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Electromagnetic Fields and Waves (1)

Radar is based on the sensing of electromagnetic waves reflected from objects. Energy is
emitted from a source (antenna) and propagates outward. A point on the wave travels with a
phase velocity up, which depends on the electronic properties of the medium in which the
wave is propagating. From antennatheory: if the observer is sufficiently far from the source,
then the surfaces of constant phase (wavefronts) are spherical. At even larger distances the
wavefronts become approximately planar.

SPHERICAL WAVE FRONTS PLANE WAVE FRONTS
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Electromagnetic Fields and Waves (2)

Shapshot of a spherical wave propagating outward from the origin. The amplitude of the
wave E(Rt) :d% cos(wt - bR) inthe x-y planeisplotted at timet =0

i H"fr.’f.h
;n%{;}/ f*f *M ‘Efl_:i

ELECTRIC FIELD INTENSITY

200 ; =100 Y, maters

X, meters
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Electromagnetic Fields and Waves (3)

Snapshot of a plane wave propagating in the +y direction E(y,t) = ZE, cos(wt - by) at
timet =0

electric fisld strength
53
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Electromagnetic Fields and Waves (4)

Electrical properties of a medium are specified by its constitutive parameters:
. permeability, m = ngn, (for freespace, m° my=4p°’ 10"’ H/m)
. permittivity, e =eqe, (for free space, e © e, =885 10" F/m)
. conductivity, s (forametal, s ~10’ Sm)

Electric and magnetic field intensities: E(x,y,zt) V/mand H(x,y,z,t) A/m
. vector functions of location in space and time, e.g., in cartesian coordinates

E(X,Y,zt) = KEx (X, Y, Z,t) + YE (XY, Z,t) + ZE,(X, Y, Z,)

- similar expressions for other coordinates systems
. the fields arise from current J and charge r, on the source (J is the volume

current density in A/m? and ry isvolume charge density in C/m3)

Electromagnetic fields are completely described by Maxwell’ s equations:

()R E:-m%—': (3)RixA =0

)R- H:3+eﬂﬂ—f (@) RE=r,le
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Electromagnetic Fields and Waves (5)

The wave equations are derived from Maxwell’ s equations:

2—»
ve LT, . L1
up it up it

The phase velocity is up, =w,/me (in free space U, =C=2.998" 10° m/s)
The simplest solutions to the wave equations are plane waves. An example for a plane
wave propagating inthe z directionis:
E(zt) = XE,e ?* cos(wt - bz)
. a = attenuation constant (Np/m); b =2p /| = phase constant (rad/m)

u
| = Wavelength; W = 2p f (radlseC), f = frequency (HZ); f :l—p

Features of this plane wave:

. propagating in the +z direction
. x polarized (direction of electric field vector is X)
- amplitude of the waveis E,

10
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Electromagnetic Fields and Waves (6)

Time-harmonic sources, currents, and fields: sinusoidal variation in time and space.
Suppress the time dependence for convenience and work with time independent
quantities called phasors. A time-harmonic plane wave is represented by the phasor

E(2)
E(Z, t) = Re{iEoe' (a+jb)zejwt} — Re{E(z)eth}
E(2) isthe phasor representation; E(z,t) isthe instantaneous quantity
Re{} isthe real operator (i.e., “take the real part of”)
j=v-1
Since the time dependence varies as
arereplaced by 7 /qt° jw:
(ON" E=- jwnH (3)N:H=0
2N " H=J+jweE (ANxE=r,/e
The wave equations are derived from Maxwell’ s equations:
NE- g°E=0
N?H-g?A =0
where g =a + jb isthe propagation constant.

el , the time derivatives in Maxwell’ s equations

11
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Electromagnetic Fields and Waves (7)

Plane and spherical waves belong to the to a class called transverse electromagnetic (TEM)
waves. They have the following features:

1. E, H and the direction of propagation k are mutually orthogonal
2. E and H arerelated by the intrinsic impedance of the medium

n n
h :\/ : P hy=_—2»377Wfor free space
(e- js/w) ° Ve,

The above relationships are expressed in the vector equation H = kT

The time-averaged power propagating in the plane wave is given by the Poynting
vector:

m

RelE” A'} wim?

I
N |-

W
2
- 1 ~
For aplane wave: W(z) :E—‘Eﬁ Z
1 ‘Eo‘z 3 - [
E? R (inverse square law for power spreading)

For a spherical wave: W(R) =
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Electromagnetic Fields and Waves (8)

A material’ s conductivity causes attenuation of awave as it propagates through the medium.
Energy is extracted from the wave and dissipated as heat (ohmic loss). The attenuation
constant determines the rate of decay of thewave. In general:

1/2 .1/2
a =wj ane\/1+ - " b =Wj mee\/1+ > 9 +1
weg '- we g

Forlosslessmedlas =0pP a =0. Tradltlonally, for Iosslesscases Kk |sused rather than b .

For good conductors (s /we>>1), a » ,/pm fs , and the wave decays rapidly with distance
Into the material.

1
—
EO.S

V/

1(

Sample plot of field vs. distance

o
D
T T

ELECTRIC FIEL
SO
oo [e2]

o
[9)]

1 2 3 4
DEPTH INTO MATERIAL (m)
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Electromagnetic Fields and Waves (9)

For good conductors the current is concentrated near the surface. The current can be
approximated by an infinitely thin current sheet, or surface current, J. A/m and surface

charge, r C/m

Current in a good conductor Surface current approximation
i—» Ei i—» E|
Ki BOUNDARY K BOUNDARY
. 7
= ] s
_>

At an interface between two media the boundary conditions must be satisfied:

(D" (E1- E2)=0 (3 fpr>(Er- Ex)=rsle

(2) fipy” (Hy- Hp)=J¢ (4) fiyX(Hi- Hy)=0

REGION 1 ? N2> js rs

> INTERFACE

REGION 2

14
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Wave Reflection (1)

For the purposes of applying boundary conditions, the electric field vector is decomposed
into paraIIeI and perpendicular components E = Ex + E”

E. isperpendicular to the plane of incidence

5 liesin the plane of incidence
The plane of incidence is defined by the vectors |2i and n

DECOMPOSITON OF AN ELECTRIC FIELD

PLANE WAVE INCIDENT ON AN
VECTOR INTO PARALLEL AND
INTERFACE BETWEEN TWO DIELECTRICS PERPENDICULAR COMPONENTS
TRANSMITTED .
A
MEDIUM 2 E E
€>,Mp I
INTERFACE E.
€.,m
MEDIUM 1 a Vo

NORMAL

INCIDENT REFLECTED

15
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Wave Reflection (2)

Plane wave incident on an interface
between free space and a dielectric

REGION 1 REGION 2
FREE SPACE
e, M, DIELECTRIC
I% e m

G

n <.
a, G

|2r INTERFACE

sinqi :sinqr :,/ern} sinqt
Mo _

I
= ho 8
€o eep e

ho =.—2 and h =

16

Reflection and transmission coefficients:;

Perpendicular polarization:
_hcosqg; - hgcosqg;
h cosg; +hgcosa,
(= 2h cosg;

~ hcosg; +h, cosg,
Er/\ :G\Ei/\ and Et’\ :t’\Ei"

Parallel polarization:
_hcosqg; - hg cosg;
9 _hcosq +h COSQ;
t 0 COs(;
B Zh cosq;
I~ h cosg; + hy cosg;
) =GEjand By =t &
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Wave Reflection (3)

Example of a plane wave incident on aboundary between air and glass (e, = 4,q; = 45)

TRANSMITTED
dt
GLASS
AIR di 'qr
NORMAL
INCIDENT REFLECTED

17

10

INCIDENT WAVE

BOUNDARY
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Wave Reflection (4)

Example of a plane wave reflection: reflected and transmitted waves (e, = 4,q; = 45)

o IREFL ECTED W AV.E 0 TRANSM ITTED WAVE
sl
6l
at
ol
N BOUNDARY N

BOUNDARY

-2
-4
-6
-8
-10 .
-10 5 0 5 10
X X

18
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Wave Reflection (5)

Example of a plane wave reflection: total field

BOUNDARY.

19

- Thetotal field in region 1 is the sum of the

Incident and reflected fields

- |f region 2 is more dense than region 1

(i.e., ep >e,q) the transmitted waveis
refracted towards the normal

- If region 1 is more dense than region 2

(i.e., €1 >e€,9) the transmitted wave is
refracted away from the normal
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Wave Reflection (6)

Boundary between air (e, =1) and glass (e, = 4)

AIR-GLASS INTERFACE,WAVE INCIDENT FROM AIR AIR-GLASS INTERFACE,WAVE INCIDENT FROM GLASS
1 T T T T T T T T 1 T T T T T T T
0.9} i 0.9} 1
0.8 PERPENDICULAR 1 0-8[ PERPENDICULAR 1
POLARIZATION POLARIZATION

0.7} | 0.7 |

__ 06} ] |
©
£

€ 0.5¢ 1 1
kS

0.4r BREWSTER'S 1 1

0.3} ANGLE ] PARALLEL |

POLARIZATION
0.2 PARALLEL 7 7
POLARIZATION
0.1} ] ]
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 8 = 90 0 10 20 30 40 5 60 70 80 90
theta, degrees theta, degrees
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Antenna Patterns, Directivity and Gain

- The antenna pattern is a directional plot of the received or transmitted) signal
From a systems point of view, two important antenna parameters are gain and
beamwidth

- Both gain and beamwidth are measures of the antenna’ s capability to focus radiation

- Gain includes loss that occurs within the antenna whereas directivity refersto alossess
antenna of the sametype (i.e., it isan ideal reference)
In general, an increase in gain is accompanied by a decrease in beamwidth, and is
achieved by increasing the antenna size relative to the wavelength

