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Chapter 3: CW Radar

Applications:

* Measurement of the relative speed (unmodulated CW radar): Land
vehicles, projectiles, missiles... and also for sports;

* Vertical takeoff speed measurement;
e Altimeter (Frequency modulated CW);
* Dockage operation in space;

¢ Collision avoidance;

e Anti-intrusion alarms;

e Track illuminator for missile guiding systems (associated to a pulse
Doppler radar for better performance).
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3.1 Doppler effect

An F/A-18 Hornet passing through the sound barrier: A combination of conditions
(water vapor, density and temperature) must occur to create this event.
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3.1 Doppler effect
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3.1 Doppler effect

Doppler Velocity Interpretation
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3.1 Doppler effect
Speed measurement
* Velocity information from a target can be easily obtained with a continuous
wave (CW) radar, by comparing the frequency of the returned to the
transmitted signal.
* The difference between these frequencies, or Doppler shift frequency, is
directly proportional to the radial approaching or moving away velocity of a

particular target relative to the transmitter.

e Often, the Doppler shift value is of the order or less then tens of kHz, in many
cases in the audio band.

Radar Systems — Antdnio Topa 5

i Bl
3.1 Doppler effect
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3.1 Doppler effect

Moving transmitter

Wave-front Wave-front
------ > «----- .
decompression compression
1=
A

(equiphase surfaces)

¢ |n the case of a mono-static radar the Doppler effect is double because it
occurs both in the go and return path
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3.1 Doppler effect
Radial velocity
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e The Doppler shift is directly proportional to the relative velocity of target approaching
or receding.
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3.1 Doppler effect

Relative velocity

v = v1 €08 01 + vg cos b
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3.2 Continuous Wave Radar

Homodyne receiver

Circulator

Isolator

Transmitter

Directional coupler

]
Receiver
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Problem 3.1
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3.2 Continuous Wave Radar

Homodyne receiver

Jo
b JAVAVAVAV) N fr’\\ Transmitter
vvvwvva/ —
o+ 1, i Reference signal
Receiver
1 = 2v
==
A
Detector t-»| Doppler Amp. |---» Frequency meter|---» Indicator
Radar Systems — Antdnio Topa 12



i Bl
3.2 Continuous Wave Radar

Product detector and rectifier

Signals

EI(1)

EX(1)

E,(t) = Acos(2af}t)
E, (1) = Acos(27f5t)

Product
P(t) 0O
P(t) = A\A, cos(2xf 1) cos(2xf t) L
- 1
0 5 10 15 20
¢
Rectification : ' '
E ()4 E,(1) if E,()+E,()20 "V T A i
R(t) = ) 0
0 if E, (1) +E, (1)< 0
1 1 1
0 5 10 15 20
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3.2 Continuous Wave Radar

Circulators

Circulators can be used as duplexers
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Homodyne receiver
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Response

Frequency

The simplest schematic of a CW radar with homodyne detection is represented here. The
same antenna is used for transmit and receive. Path are separated using a circulator. A

leakage signal is used as reference signal
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3.2 Continuous Wave Radar

Directional couplers

Directional coupler: Usually one arm (port)
is ended by a matched load
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3.2 Continuous Wave Radar 3.2 Continuous Wave Radar

Heterodyne receiver

Directional couplers

Transmitter
> - VCco Duplexer  antenna
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3.2 Continuous Wave Radar

Heterodyne detection with separate antennas

3.2 Continuous Wave Radar

Heterodyne detection with separate antennas

w,
| cw
transmutier

@y

w
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* o,
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For higher sensitivity an heterodyne detection
and separate antennas should be used.

©4

After A/D conversion narrow band N filters !
(NBF) follow, covering the expected E
Doppler frequency band; £ NBF — narrow band

filters implemented

If each NBF bandwidth is Af, the effective using FFT

Doppler bandwidth is NAf/2

indicator
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3.2 Continuous Wave Radar 3.2 Continuous Wave Radar

Isolation between transmitter and receiver Doppler spectrum

In principle, a single antenna can be used, because there exists a frequency
separation between the transmitted and received signal;

The Doppler spectrum has a finite bandwidth due to effects such as:

In practice there is always a leakage signal, that is directly injected from the
receiver to the transmitter;

* Finite illumination time ~1/T};
The leakage signal can be limited by two effects: .
*  The maximum power limit at the receiver;

* The maximum transmitter “humming” at the Doppler frequencies to be * Radial acceleration ~ (2a, /A)!2
detected.

