
4

refracted ray (length D, curved)

actug earth radius (F)

Radar ray in the presence of refraction

Radar
Radar ray in the absence of refraction

S

refracted ray (length D, straght)

Radar horizon in the absence of refraction F\\ij_
/ \ Radar horizon in the presence of refraction

eﬁﬁctiil earth radius (4/3 )
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(a+h)| n _h
coso, 4a) _a+h h | a+h a+h h
cosd an, a a a 4an,

_a+h a+hh _a+h(1_1j_4a2+4ah—ah—h2
<l Q a 4a a 4a 4a°
4a’ +3ah—h? 3h h? 3h_4a+3h _ga+h
= > =l+-——-— 2 I+——=
4a 4a 4a*h<a  4a 4a 38
cosgd  3a

cosd, sa+h
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