- With regard to radar, high gain an narrow beams are desirable for long detection and
tracking ranges and accurate direction measurement

LOW GAIN HIGH GAIN

N /

ANTENNA DIRECTIONAL
RADIATION PATTERN

21
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Polarization of Radiation

Example of a plane wave generated by alinearly polarized antenna:

1. Finite sources generate spherical waves, but they are locally planar over limited
regions of space

2. Envelopes of the electric and magnetic field vectors are plotted

3. E and H are orthogonal to each other and the direction of propagation. Their
magnitudes are related by the intrinsic impedance of the medium (i.e., TEM)

4. Polarization refers to the curve that the tip of E traces out with time at a fixed
point in space. It isdetermined by the antenna geometry and its orientation
relative to the observer

ANTENNA

PROPAGATION |
DIRECTION
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LINEAR
POLARIZATION

1

2

PARTIALLY
POLARIZED

1

UNPOLARIZED
(RANDOM
POLARIZATION)

23

CIRCULAR
POLARIZATION

ELLIPTICAL
POLARIZATION

1

ELECTRICHELD
VECTOR AT AN
INSTANT IN TIME
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Electromagnetic Spectrum

WAVELENGTH 6 4 2 0 -2 -4

| 1 I i i
TELEPHONE RADIO MICRO- INFRA-
WAVE RED

T T T
FREQUENCY 101 103 105 10? 109 m‘HI 1013 25

J
-
-

-
P VISIBLE

- 1\
1.1(-]“ -~
8 ol \*‘.
|

15‘" -
FREQUENCY i
. \ \
WAVELENGTH 1.315
(METERS) ok . -
- = SE -
L VISIBLE e
g LIGHT -
- - e
WAVELENGTH 07x10® 08x10° 0.5x10°8 04x10®

ST 0.7 um) (0.8 um) (0.5 um) (0.4 um)
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Radar and ECM Freguency Bands

Standard Radar Bands' ECM Bands?

Band Frequency Band Frequency
Designation® Range (MHz) Designation Range (MHz)
HF 3-30 Alpha 0-250
VHF* 30-300 Bravo 250-600
UHF#* 300-1,000 Charlie 500-1,000
L 1,000-2,000 Delta 1,000-2,000
S 2,000-4,000 Echo 2,000-3,000
C 4,000-8,000 Foxtrot 3.000-4,000
X 8,000-12,000 Golf 4,000-6,000
K, 12,000-18,000 Hotel 6,000-8,000
K 18,000-27,000 India 8,000-10,000
K, 27.000-40,000 Jullett 10,000-20,000
millimeter® 40,000-300,000 Kilo 20,000-40,000

Lima 40,000-60,000
Mike 60,000-100,000

| From IEEE Standard 521-1976, November 30 1976.

2 From AFR 55-44 (AR105-96, OPNAVINST 3420.98, MCO 3430.1). October 27, 1964.

3 British usage In the past has corresponded generally but not exactly to the letter-designated bands.

4 The following approximate lower frequency ranges are sometimes given letter designations: P-band
(225-390 MHz), G-band (150-225 MHz), and I-band (100-150 MHz).

5 The following approximate higher frequency ranges are sometimes given letter designations: Q-band
(36-46 GHz). V-band (46-56 GHz). and W-band (56-100 GHz).
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Radar Bands and Usage

Band Frequency

Designation Range Usage

HF 3-30 MHz OTH surveillance

VHF 30-300 MHz Very-long-range surveillance

UHF 300-1,000 MHz Very-long-range surveillance

L 1-2 GHz Long-range surveillance
En route traffic control

S 2-4 GHz Moderate-range surveillance
Terminal traffic control
Long-range weather

C 4-8 GHz Long-range tracking
Airborne weather detection

X 8-12 GHz Short-range tracking
Missile guidance
Mapping, marine radar
Airborne intercept

K, 12-18 GHz High-resolution mapping
Satellite altimetry

K 18-27 GHz Little use (water vapor)

K, 2740 GHz Very-high-resolution mapping
Airport surveillance

millimeter 40-100+ GHz Experimental

26
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Joint Electronics Type Designation

First Letter Second Letter Third Letter
A - Airborne (installed and operatied A - Infrared. heat radiation A — Auxiliary assempblies (not complete
in alreraft) B - Pigeon operating sets used with or part of
B - Underwater moblle, submarine C - Carrier (wire) two or more sets or sets series
C - Alr transportable (inactivated, do D - Radiac B - Bombing
not use) E - Nupac C - Communications
D - Pilotless carrier F - Photographic D - Direction finder and/or
= By G - Telegraph or teletype reconnalssance
G - Ground. general ground use - Interphone and public address E - Election and/or release
(includes two or more ground- J - Electromechanical (not G - Fire control or search light directing
type Installations) otherwise covered) H - Recording and/or reproducing
K - Amphiblous K~ Telemetering (graphic meteorological and sound)
M - Ground, mobile (installed as L- Countermeasures L - Searchlight control (Inactivated,
operating unit in a vehicle which $ use G)
has no function other than :H :::nc;mhﬁ;al M - Maintenance and test assemblies
transporting the equipment P- Rad (including tools)

P - Pack or portable (animal or man)
5 - Water surface craft S S G MieIeer RO altimeters, beacons, compasses,
T - Ground, transportable : - :ﬂdl‘:al . &t racons, depth sounding. approach.
U - General utility (includes two or =S bmm t: mi' rm%ne i s and landing)
more general installation O SRR . P - Reproducing (inactivated. do not use)
classes, alrborne, shipboard. T~ Telephona (wirc) Q - Speclal, or combination of purposes

N - Navigational aids (including

and ground) V- Visual and visible light R - Recelving, passive detecting
V - Ground, vehicular (Installed in W — Armament (pecullar to S - Detecting and /or range and bearing
vehicle dEB!gﬂEﬂ for functions armament, not otherwise T - Trﬂ.ﬂﬂ-mitﬂng
other than carrying electronic . ;““r:“dlL e W — Control
equipment, ete., such as tanks) ~ Facs OF Hcveen _
e M o S s Y- Data ing X - Identification and recognltion
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Examples
AN/APNZ25A
] L 1st Modification
- 25 Model
Purpose = Navigation
Type = Radar

~ |nstallation = Airborne

SYSTEM

ALQ-137(V)4
ALO-144(V)
ALQ-153
ALQ-1556
ALQ-157(V)
ALQ-161
ALQ-162(V)1
ALQ-162(V)2
ALQ -165
ALQ -171
ALQ -172
ALQ -172/155
ALQ =176(V)
ALQ =184(V)
AL -188
ALQ -196
ALR-20A
ALR-46
ALR-56
ALR-62(V)
ALR-60
ALR-72
ALT-6B
ALT-16
ALT-28
ALT-32
APM-427
APR-38
APR-39(V)1
APR-39(V)2
APR-44(V)

PURPOSE

Repeater Jammer

IR Countermeasures Set

Tall Warning Set

B-52 ECM Power Management Systems
Navy Infrared Jammer °

B-1B Integrated ECM System

Navy Countermeasures Set

Army Countermeasures Set
Self-Protection Jammer

Tactlcal countermeasures

B-52G/H, C-130 Countermeasures Set
B-52G/H Sensor Integration

ECM Pod

ECM Pod (Modifled ALQ-119)
Countermeasure System

Jammer

B-52 Panoramic receiver

Radar Warning Recelver (4 Versions)
Radar Warning Receiver (4 Versions)
Radar Warning, Countermeasures Sets
Radar Warning receiver

Threat Panel

Jammer

Jammer

Jammer

Jammer

Radar Simulator

Radar Attack Warning System
Radar Warning Receiver

Radar Signal Detecting Set

Radar Warning System

28

CONTRACTOR

Sanders

Sanders
Westinghouse
Northrop

Loral

AIL

Northrop

Northrop
ITT/Westinghouse
Northrop

ITT

Hercules

Raytheon

Northrop @QRC Divislon
Sanders

RCA

Dalmo Victor

Loral

Dalmo Victor
ATD/Dalmo/ Litton
Dalmo Vietor

GE

Motarola

Northrop

Multiple

AAl
WJ/1BM/Microphase
Dalmo Victor
Dalmo Victor

AEL
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Radio Detection and Ranging (RADAR)

SCATTERED
WAVE FRONTS

ay.

RECEIVER
(RX)
/ TARGET
TRANSMITTER R
(TX)
Q/A INCIDENT

WAVE FRONTS

Bistatic: the transmit and receive antennas are at different locations as viewed from the
target (e.g., ground transmitter and airborne receiver,q ! 0)
Monostatic: the transmitter and receiver are colocated as viewed from the target
(i.e., the same antennais used to transmit and receiver,q =0)
Quasi-monostatic: the transmit and receive antennas are slightly separated but still
appear to be at the same |location as viewed from the target (e.g., separate transmit
and recelve antennas on the same aircraft, g » 0)

29
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Target range is the fundamental quantity measured by most radars. It is obtained
by recording the round trip travel time of a pulse, T, and computing range from:

bistatic:
_ Clp
monostatic: R:7 (R=R°R)

R+R =clg

where ¢» 3” 10° m/sisthe ve ocity of light in free space.

AMPLITUDE

TRANSMITTED
PULSE

RECEIVED
PULSE
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|nformation Available From the Radar Echo

"Normal" radar functions:

1. range (from pulse delay)

2. velocity (from doppler frequency shift)
3. angular direction (from antenna pointing)
4. target size (from magnitude of return)

Signature analysis and inverse scattering:

5. target shape and components (return as a function of direction)
6. moving parts (modulation of the return)
7. material composition

The complexity (cost & size) of the radar increases with the extent of the
functions that the radar performs.