Target fluctuation components (ex: propellers) ~ (50-100 Hz)

The best isolation is achieved using separate antennas.
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3.2 Continuous Wave Radar 3.2 Continuous Wave Radar

Algebraic Doppler shift sign Approaching target

D Transmitter D Transmitter
E,=C,E,cos(za,t+ @) E, =C,E,cos(+w,t + @)
[t E,=C,E, cos(iwdt+¢+%) [t E, =C,E, cos(+a)dt+¢+%)
2 2
T Mixer T Mixer
ST S
Phase T Phase s
comparison ) comparison |~ 2
L () =+ 1/2 distinguishes the two L ()
situations: approaching or
receding:
E, = C,E, cos(w,?) + Approaching
E, =C,E,cos((wyt + w,t + @) - Receding

Channel B phase lead in respect to A
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3.2 Continuous Wave Radar 3.3 FMCW Radar

Receding target

)

Distance measurement

y Transmitter
E,=C,E, cos(-a,t+¢)=C,E, cos(w,t — P) Frequency r&—
v f e
Vs 4 o
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3.3 FMCW Radar 3.3 FMCW Radar

Block diagram Principle of operation

* A periodic waveform, frequency modulating the transmitted

Transmitting signal, allows for the determination of the distance to a target, by

Antenna
comparing the modulation of the transmitted signal with the
%4— FM Modulator modulation of the returned signal.
Transmitter
Receivi Ref e FMCW Radar is a radar transmitting a continuous carrier
ecelving ererence . . . . .
Antenna signal modulated bY a perlod!c functhn such as a sinusoid or saw-tooth
wave to provide range information.
. o . Frequency X
Mixer |—» Amplifier Limiter Indicator . . . . -
; P 7| meter [ * Modulation is the keyword, since this adds the ranging capability

to FMCW radars with respect to unmodulated CW radars.
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™% 3 FMCW Radar

Linear FMCW (chirp)
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™% 3 FMCW Radar

Linear FMCW (chirp)
frequency
Triangular chirp
fo
time
amplitude
I ‘H ”Hf“‘ MH\ T
. LT \HM H‘; HH \ ‘t
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™% 3 FMCW Radar

Linear FMCW (chirp)

T A
T
i
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FMCW Radar waveform
ft"/ ’ -
fo
T
fo >
t
; Beat frequency:
m itted |
ransmitte 1, :‘fr _fr‘
0
_2R O
‘ c Ot
Received
T
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3.3 FMCW Radar

Static target

i Bl
3.3 FMCW Radar

General block diagram

.

time

modulated power high-power j j
oscillator divider microwave amplifier range R range Ringe R
frequency
ra}dar control a?nd led amplifier ?nd | mixer Iow-ncusg anr?pllfler frequency excyrswn,
signal processing low-pass filter and filtering sweep bandwidth B, !
beat frequency f, i i f }

sweep time T;
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3.3 FMCW Radar

Static target

W 3.3 FMCW Radar

.4
L — Triangular FMCW
The beat frequency is proportional to the
range R target distance:
frequency f z
2 b 3
””””””””” \ e ﬂi" A: Af =21 A T:zl
| T; B.vweep “ T T,/2 Tt ¢
B 0 Time — IRfAS
| | T @ e
frequency excursion, AT Gt = _sJb
sweep bandwidth Bg,ee, beat frequency f, 2 Bwep -
: = ~ ~ f
ZFo T aTTTTTE T e “r=28 2 AF )
' WS - N e S The number N, of zero-crossings, per
1 o A . .
; - — & J o second (one per half a period T,,/2), is
i E sweep time T, 3 time Vs equal to f,/f,, allowing the calculation of
— ‘ () the distance to target:
h g &
z, 2R modulus of g !
c the spectrum g cN
receiver T Fourier 2 N L =
3 Time — 4N
output | time transform 1, range o " f
£, frequency
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3.3 FMCW Radar

Triangular FMCW with Doppler shift

——Transmitted signa/

> Received signal

g 2 / I~

i’ A< ~ /\\ N

& \\/ \\)/ Time
(a)

f+ ity

J/ \ VRN V—

R Ti
() ime

Beat tfrequency
s

fr—tp

f, : Frequency shift due to
modulation (stationary target)

f,: Doppler shift

The half-periods of the modulation are affected by the Doppler shift, and as a result

the beat frequencies are different:

f~f,
S =f— 1 Jo=75
Iy Ay
L ﬂ_ 3
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U™ 3.3 FMCW Radar
Moving target

radial velocity v,

S+Ts
range R
frequency
time
beat frequency
Fou Joa Fou foa
time
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Beat frequency components
due to range and Doppler

frequency shift:
BSWEF 2R
fb —=_Swep
. ¢
2v,
o= P

that are superimposed as
S =Ty =Ja
Ja =L+ 1y

So, range and radial velocity
can be obtained as
T,

R=m—(fut fu)

sweep

A
vr :Z(-f;d _-fbu)
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U™3 3 FMCW Radar