31
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Radar Classification by Function

Radars
I

J |

Civilian Military

L » Weather Avoidance ~e——
L » Navagation & Tracking ~e——
L »  Search & Survellance -e——

High Resolution

™ Imaging & Mapping

» Space Fight Proximity FUzeS e

» Sounding CountermeasureS -

Many modern radars perform multiple functions (" multi-function radar")

32
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Radar Classification by Waveform

Radars
: | +
CW Pulsed
' A
FMCW Noncoherent Coherent
3 +
Low PRF Medium High PRF
PRF
Note ("Pulse doppler")

CW = continuous wave
FMCW = frequency modulated continuous wave
PRF = pulse repetition frequency
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Basic Form of the Radar Range Equation (1)

1] - AN TX :Gt
Quasi-monostatic’ geometry e
P =-———— R -
RX {Gr s
“ P

s = radar cross section (RCS) in square meters

R = transmitter power, watts

P = received power, watts

G; = transmit antenna gain in the direction of the target (assumed to be the maximum)
G; = receive antennagain in the direction of the target (assumed to be the maximum)

RG; = effective radiated power (ERP)

4pA
From antennatheory: G, = %

Ag = Apr = effective area of the recelve antenna
Ap = physical aperture area of the antenna

| = wavelength (=c/f)

r = antennaefficiency
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Basic Form of the Radar Range Equation (2)

Power density incident on the target

POWER DENSITY
AT RANGER
R
— < VVi:4thz (W / m?)
P, G P
Power collected by the radar target
TARGET EFFECTIVE

INCIDENT WAVE FRONT
ISAPPROXIMATELY PLANAR COLLECTION AREA IS s

AT THE TARGET \ o
P
Cc

P
=S \/\/I = —thSZ
4pR
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Basic Form of the Radar Range Equation (3)

The RCS gives the fraction of incident power that is scattered back toward the
radar. Therefore, R = R. and the scattered power density at the radar is obtained
by dividing by 4pR°.

RECEIVER
(RX)

TARGET
SCATTERED POWER RCSS
DENSITY AT RANGE P
R FROM THETARGET W, =-—23

ApR?
The target scattered power collected by the receiving antennais W.Ay . Thusthe
maximum target scattered power that is available to the radar is

o _ RGSA, _ RGGs!®
" (4pR%?  (4p)°R*

Thisisthe classic form of the radar range equation (RRE).
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Characteristics of the Radar Range Equation

o _ RGSA, _RGGs!®
" (4pR%?  (4p)°R*

For monostatic systems a single antenna is generally used to transmit and receive so
that G =G, ° G.

Thisform of the RRE istoo crude to use as adesign tool. Factors have been neglected
that have a significant impact on radar performance:

noise, system losses, propagation behavior, clutter, waveform limitations, etc.

We will discuss most of these in depth later in the course.

Thisform of the RRE does give some insight into the tradeoffs involved in radar
design. The dominant feature of the RRE isthe 1/ R* factor. Even for targets with

relatively large RCS, high transmit powers must be used to overcome the 1/ R* when
the range becomes large.
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Maximum Detection Range

The minimum received power that the radar receiver can "sense" isreferred to a
the minimum detectable signal (MDS) and is denoted Sy, -

P

Strin ~

Given the MDS, the maximum detection range can be obtained:

..1/4
RGG sl 2 aNG,G sl 20
P = .= t r ) = t r =
RSO (S
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Generic Radar Block Diagram

Low Noise Receiver

Low Noise | g, s s Matched | | IF » 2nd

Amplifier Filter Amplifier Detector :
_— \ [ Local Video | !
— \ |Oscillator Amplifier :
Transmitter E Display :

________________

Thisrecelver is a superheterodyne receiver because of the intermediate frequency (1F)
amplifier.
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Brief Description of System Components

DUPLEXER

TRANSMITTER

LOW NOISE
AMPLIFIER (LNA)

MIXER

MATCHED FILTER
IF AMPLIFIER
DETECTOR

VIDEO AMPLIFIER
DISPLAY

An antenna switch that allows the transmit and receive
channels to share the antenna. Often it isacirculator.
The duplexer must effectively isolate the transmit and
receive channels.

Generates and amplifies the microwave signal.

Amplifies the weak received target echo without sign-
ificantly increasing the noise level.

Mixing (or heterodyning) is used to trandlate asignal to a
higher frequency

Extracts the signal from the noise

Further amplifies the intermediate frequency signal
Translates the signal from IF to baseband (zero frequency)
Amplifies the baseband signal

Visually presents the radar signal for interpretation by the
operator
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Coordinate Systems

Radar coordinate systems.  spherical polar: (r,q,f )

azimuth/elevation: (Az,El) or (a,q)
The radar islocated at the origin of the coordinate system; the earth's surface lies
in the x-y plane. Azimuth is generally measured clockwise from areference (like a

compass) but the spherical system azimuthal angle f is measured counterclockwise from
the x axis. Thereforea =360- f and g =90- q degrees.

ZENITH
|
CONSTANT
ELEVATION
Y

HORIZON
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Radar Displays

"A" DISPLAY "B" DISPLAY
5 A A
; TARGET " TARGET
§ RETURN (ZD PRENE
0 <
> h
.
> -
i RANGE (TIME) -180 Azl MSTH 180
PLAN POSITION
INDICATOR (PP) "C" DISPLAY
AZIMUTH
A

_ 90

& TARGET

|<>_E ¢ “BLip

LLl

m

0 o
-180 0 180

AZIMUTH
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Pulsed Waveform

In practice pulses are continuously transmitted to:
1. cover search patterns,
2. track moving targets,
3. integrate (sum) several target returns to improve detection.

The pulse train is a common waveform

A To
- -
" T AN AL A AN —
VIV IV VWY TIME
t
where: N = number of pulsesin the pulse train

R,= pulse amplitude (may be power or voltage)
T = pulse width (seconds)
Tp = pulse period (seconds)

The pulse repetition frequency is defined as PRF = f,, =

1
Tp
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Range Ambiguities

For convenience we omit the sinusoidal carrier when drawing the pulse train

TP
- - ~
B
|—s] TIME
t
When multiple pulses are transmitted there is the possibility of arange ambiguity.
TRANSMITTED TRANSMITTED TARGET
PULSE1 PULSE?2 RETURN

| VA

- TR2—>

- T B
R
: . . 2R : :
To determine the range unambiguously requiresthat Ty, 2 o The unambiguous range is
°To __C \yhere f, isthe PRF
= = where fj isthe :
=7 =5 P

P
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Typical pulse train and range gates
- DWELL TIME = N/ PRF >|

SO

AL

n PR

t
-

M RANGE GATES

TRANSMIT PULSES

Analog implementation of range gates

OUTPUTSARE CALLED
"RANGE BINS'

— RECEIVER

——
- ——
——

TO SIGNAL
PROCESSOR

- Gates are opened and closed sequentially
- The time each gate is closed corresponds to

arange increment

- Gates must cover the entire interpul se period

or the ranges of interest

- For tracking atarget a single gate can remain

closed until the target leaves the bin
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Range Bins and Range Resolution

Two targets are resolved if their returns do not overlap. The range resolution
corresponding to apulsewidtht iIsDR=R, - R =ct /2

N
N\
TIME STEP 1 \\ TIME STEP 2 Ct/2\
to+t /2 N

J TIME STEP 4 i //‘
to +1 o/ to+3 /2 -/

TIME STEP 3
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Radar Operational Environment

INTERFERENCE
TARGET
TX
RX
GROUND
Radar return depends on:

1. target orientation (aspect angle) and distance (range)
2. target environment (other objects nearby; location relative to the earth's

surface)
3. propagation characteristics of the path (rain, snow or foliage attenuation)
4. antenna characteristics (polarization, beamwidth, sidelobe level)

5. transmitter and receiver characteristics

a7
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Ground Clutter From Sidelobes

Sidelobe clutter competes with the mainbeam target return

RANGE GATE

SPHERICAL WAVEFRONT
a— (NANTENNA FAR FIELD)

TARGET

ANTENNA
MAIN LOBE

SIDELOBE CLUTTER GROUND

IN RANGE GATE
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Survey of Propagation Mechanisms (1)

There are may propagation mechanisms by which signals can travel between the radar
transmitter and receiver. Except for line-of-sight (LOS) paths, their effectivenessis
generally a strong function of the frequency and radar/target geometry.

1. direct path or "line of sight" (most radars; SHF links from ground to satellites)
TARGET

RADA R//o
0
SURFACE

2. direct plus earth reflections or "multipath" (UHF broadcast; ground-to-air and air-
to-air communications)

RADAR o
0] TARGET
SURFACE

3. ground wave (AM broadcast; Loran C navigation at short ranges)

RADAR

° 0
SURFACE
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Survey of Propagation Mechanisms (2)

4. tropospheric paths or "troposcatter” (microwave links; over-the-horizon (OTH)
radar and communications)

/\7’)’_1 ’_\/_/ TROPOSPHERE

RADAE 0 TARGET

—— suRFACE
5. 1onospheric hop (MF and HF broadcast and communications)

m F-LAYER OF |ONOSPHERE

RADAR E-LAYER OF IONOSPHERE

0 O TARGET
SURFACE

6. waveguide modes or "ionospheric ducting” (VLF and LF communications)

) D-LAYER OF IONOSPHERE
RADAR \

0 O TARGET
SURFACE

(Note: The digtinction between waveguide modes and ionospheric hops is based more on the analysis approach used in the
two frequency regimes rather than any physical difference.)
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Survey of Propagation Mechanisms (3)

7. terrain diffraction

RADAR
O TARGET

MOUNTAIN

8. low altitude and surface ducts (radar frequencies)

SURFACE DUCT (HIGH
DIELECTRIC CONSTANT)

RADAR | :
) TARGET

9. Other less significant mechanisms. meteor scatter, whistlers
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Radar System Design Tradeoffs

Choice of frequency affects:
Size high frequencies have smaller devices
transmit power generally favors lower frequencies
antenna gain/HPWB small high gain favors high frequencies
atmospheric attenuation smaller loss alow frequencies
ambient noise lowest in 1-10 GHz range
doppler shift greater at high frequencies

Pol arization affects:

clutter and ground reflections
RCS of the targets of interest
antenna deployment limitations

Waveform selection affects:

signal bandwidth (determined by pulse width)
PRF (sets the unambiguous range)
average transmitter power (determines maximum detection range)
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Decibel Refresher

Distance Learning

In general, adimensionless quantity Q in decibels (denoted Q) is defined by

Que =1010916(Q)
Q usually represents aratio of powers, where the denominator is the reference, and log,g is

simply written as log. Characters are added to the "dB" to denote the reference quantity,
for example, dBm is decibelsrelative to a milliwatt. Therefore, if P isin watts:

PdBW :lOIOg(P/l) or PdBm :lOIOg(P/OOO].)

Antenna gain G (dimensionless) referenced to an isotropic source (an isotropic source
radiates uniformly in all directions, and itsgainis1): Ggg =10log(G)
Note that:

1. Positive dB values > 1; negative dB values< 1

2. 10 dB represents an order of magnitude change in the quantity Q
3. When quantities are multiplied their dB values add. For example, the effective
radiated power (ERP) can be computed directly from the dB quantities:

ERPyw = (PG)gw = Peew + Gas

Note: The ERP is also referred to as the effective isotropic radiated power, EIRP.
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Therma Noise

Consider areceiver at the standard temperature, T, = 290 degrees Kelvin (K). Over
arange of frequencies of bandwidth B,, (Hz) the available noise power is

N, = KT,B,
where k =1.38" 10™% (Joules/K) is Boltzman's constant.

Other radar components will also contribute noise (antenna, mixer, cables, etc.). We
define a system noise temperature T, in which case the available noise power is

Ny = KT.B,,.

(We will address the problem of computing T¢ later.) The quantity KT, isthe noise
spectral density (W/Hz)

A

NOISE _| —
POWER
o

TIME OR FREQUENCY
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Noise In Radar Systems

In practice the received signal is " corrupted” (distorted from the ideal shape and
amplitude):
1. Noise isintroduced in the radar system components (antenna, receiver, etc.)
and by the environment (interference sources, propagation path, etc.).
2. Signal dispersion occurs. Frequency components of the waveform are
treated differently by the radar components and the environment.
3. Clutter return exits.
Typical return trace appears as follows:
A TARGET RETURNS RANDOM

/ e o
[ /
B DETECTION

I

THRESHOLD
(RELATED TOS ;)

RECEIVED POWER
[

»=TIME

Threshold detection is commonly used. If thereturn is greater than the detection threshold
atarget isdeclared. A isafalse aarm: the noiseis greater than the threshold level but
thereisno target. B isamiss: atarget is present but the return is not detected.
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Noise In Radar Systems

Conflicting requirements:

To avoid false alarms set the detection threshold higher
To avoid misses set the detection threshold lower

Noise is arandom process and therefore we must use probability and statistics to
assess its impact on detection and determine the "optimum® threshold level.

Thermal noise is generated by charged particles as they conduct. High temperatures
result in greater thermal noise because of increased particle agitation.

Thermal noise exists at all frequencies. We will consider the noise to be constant
with frequency ("white noise") and its statistics (average and variance) independent
of time ("stationary").

A

NOISE _| —
POWER
-

TIME OR FREQUENCY
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|deal Filter

Distance Learning

A filter is adevice that passes signals with the desired frequencies and rejects all
others. Below is shown the filter characteristic of an ideal bandpassfilter. Filters

are linear systems and the filter characteristic is the transfer function H( f) in the

frequency domain. (Recall that H (f) isthe Fourier transform of its impul se response,
h(t). For convenience H(f) isnormalized.)

A
1 -

The bandwidth of thisideal filteris B= f - f, . The center frequency is given by

fc =(fy + f)/2. Signalsand noise in the pass band emerge from the filter unaffected.
Therefore the noise power passed by thisfilter is Ny = KT.B. The noise bandwidth
of anidedl filter isequal to the bandwidth of thefilter: B, = B.
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Noise Bandwidth of an Arbitrary Filter

In practice H( f) isnot constant; in fact it may not even be symmetrical about the

center frequency.

A
1 _

H(f)
pE N
£, e fy,

The noise bandwidth is defined as the bandwidth of an equivalent ideadl filter with
H(f)=1

¥
dH(f)[? df
B, =%

|H(fe) [P

Furthermore, real filters are not strictly bandlimited (i.e., the characteristic is not
zero outside of the passband). In this case we usually use the actual filter character-
istic inside the 3dB (or sometimes 10 dB) points and zero at frequencies outside of

these points.
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Signal-to-Noise Ratio (SN)

Considering the presence of noise, the important parameter for detection isthe
signal-to-noiseratio (S/N). We already have an expression for the signal returned

from atarget (P from the radar equation), and therefore the signal-to-noiseratio is

2
SNR: R’ — F%G[GI‘SI

No  (4p)*RAKT,B,

At this point we will consider only two noise sources:

1. background noise collected by the antenna (T )
2. total effect of all other system components (system effective
noise temperature, T)

so that
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Example: Police Radar

A police radar has the following parameters.

B,=1kHz B =100mW D=20cm r =0.6
f =1055GHz T, =1000K (SIN)i, =10dB s =0.2m?

As = Ayr =p(D/2)°0.6=001884m°, | =c/f=3"10°/1055" 10° =0.028m
4 4p(0.01884
G= Tﬁ‘* - ol ) = 2926 = 24.66B

0.0282
No = KTeBy =(1.38" 10" *°)(1000)(1000) = 1.38" 10™*

P _ PtGZS|2

N, ) (4p)3 R’ Ng

=10dB =101919 = 1¢

4 PG2sl? _ (0.1)(292.6)°(0.2)(0.028)°

=49 10%
(40)°10N,  (4p)°(1.38" 10°%°)

R =1490m =1.49km » 0.9mi
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Attack Approach

FORWARD EDGE OF
BATTLE AREA (FEBA)

RADAR DETECTION
RANGE, R,

A network of radars are arranged to provide continuous coverage of a ground target.

Conventional aircraft cannot penetrate the radar network without being detected.
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Defeating Radar by Jamming

Distance Learning

AIR
DEFENSE
RADAR

ATTACK
APPROACH
STANDOFF

ER

RACETRACK
FLIGHT PATTERN

The barrage jammer floods the radar with noise and therefore decreases the SNR

The radar knowsiit's being jammed
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Jammer Burnthrough Range (1)

Consider a standoff jammer operating against aradar that is tracking a target

TRANSMIT
ANTENNA G TARGET
o
—< R -
S
PrJ J G(C{), A\ar
JAMMER

The jammer power received by the radar is

&P, G, 03 °G(q)0 _ P,G,l °G

R‘J :WAB’ =¢ J 32_9 (q)+: J>J (q)
edpRjee 4 o (4{3 RJ)Z
Defining G, © G(q = 0), thetarget returnis

PG %s

—_t>0o

" (4p )R
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Jammer Burnthrough Range (2)

The signal-to-jam ratio is

SR

_S_PR _aRG,0&R;0zs 6@G, 0
J P, ePG;géR g€4p2eG(q)e

The burnthrough range for the jammer is the range at which its signal is equal to
the target return (SIR=1).

| mportant points:

1. R§ vsR? is a big advantage for the jammer.

2. GvsG(q) isusualy abig disadvantage for the jammer. Low sidelobe
radar antennas reduce jammer effectiveness.

3. Given the geometry, the only parameter that the jammer has control of
iIsthe ERP (PG;).

4. The radar knows it is being jammed. The jammer can be countered
using waveform selection and signal processing techniques.
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Noise Figure

Active devices such as amplifiers boost the signal but also add noise. For these
devices the noise figure is used as afigure of merit:

— (S/ I\I)in — Sn/Nin
"T(SIN)y S/ Noy

For an ideal network that does not add noise F, =1.

Sh*+ Ny — AMPLIEER — Sut+ Now

Solve for the input signal:

&S
Sh :% FnNin = éﬁgout Fr (KToBn)

Let S, = Syin and find the maximum detection range

R RGtAsS
maXx 2
(4\0) kTanFn (Som /Nout)m'r

This equation assumes that the antenna temperature is T,,.
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Probability & Statistics Refresher (1)

Probability density function (PDF) of arandom variable x
p(X) )
/

X1 X2

Probability that x lies between x; and X,:

X2
P(X < X< X5)= op(Xx)dx
X1
Since p(x) includes all possible outcomes
¥
op(x)dx =1
- ¥
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Probability & Statistics Refresher (2)

The expected value (average, mean) is computed by
¥
Xy =x= oxp(x)dx

- ¥
In general, the expected value of any function of x, g(x)
¥

{9(x)) = g(x) = gg(x) p(x) dx

Moments of the PDF: {x)=x isthefirst moment, ..., <xm> =x™ isthe mth moment
Central moments of the PDF: <(X- X)m> mth central moment
The second central moment is the variance, s 2 = <(x- X)2>

> _ 2 ¥ o2 2

S 7= 3X- X)"p(x)dx = (X" - 2xx+ X7)p(x) dx

— M , v ¥

ST = oX“p(Xx)dx- 2x ox p(x)dx+ X~ o p(x)dx

-¥ _-¥ -¥

with the final result: s 2 :<(x- X)2> =x°- %°

Physical significance: X isthe mean value (dc); JSZZ isthe rmsvalue
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Probability & Statistics Refresher (3)

Special probability distributions we will encounter:

1. Uniform PDF

P(X)
\'—1 a<x<b 1 _‘_
p(X)=ip-a’ b- a
T 0, ese
= X
a b
Expected value:
¥ 1b°- a° b+a
IXV=x= ¢ dx =— =
\X) _gXp(X) X > b- a 5
Variance:
7= 07) = oL 08
- _ae b-a g 12
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Probability & Statistics Refresner (4)

2. Gaussian PDF

) = \/% exp{- (x- %)/ (252)

*X

Xo
1 ¥
Expected value:  {(X) =X = T20s? 0 xexp{- (X~ X0)° /(2 2)}dX = Xo
pS® .y

- 1 ¥
Variance: X“ = Jops 2 o X° exp{- (X- Xo)* /(25 2)}dx = x5 +5 2
pS <.y

s2-y2_ 322

The standard normal distribution has x =0 and 37 =1.