Moving target
radial velocity v,
S+ 1o

Tz, S

range R

frequency

beat frequency

frequency excursion,
sweep bandwidth By,

time

sweep time T,
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Problem 3.5
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A moving target induces a
Doppler shift

2v

fD:/1

The beat frequency is not
only related to the range of
the target, but also to its
relative radial velocity with
respect to the radar.
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3.4 Sinusoidal FMCW Radar 3.4 Sinusoidal FMCW Radar

) o ) Detection
Instead of triangular modulation, sinusoidal modulation can be used.
V() —————  Mixer [ v,(0)

fr(t)
] 7SO AN Vyer (1)

,,,,,,,,,,, oo e NN fd
’ : /a
? ! N After filtering, retaining only the low frequency components:

- t
Df v, (t) =J (D)cos(2rf,t —D,)
e ch _— beat.f dulati e s sl +2J,(D)sin(27f 1 — ®,) x cos(27f,t — D,)
It can be shown that the average beat-frequency over a modulation cycle is sti —2J,(D)sin(27f,t — @,) x cos[22nf,t — D,)]

proportional to distance.

Representation of instantaneous frequencies of the transmitted and received signals: +2J,(D)sin(27f,t = B,) x cos|3(27f, 1 = P, )]

fT(t) _ fo +£Sin(2ﬂf t) where: D= A—fsin(Zﬂmeg /c¢) Rg: Distance to targetatt=0
5 m Jm
o R @, : Phase difference due to path 47f,R /c
=f+ - si -
Jrul)=fo £ £+ sm[zm [r D @, =21f,R, I

c m
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3.5 Multiple Frequency CW Radar

* Alternatively to frequency modulation CW radars can use multiple frequencies.

* When assuming that only transmission frequency is used the transmitted signal
may be represented by

Problem 3.7 §(0) = Asin(2)
« and the received signal by s, (¢) = 4, sin27/,t —p) where (0:27#0%

» Distance to target would then be R LA , R =i¢
4, 4z

* The maximum unambiguous range would correspond to ¢=27 , and would be
A/2 with no practical interest.
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3.5 Multiple Frequency CW Radar

Double Frequency CW Radar

Assume now a signal composed by two frequencies

5, ()= 4 sin(2afit) . s,() = 4, sin(2afyt)
The received signal from a moving target would be represented by the sum of two components
s.(0)= 4, snQat =) . 5,(0)= 4,507 - ;)

_ 4R

where ?,
’ c

After heterodyning, the phase difference between these signals would be

4R 4R
Ap=p, -, :T(fz ) ZTAf
Distance is then obtained by |R = cdp
4rAf
The maximum unambiguous distance would then be Ryur -_<
241

much higher than the one obtained with only one frequency
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3.6 Atmospheric FMCW Radar

G
- =

range R

In an atmospheric FMCW radar the expected Doppler frequency shift usually has a small effect on
the range extraction from the beat frequency, allowing a range estimation by comparing the phase of
returns from successive sweeps.

4zR

The phase of the received signal is D =0+ 7

The change of the phase of the received signal with time is given by
d®, _4rdR 4z
d Adt A

The change of the phase of the received signal successive sweeps is given as

AD — 4x AD A
=—v, — v, =—L.
T, A T, 4r
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Problem 3.8
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3.7 Altimeters
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g 3.7 Altimeters

1t
0 I//4

v
s RADAR 1007
ALTITUDE  pp=

2500

2, 42000
Z,

Vo _ ////// 1000 590
-OFE, /ffl','ml 1\ \

Invented in1924, by Espenschied
Band 4.2 - 4.4 GHz

radar altimeter, radio altimeter, low range radio altimeter (LRRA) or
simply RA

Used in commercial aviation for approaching and landing, specially
under low visibility conditions

In civil applications, the reading is normally 2500 feet (760 m)
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Error sources and precision

The radar altimeter precision is affected mainly by:
¢ Hydrometeors: cause refraction and attenuation
*  Double reflection (“ Double Bounce”) and multi-path:

e Terrain irregularities or undesired reflections from objects that are not under the vertical relative

to the aircraft

Present day precision found in the market

Model Landing precision (m)
Miniature Radar Altimeter 0.5
Honeywell HG7808 0.6
FreeFlight TRA2000 1.5
FreeFlight Systems RA4000 | 0.6
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3.7 Altimeters

* Auto-Landing
* Landing and takeoff * Low Visibility
* ILS (determination of Decision Height)

*VTOL*

* Ground monitoring
= *AGL control **
Aircrafts * Rescue mission with helicopters

* Ground Proximity Warning System

* Oceans surface elevation observation
Satellites « Sea currents

* Ice layers height

* vertical takeoff and landing

** Airli d landi 5ni
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