69



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Rayleigh Distribution (1)

Consider two independent gaussian distributed random variables x and y
1

Px(X) = \/ﬁ exp{- x° /(25 2)} and py(y) = \/Zp?eXp{- y° 1(2s 2)}

The joint PDF of two independent variablesis the product of the PDFs:

Py 06) = 5z el 0+ 2 %)}

If x and y represent noise on the real and imaginary parts of acomplex signal, we
are interested in the PDF of the magnitude, r 2= %%+ y2. Transform to polar coord-

inates (r,f)
¥ ¥ 2p
00Pyy (X, Y)dxdy = ¢ op¢ (r,f)r dr df
-¥ 00

In polar form the PDF is independent of f
1 2 102
r,f)= expy-r“/2s
Prs ( ) 2pS 2 p{ }
Therefore, thef integration ssmply gives afactor of 2p.

70



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Rayleigh Distribution (2)

The Rayleigh PDF is:

pr(r)= éexp{- r%/(2s 2)}

el? /s

I
I
I
I
I
I
I
1
S

s isthe"mode" or most probable value
r= ,\/Ezs IS the expected value of r

r2=2s?2 (noise power) and the variance is gz - %;s 2
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Central Limit Theorem

The central limit theorem states that the probability density function of the sum of N
independent identically distributed random variables is asymptotically normal. |f
X=X + X +---+ XN, Where the X have mean X and variances then

. X- N X 1 b “u2/2
im P(a£ £Db d
N® ¥ ( s+VN )= w/2pa

Samples from any distribution will appear normally distributed if we take "enough"
samples. Usually 10 samples are sufficient.

u

For our purposes, the central limit theorem usually permits us to model most random
[processes as gaussian.

Example: N uniformly distributed random variables between the limits a and b.
The central limit theorem states that the joint PDF is gaussian with

b+a
mean: X = NT
.2
. N + a
variance: S 2 :_a@_o

12€¢ 2 @
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Transformation of Variables

Given that arandom variable has a PDF of p,(x) we can find the PDF of any function
of x,say g(x). Leta = g(x) and the inverserelationship denoted by x = g(a). Then

pa (@) = (9] | = (@)L

Example: A randomsignal passed through a square law detector is squared (i.e., the
output is proportional to x2). Thusleta = x°© g(x) or

A 1/2
x=+a ° §(a)ang 192 4@~ _ 2

da da  2va
Therefore,
1
Pa(@)= px(‘/g)ﬁ
L et
ie*, x>0
X) =i
Py (X) Lo de

with the final result:

1 .va
= f >
Py (a) 21/ae ora>0
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Fourier Transform Refresher (1)

We will be using the Fourier transform and the inverse Fourier transform to move
between time and frequency representations of asignal. A Fourier transform pair
f(t) and F(w) (wherew = 2p f) arerelated by

1 ¥ - ¥ "
f(t):5 oFWw)e!™dw « F(w)= of(t)e Wt
-¥Y -

¥
Some transform pairs we will be using:
gaussian pulse
A f() A W)
| Vo - '\/Z_p Vot
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Fourier Transform Refresher (2)

IRl
rectangular pulse
VO
Vo, |tI<t/2
f =
(t) Lo dse .
-t /2 t/2
A F(w)
sn(wt /2 : V,t
F(w) =V, t v(vt/2 ) o V, t sinc(wt /2) °
2N LN W
N4 0 N4
4p /t

Bandwidth between first nulls for this signal:

22pB)=4p/t b B =1/t
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Fourier Transform Refresher (3)

triangular pulse j )
VO
iVo(1- |t]/t), |[tl<t
=V 1. 1 /\
|O, se - t
-1 t
F(w)
V.t

F(w) =V,t sinc?(wt / 2)
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Fourier Transform Refresher (4)

|mportant theorems and properties of the Fourier transform:

1. symmetry between the time and frequency domains

if f(t)« FWw),thenF(t)« 2p f(-w)
2. time scaling
f(at) « 1/|a|F(w/a)
3. time shifting |
f(t-t,)« F(w)e Mo
4. frequency shifting |
f(t)eo! « Fw-wy)

5. time differentiation

n
T wFw)
6. frequency differentiation
. d"F(w
- j)"f(t
(IO« =
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Fourier Transform Refresher (5)

7. conjugate functions
f ()« F (-w)

8. time convolution
fi(t) « F(w)
fo(t) « F(w)

¥

f(t)* fo(t) = ;szl(t)fz(t' t)dt « R(w)k(w)

9. frequency convolution
f1(1) f2(t) « R (w)* Ry (w)

10. Parseval's formula _
Fw)= Aw)e!™ ™ |Fw) = Aw)

¥ ¥
JTOR dt=— dAW)2dw
¥ 2P _y
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Modulation of a Carrier (1)

A carrier ismodulated by a pulse to shift frequency components higher. (High frequency
transmission lines and antennas are more compact and efficient than low frequency ones.)
A sinusoidal carrier modulated by the waveform <(t) is given by

Sm(t) = S(t) cos(w qt) :? echt +e jWCt]

4SO XU
A

AT
! VITTT

The Fourier transform of the modulated wave is easily determi néd using the shifting
theorem

Fn) =35 [F 0 ) + F - )]

where s(t) « F(w) and sp(t) « Fy(w). Thus, inthe case of apulse, F(w) isasinc
function, and it has been shifted to the carrier frequency.
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Modulation of a Carrier (2)

The frequency conversion, or shifting, is achieved using a modulator (mixer) which
essentially multiplies two time functions

K(t) 4,®_, Sin(t) = S(t) COS(W )

T cos(w .t)

To recover s(t) from s, (t) we demodulate. This can be done by multiplying again by
cos(w,t)

t t t) 4 i i .
s, (t)cos(w,t) = s(t)cos? (W) %[H cos(2wt)]= 5(2) + S;) gejzwct +e JZ‘NCtH

s(t)/ 2 isthe desired baseband signal (centered at zero frequency). The other terms
are rglected using filters.

Sm(t) 4’®—> FILTER [—* S(t)/2

T cos(w .t)
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Modulation of a Carrier (3)

We can save work by realizing that s(t) isssmply the envelope of s.,(t). Therefore we
only need an envel ope detector:

INPUT OUTPUT
Sn(t) (t)

DIODE

In areal system both signal and noise will be present at the input of the detector

Sin = Sm(t) + N(t)

The noise is assumed to be gaussian white noise, that is, constant noise power as a
function of frequency. Furthermore, the statistics of the noise (mean and variance)
are independent of time. (Thisis aproperty of a stationary process.)

An important question that needs to be addressed is. how is noise affected by the
demodulation and detection process? (Or, what isthe PDF of the noise out of the
detector?)
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Fourier Transform of aPulse Train (1)

A coherent pulse train is shown below:

-~
Ai LA AL AN -
VT I TV

-~

t
Coherent implies that the pulses are periodic sections of the same parent sinusoid. The
finite length pulse train can be expressed as the product of three time functions:

1. infinite pulse train which can be expanded in a Fourier series

¥
f1(t) =ag + & an cos(nwt)
n=1
2p
where WO:T—p:Zp fp and
1 t/2 t
8y =— old)dt=_—
Tp—t /2 Tp

2 t/2 2t
a, =— ocos(nwt)dt = _I_—smc(nonp/ 2)
p-t/2 p
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Fourier Transform of aPulse Train (2)

2. rectangular window of length Ny Ty, that turns on Ny, pulses.

£ (1) =
2(1) = Ly e

3. infinite duration sinusoid f3(t) = Acos(w.t) where w isthe carrier frequency.

Thus the time waveform is;

N ¥ '
f(t)= f(t) o (1) f3(t) = %ih 2 a cos(nw,t)sinc(nw,t /2)§cos(wct)
p | n=1

for [t |£ NpT, /2. Now we must take the Fourier transform of f(t). Theresultis:

AtNp NpTpd ¥

N
> g+ a smc@w g@nca?W +W. +nw,) P

T,0 NpT,0U
p—+smca?w W - W) —P g
2 o 20

u

|smca%w W, )——
p 1

F(w) =

NpT

+dnc (W We) po ; sncghw tbe'nca?w We +nw )Npr6+smc (W-wg- nw )Nprouu
- - a _ - —_ E—
& © g n=1 c§1 OZ@%S & © 2 g & ¢ 2 ﬂ%
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Fourier Transform of a Pulse Train (3)

A plot of the positive frequency portion of the spectrum for the following values:

Np=5 f,=1GHz, t=01"10°sec, T,=5t sec.

1

PRF=1/T, —» /|4

T T ANt i)
: Snc({nw
0.6 |- / L\ 2 o i

04
0.2

ol

NORMALIZED F(w)

-0.2

0897 0.98 0.99 1 101 1.02 1.03
FREQUENCY (GH?z)
- The envelope is determined by the pulse width; first nullsat w. £ 2p /t .
- The"spikes' arelocated at w £ nw,; the width between the first nulls of each spikeis
4p [(NpTp).
- The number of spikesis determined by the number of pulses.
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Response of Networks (1)

Consider anetwork that is:
linear, time invariant, stable (bounded output), causal
input: f(t)« F(w); output: g(t) « G(w); impulseresponse: h(t);

transfer function (frequency response): H(w) = Aw)e!" ™)

g(t) = Zi ¥@H (W)Fw)e™dw « Gw) = Hw)F(w)
-¥

Input output
: LINEAR :
NETWORK
f(t) g(t)

h(t)

As an example, consider an ideal linear filter (constant amplitude and linear phase).
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Response of Networks (2)

Linear filter with cutoff frequency w, = 2pB. What isthe output if f(t) isapulse?
AW F(w)

Now F(w) =Vt sinc(wt /2) and G(w) =Vt sinc(wt /2)AejF(W). Let F(w)=-tyw:

_ AV T BV iwe- to)
g(t) = 2 smce 2QI dw

_WO

o) ="5t 2 - to)]

0 €29

Usetrig identity (cosA cosB =...) and substitution of variables to reduce the integrals
to "sine integral" form, which is tabulated.
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Response of Networks (3)

Final form of the output signal:

o(t) :%{s [Wo(t- to+t /2)]+S[wo(t- to-t /2)]}
B
where S(B) = osinc(@)da . Rule of thumb: B» 1/t for good pulse fidelity.
0

g(t)/ V,A

t)/V, A
_ﬁlﬁ%-» |- A OZERSHOOT 3 )A ° B»1l/t
! — | / » 5/t

B»1/5t
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Signals and Noise Through Networks (1)

Consider white noise through an envel ope detector and filter

WHITE — ] FLTER |— N(1)

CENTERED AT W,
The noise at the output is a complex random variable

n(t) = r(t)e W90 = x(ty costw,t) + y(t)Sin(w,t)

Theright-hand side is arectangular form that holds for a narrowband process. The
cosine term isthe in-phase () term and the sine term the quadrature (Q) term.

Assume that the Fourier transform of s(t) isbandlimited, that is, its Fourier transform
IS zero except for afinite number of frequencies

A F(w)

FOURIER TRANSFORM
OF A BANDLIMITED SIGNAL
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Signals and Noise Through Networks (2)

If the filter characteristic has the same bandwidth as s(t) and is shifted to the frequency
W then the carrier modulated signal sy, (t) will pass unaffected. The signal plus noise
at the output will be

Sout(t) = [s(t) + x(t)]  cos{wct) + y(t) sin(wct)

°X, in—pvhase term quadratﬁre term

If x and y are normally distributed with zero mean and variance s 2. their joint PDF
IS the product
o (C+y%)I(2s)
Pyy (X, Y) = 5
Y 2ps

When the signal is added to the noise, the random variable x{ is shifted
xX¢

o (k)2 +y?1/(2s )
X =
px(]y( ¢y) 2pS 2

Now transform to polar coordinates. x¢=r cosq and y = rnq and use atheorem from
probability theory

Prq(r,0)drdg = pyg (xGy) dxddy
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Signals and Noise Through Networks (3)

With some math we find that

1 ) 2
prq(r,q) :ﬁe S (2 )rexp{- (r2- 2rscosy )/(2s 2)}

At the output of the detector we are only dealing with p, (r), the phase gets integrated
out. Thuswe end up with the following expression for the PDF of the signal plus noise
pr(r) — (s+r) /(23 ) rscosq/s2 dq

IOS \o
°2p 1,(rs/s 2)

where 1,(?) isthe modified Bessel function of the first kind (a tabulated function). Final
form of the PDF is

(s+r) /(2s )I

B (r) = o(rs/s?)

ThisisaRician PDF. Note that for noise only present s=0P 1,(0) =1 and the Rician
PDF reducesto a Rayleigh PDF.

(Note that Skolnik has different notation: s® A, r® R s°®y )
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Rician Distribution

Distance Learning

Some examples of the Rician distribution:

p(r) A NOISE
ONLY

s=0

LARGE

0 S S r

For < = 0 the Rician distribution becomes a Rayleigh distribution.
2

S
For 252 >>1 the Rician distribution approaches a normal distribution.
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Probability of False Alarm (1)

For detection, athreshold isset. There aretwo casesto consider: s=0and st 0.

1. < =0: If the signal exceeds the threshold atarget is declared even though thereis
none present

P (r) \

| FALSE ALARM

CASE OF s=0

I
0 S VT = r
The probability of afalse alarm is the area under the PDF to the right of

¥ ¥
Pra = opr(r)dr =9 5 €
Vy Vp S

2 2 2 2
r</(2s )dr:e-vr/(Zs )
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Probability of False Alarm (2)

Probability of afalse darm vs. threshold level (thisis essentially Figure 2.5in
Skolnik)

25

20r

15}
- 10010 (Psa)
10}

V;/s
Probability of afalse alarm can also be expressed as the fraction of time that the
threshold is crossed divided by the total observation time:

_ time that thethreshold hasbeen crossed
time that thethreshold could have been crossed

I:)fa
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Probability of False Alarm (3)

or, referring to the figure (see Figure 2.4)

at

Pa =% n = (o) »1/Bn
é-Tn <Tn> Tfa
n

whereTy, isthe false dlarm time, a quantity of more practical interest than Px,.
Finally,
1 \2 2
P,=———=¢ Vf 1(2s )
TfaBn

94



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Probability of Detection (1)

2. <1 0: Thereisatarget present. The probability of detecting the target is given by

the area under the PDF to the right of

MISS<—‘—> DETECTION

p(r) A

|
|
I |
I |
I |
0 Vi S I

¥ ¥ 2_ .2 2
P=op(r)dr= o—rze'(s IS (rsls 2y dr
VT vr S

The probability of amissis given by the area under the PDF to the left of V4, or since
the total area under the curveisl,

R, =1- Py
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Probability of Detection (2)

2
S
For alarge SNR = a2 >>1 and alarge argument approximation for the modified

Bessel function can be used in the expression for the PDF: [4(x) » €" /(2px). The
Rician PDF is approximately gaussian

_ (s N2 /(25 ?)
r)= e
P (r) 2ps 5

J—

which is tabulated in handbooks. The probability of detection becomes

Py = 1|1 erf@
— i
7 27 € 252

OUl
- w/SNng, SNR >>1
p

Recall that
2 2
P =€ ViF (25 #)
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Probability of Detection (3)

Eliminate V1 and solve for the SNR
SNR» A+0.12AB+1.7B

where A=1n(0.62/Ps;) and B=In[Py/(1- RBy)]. Thisisreferred to as Albertsheim’s
approximation, and is good for the range 10 ‘g Py £10 and 0.1£ R £0.9

Note. The SNRisnot indB. This equation gives the same results as Figure 2.6

Design Process. 1. choose an acceptable P, (10 3to 10° 1‘2)

2. find Vg for the chosen P,

3. choose an acceptable P, (0.5to 0.99)
4. for the chosen Ry and V5 find the SNR
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Probability of Detection (4)

GGGGGGGG

0,9999 i
09995 !;‘/f‘r/f/f/////// ] Figure 2.6 in Skolnik
by amaniin
o — 1 — /I
] — aaailll

0,598 1 /
/ LI
ss— | /]
/1]
4TS L)
o 41771

0.30

/
107
0.20 3 F, / =
/ /// /H// Probability of
0.10 e TS s ey AR har:
1

Probaobility of detection

- T o B o
1¥] 0 o0 0™o 00" 1o
0.05 | l
q ] 8 10 12 14 16 B 20
(54w )y, sig nolso dB
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SNR Improvement Using Integration

The SNR can be increased by integrating (summing) the returns from several
pulses. Integration can be coherent or noncoherent .

1. Coherent integration (predetection integration): performed before the envel ope

detector (phase information must be available). Coherent pulses must be transmitted.
3

-]

t

Returns from pulses 1 and 2 are delayed in the receiver so that they contiguous (i.e., they
touch) and then summed coherently. The result is essentially a pulse length n times greater
than that of asingle pulse when n pulsesare used. The noise bandwidthis B, » 1/(nt)
compared to B, » 1/t for asingle pulse. Therefore the noise has been reduced by a factor

n and

SNR nRr),
B,

where (P, ), isthe received power for asingle pulse. Theimprovement in SNR by
coherently integrating n pulsesisn. Thisisalso referred to as a perfect integrator.
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SNR Improvement Using Integration

2. Noncoherent integration (postdetection integration): performed after the envelope
detector. The magnitudes of the returns from all pulses are added.

Procedure:
N samples (pulses) out of the detector are summed
the PDF of each sampleis Ricean
the joint PDF of the N samplesis obtained from a convolution of Ricean PDFs
once the joint PDF is known, set Vi and integrate to find expressions for Py, and Py

Characteristics:
NoiSe hever sumsto zero asit can in the coherent case
does not improve signal-to-clutter ratio
only used in non-coherent radars (most modern radars are coherent)

| mprovement:
nest (P ),

B,

where the effective number of pulsesis ng » n for smal n and ng »+/n for large n

SNR
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[llustration of Noncoherent | ntegration

The last trace shows the integrated signal.

FdE B Al
PRI AL
[ Sl - S9F _§ Jo= L

Emmmnﬂwmmmg

S
Il..l ﬂ..l

l"ﬂ‘ mmmm | VO I " ey

e, b
pnmmanMHMI

From Byron Edde, Radar: Principles, Technology, Applications, Prentice-Hall
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Approximate Antenna Mode!

ANTENNA POWER
HALF POWER PATTERN (POLAR PLOT)

ANGLE MAXIMUM

| VALUE OF

%@aﬂ%w > / o

For systems analysis an approximation of the actual antenna pattern is sufficient.
We ignore the beam shape and represent the antenna pattern by

1 Go , within HPBW (=qpg )

G=
10, outside of HPBW

where G, isthe maximum antenna gain. Thus the sidel obes are neglected and the
gain inside of the half power beamwidths is constant and equal to the maximum
value.
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Number of Pulses Available

The antenna beam moves through space and only illuminates the target for short
periods of time. Use the approximate antenna model

G,, [0l < /2
G(q)_loo gl‘seqH ( qB )

where G, isthe maximum gain and qy the half power angle and q g the half power
beamwidth (HPBW). If the aperture has a diameter D and uniform illumination, then

gg »| /D. The beam scan rateis w. in revolutions per minute or % =q in degrees per
second. (Theconversionis d(?ts =6w,.) Thetimethat thetarget isin the beam (dwell time"

or look) is
Lot :qB/CIs
and the number of pulsesthat will hit the target in thistimeis

nB :totfp

! The term dwell time does not have a stlandardized definition. 1t can also mean the time that a pulse train is hitting the target, or data collection time.
By this definition, if multiple PRFs are used while the target isin the beam, then there can be multiple dwells per 1ook.
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Integration | mprovement Factor

Distance Learning

The integration efficiency is defined as E (n) = SNRy where SNR
n(SNR,)

noise ratio for one pulse and SNR ,, isthat to obtain the same P, as SNR; when integrating

n pulses. Theimprovement in signal-to-noiseratio  when n pulses are integrated is the
integration improvement factor: I;,(n) =nE (n)

1,000

1 1Isthe signal-to-

i Skolnik Figure 2.7 (a)

for asquare law detector

=
o

false alarm number

nEiln)

Nt =1/ Pry =T, By

Jiin)

—F——
—

e

10 100 1,000 10,000
n, number of pulses integrated (postdetection)
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RRE for Pulse Integration

To summarize;

Coherent (predetection) integration: 5(n) =1 andlj(n) =n

1
SNRn :F]SNR:L

Noncoherent (postdetection) integration: Ii(n) <n

In the development of the RRE we used the single pulse SNR; that is

(SNRout) = 3NRy

min
For n pulses integrated

_ _SNR,

(SI\IROUt )mm - SNRn - I"IE| (n)

This quantity should be used in the RRE.
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RRE for Pulse Integration

Integrating pulses increases the detection range of aradar by increasing the signal-

to-noise ratio
RA = RGAyS NE;(n)
> (410 )ZkTan(SNR)l

where (SNR); is the signal-to-noise ratio for single pulse detection.

In the RRE, R isthe peak pulse envelope power. The duty cycleisthe fraction of
the interpulse period that the pulseison (=t /Ty)

At
Pt

Pay

= {

P, i1sthe average power: computed asif the energy in the pulse (= Bt ) were spread
over the entire interpulse period Ty: By, = Rt /T,,. Using the average power gives aform of
the RRE that is waveform independent.
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RRE for Pulse Integration

Note that ordinarily P, isthetime-averaged power (one half the maximum instantaneous)
when working with a pulse train waveform

4 _ RG{AsS NE (n)
> (4)%KTB,NR,

Design process using Figures 2.6 and 2.7:

1. choose an acceptable Pr, from Piy =1/(T4,B,)

2. choose an acceptable Py (0.5to 0.99) and with Ps find SNR; from Figure 2.6

3. for the chosen Ry, and false dlarm number n¢, =1/ Ps, = T¢,B;, find the
integration improvement factor, I;(n), from Figure 2.7(a)

Design process using Albertsheim’ s approximation:

The SNR per pulse when n pulses are integrated noncoherently is approximately
SNR,,,dB » - 5logn + 6.2+ 4.54//n + 0.44)log( A+ 0.12AB +1.7B)

where A=1n(0.62/ Pg,) and B=In[Py/(1- Py)], 10"’ £ P, £10" 3, and
0.1£ Py £0.9
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Radar Cross Section (1)

Definition of radar cross section (RCS)
G = power reflected toward source per unit solid angle = lim 4p Rz@
incident power density/4p R® ¥ W|
W = power density incident on the target (Poynting vector)
W, = scattered power density from target returned to the radar

Expressed in decibels relative to a square meter (dBsm): s ggsm =10log1g(s).
RCS s used to describe atarget's scattering properties just as gain (or directivity)
Isused for an antenna. An isotropic scatterer will scatter equally in all directions
(i.e., aspherical wave)

spherica
wavefront

small section -
of spherical o
wavefront |ooks

locally planar

|sotropic
scatterer

P (observation
point)
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Radar Cross Section (2)

RCSisafunctionof: 1. wave properties (polarization and frequency)
2. aspect angle (viewing angle)

Typica values of RCS.

0.0001 0.01 1 100 10000 m 2

| | | | | | | | |

i i i i i i i i i -
-40 -20 0 20 40 dBsm

INSECTS BIRDS CREEPING & FIGHTER BOMBER SHIPS
TRAVELING AIRCRAFT AIRCRAFT

WAVES

Consider an arbitrary target with a " characteristic dimension,” L. The RCS hasthree
distinct frequency regions as illustrated by the RCS of a sphere:

1. low frequencies (Rayleigh region): kL <<1
S ul/l 4 s vskL issmooth, s u(volume)2

2. resonance region (Mieregion): kL » 1, s vskL oscillates

3. high frequencies (optical region): kL >>1, s vskL issmooth and may be
independent of |
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Monostatic RCS of asphere, b =2p /1 (= k), a=radius, illustrates the three frequency
regions: (1) Rayleigh, (2) Mie, and (3) optica

10% ¢

RAYLEIGH

RESONANCE

OPTICAL

10°

ba

110
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Radar Cross Section of a Cylinder

Monostatic RCS of acylinder, b =2p /1 (=k), a=radius, illustrates dependence on
polarization. L isthe length.

...........................................................
..........................................................

............

SRR R S A R e } EPaRALLEL

-

bal?® 1° —» EPERPENDICULAR

bk |

10
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Target Scattering Matrix (1)

CONSTANT
ELEVATION

HORIZON

Arbitrary wave polarization can be decomposed into spherical components.
E = Eiqq + B¢ f

Similarly for the scattered field
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Target Scattering Matrix (2)

Define the RCS for combinations of incident and scattered wave polarizations

L2
Es
S pg = lIm 4pR2 =
PA~ Coy ‘Eiq‘z
where p,g=q or f . Theindex p denotes the polarization of the scattered wave and
g the polarization of the incident wave. In general, a scattering matrix can be defined
that relates the incident and scattered fields
EqUu 1 éyq Syf UEqU

st B VaprRZEYq 1 HEGr B

where
i 1Im(Eg,/ Ey)U
_ 1Y pgq _ -1 s’ =g/
Spg = +/S pg € , Y pg =tan i y
Pq Pq Pq
i Re(Egy/ Eiq b

Copolarized RCS: p =g cross polarized: p*q
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Example: Antenna as a Radar Target

Antennaat range R

s A Ga
R G,
- R
L =
R G
TRANSMIT/RECEIVE TARGET
Received power is
p=F1 g Pl 1 Qp )
4pR2 e | 2 4pR2

Ps
Compare this result with the original form of the radar equation and find that

Aezazﬁb S = 4|OAea 4pAp

4p | 2 | 2

| mportant result -- appliesto any large relatively flat scattering area.
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Scattering Mechanisms

MULTIPLE

SURFACE REFLECTIONS

SPECULAR WAVES

Vg
A
CREEPING
WAVES *
EDGE
DUCTING, WAVEGUIDE DIFFRACTION

MODES

Scattering mechanisms are used to describe wave behavior. Especialy important
for standard radar targets (planes, ships, etc.) at radar frequencies:

specular = "mirror like" reflections that satisfy Snell'slaw
surface waves = the body acts like a transmission line guiding waves along its surface
diffraction = scattered waves that originate at abrupt discontinuities (e.g., edges)
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Scattering Sources for a Complex Target

Typical for atarget in the optical region (i.e., target large compared to wavelength)

SCATTERED WAVE ISA SUM _ g
OF CONTRIBUTIONS FROM v
A COLLECTION OF SCATTERERS g

e

In some directions all scattering sources may add in phase and result in alarge RCS.
In other directions some sources may cancel other sources resulting in avery low RCS.
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Two Sphere RCS (1)

Consider the RCS obtained from two isotropic scatterers (approximated by spheres).

S (0]
R \
(]2 q ISOTROPIC
| SCATTERERS
RADAR O R | 7

Law of cosines;

R =R +(£12)2- 2R(//2)cos(q+p /2) = Ry1+ (£ /12R)2 + 2(¢/ 2R)sing
R, =y RE+(£/2)%- 2R(¢12)cos(q - p /2) = Ry1+(¢/2R)? - 2(¢/2R)sing

Let a = /9nq/ R and note that
(1xa)’2=1+

3 2
aFx —-a‘+--
R

NEGLECT SINCE a <<1

N[
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Two Sphere RCS (2)

Keeping the first two termsin each case leads to the approximate expressions
R » R+(//2)dsngand R, » R- (¢//2)snq. Total received field for two spheresis:

.2
P 5o - j2kR , VS0 Sj2kR Y _Sq - jkesing g+ jkesing
e ™y 5 @ -

=4coszzkf snq)
wherek =2p /1 . The"effective RCS" of the two spheresiss & = 4s g cos’ (k¢sinq).
This can easily be extended to N spheres.

900 900
120 10 1D NORMALIZED
<4—— PLOT OFsgff /s
15 20 30 FOR 2 SPHERES
SPACED 10l
Son = (L1)
18 0 18
NORMALIZED
PLOT OFsgff /S —
21 330 FOR 7 SPHERES 21
SPACED 2|
o0 500 Son =(11,1,10,1,1,1)
270 270
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RCS of a Two Engine Bomber

S-Band (3000 MH2) Horizontal Polarization Maximum RCS =40 dBsm
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RCS of aNava Auxiliary Ship

S-Band (2800 MHZ2) Horizontal Polarization Maximum RCS = 70 dBsm
FORWARD
wou PORT STARBOARD
AFT

Uurves correspon to , an percentl €S
(C d to 20", 50" and 80" iles)
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RCS of a Geometrical Components Jet

Frequency = 1 GHz
Bistatic and monostatic azimuth patterns
Bistatic advantages:

adways alarge RCSin the forward direction (f =f; +180")
forward scatter can be larger than backscatter

lobes are wider (in angular extent)
Bistatic disadvantage:
restricted radar transmit/receive geometry

y, (m)
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Geometrical Components Jet

Bistatic RCS, dBsm

10

-10

Backscatter Scetter

T T T T T T T 50

Monostatic RCS, dBsm
5

-10

1 1 1 1 1 1 1 _30

30 100 150 200 250 300 350 0

Azimuth, degrees

Bistatic, f; =90
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Fluctuating Targets

The target return appears to vary with time due to sources other than achangein
range:
1. meteorologica conditions and path variations
2. radar system instabilities (platform motion and equipment instabilities)
3. target aspect changes

For systems analysis purposes we only need to know the "gross' behavior of a
target, not the detailed physics behind the scattering. Let thes be arandom variable
with a probability density function (PDF) that depends on the factors above. Two
PDFs are commonly used:

/s

(thisis anegative exponential PDF)

1.
1. p(S):tes
S

These are Rayleigh targets which consist of many independent scattering elements
of which no single one (or few) predominate.

IS o5 /5
2. P)=—¢ =18
S
These targets have one main scattering element that dominates, together with

smaller independent scattering sources.
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Swerling Types

Using PDFs#1 and #2 we define four Swerling target types.

Typel: PDF #1 with slow fluctuations (scan-to-scan)
Typell: PDF #1 with rapid fluctuations (pul se-to-pulse)
Type lll: PDF #2 with slow fluctuations (scan-to-scan)
TypelV: PDF #2 with rapid fluctuations (pul se-to-pul se)

When the target scattering characteristics are unknown, Type | is usually assumed.

Now we modify our design procedure (same asin Skolnik’s o™ edition)
1. Find the SNR for agiven P, and Ry as before

2. Get a correction factor from Figure 2.23 in Skolnik (reproduced on the

next page)
3. Get 1;(n) from Figure 2.24 (2™ edition in Skolnik if more than one pulse is used

4. UseS intheradar equation for RCS

Note: There are many charts available to estimate the SNR from integrating n pulses for
fluctuating targets (e.g., charts by Swerling, Blake, Kantor and Marcum). Although the
details of the processes are different, they all involve modifying the SNR for asingle pulse
by the appropriate fluctuation loss and estimating the integration improvement factor.
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Correction & Improvement Factors (1)

/ ] Figure 2.23 in Skolnik

- r_,fﬁ‘:f«”}
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Ll | 1
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Frobabi
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Correction & Improvement Factors (2)

1.(n) = inlegration improvement foctor, dB

35

30

25}
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15
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C.ﬂ"'t' D-In P d
- Pé
To%® - 8- o0
ot otls P4

cose >

“Cose 4 — 50% Po

_Caoses 1 and 3 — 50, 90, 9% Py
\, Cose 5 = 99% Py

"Case 5 — 50% Pu«

.|"1|r=1f.')a

1 | i i i1

Figure 2.24 in
Skolnik
(2™ edition)

100
Number of pulses integrated, n
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Detection Range for Fluctuating Targets

The maximum detection range for afluctuating target is given by

4 __ PyGAsSnE(N)
Rmax = (4p)°KTBY fSNR,

where I;(n) =nE;(n) and

SNR; =(SNR4 for P4 and Ps, from Figure 2.6)
(correction factor from Figure 2.23)

(Note: if the quantities are in dB then they are added not multiplied.)
In general, the effect of fluctuationsisto require higher SNRs for high probability

of detection and lower values for low probability of detection, than those with non-
fluctuating targets.
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Example

A target's RCSis described by a single predominant scatterer whose echo fluctuates from
pulse-to-pulse (Type V). Find the SNR required if P, =10 10, n=15and By = 0.95.

Method 1: (as described in Skolnik 2™ edition)
1. From Figure 2.6: SNR; =155dB=35.5

2. From Figure 2.23, the correction factor (fluctuation loss, L; ) for the Type IV target

and By = 0.95 isabout 5.5 dB. Thus, for one pulse,SNR; =15.5dB + 5.5dB = 21dB

3. From Figure 2.24 1;(n) » 15dB. For n pulses SNR, =SNR,/I;(n), orindB

NR, =SNR; - I;(n) = 21dB- 15dB = 6dB

Method 2: (as described in Skolnik 3™ edition, generally less accurate than Method 1)

1. Follow steps 1 and 2 from above

2. Adjust the fluctuation loss according to L (ng) =(L+¢ )1/ "e where n. is defined on page

69. (For Swerling Types| and Il ne =1; for Typesil and IV n. =n.) Workingin dB
L (15)=5.5/15=0.37 dB

3. Use Figure 2.7 to get the integration improvement factor, |; »10dB
4. NR [, =SNR; + L¢ (ng) - I;(n) =15.5dB+ 0.37dB - 10dB =5.87dB
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Defeating Radar by Low Observability

AIR
DEFENSE
RADAR

ATTACK
APPROACH

Detection range depends on RCS, R M Vs , and therefore RCS reduction can be
used to open holes in aradar network.

Want to reduce RCS with a particular threat in mind:
clutter environment, frequency band, polarization, aspect, radar waveform, etc.

There are cost and performance limitations to RCS reduction

129



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Method of RCS Reduction and Control

Four approaches:

1. geometrical shaping - Direct the specular or traveling waves to low-priority
directions. Thisisahigh-frequency technique.

2. radar absorbing material (RAM) - Direct waves into absorbing materia
whereit is attenuated. Absorbers tend to be heavy and thick.

3. passive cancellation - A second scattering source is introduced to cancel

with scattering sources on the "bare" target. Effective at low frequencies
for small targets.

4. active cancellation - Devices on the target either modify the radar wave
and retransmits it (semi-active) or, generates and transmits its own signal.
In either case the signal radiated from the target is adjusted to cancel the

target's skin return. Requires expensive hardware and computational
resources on the target.

Except for shaping, these methods are narrowband reduction techniques. Wideband
radar is an effective way to defeat narrowband reduction methods.
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Corner Reflector Reduction by Shaping

A 90 degree corner reflector has high RCS in the angular sector between the plates due to
multiple reflections. Dihedrals are avoided in low observable designs (e.g., aircraft tail
surfaces are canted).

D a—y
[\(\ 9% DEGREE CORNER (\,‘\

3
ol
ol [l f
Bise ",
o]
ﬂ 110 DEGREE CORNER || ﬂ
-20 ; l" Hil T " f 1
90  -60  -30 0 30 60 90

08 (DEG)
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RCS of Shaped Plates

RCS contours of square and diamond shaped plates. Both have an area of 100 m?.
Contours enclose areas where s /1 % >20 dB
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Application of Sarrations to Reduce Edge Scattering
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Application of Sarrations to Reduce Edge Scattering

Vertical polanzation, theta—thata
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Traveling Waves

A traveling wave is avery loosely bound surface wave that occurs for gently curved
or flat conducting surfaces. The surface acts as atransmission line; it "captures' the
incident wave and guides it until adiscontinuity isreached. The surface waveisthen
reflected, and radiation occurs as the wave returns to the leading edge of the surface.

INCIDENT TM WAVE TRAVELING WAVE
REFLECTION REDUCED
MOST RADIATION
CONDUCTING OCCURS IN THE
PLATE qe -« — —> -« — _D FORWARD DIRECTION
- = = = = == — p—— P
L > ;
LEADING TRAILING RESISTIVE
EDGE EDGE STRIP

For a conducting surface the electric field must have a component perpendicular to the
leading and trailing edges for atraveling wave to be excited. Thisisreferred to as
transverse magnetic (TM) polarization because the magnetic field is transverse to the
plane of incidence. (Recal that the plane of incidence is defined by the wave propagation
vector and the surface normal. Therefore, TM is the same as parallel polarization.)
Transverse eectric (TE) polarization has the electric field transverse to the plane of
incidence. (TE isthe same as perpendicular polarization.)
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Trailing Edge Resistive Strips

Quarter wave resistive strips can be used to eliminate traveling wave reflections at
trailing edges

Normalized RCS of a plate with and without edge strips

B da — ey B e S

SR,

CONDUCTiNG PLATE

~18 dB — —— -

28 dB -
L/
T
. /!
g dB —-—f e
|
._ L [
-49 dB —/ iy r— - o
NERTaN WITH TWO- SECTION
T |V1 TEDGE STRIP |
-580 dB Al e 1--. L_..-—L-....._. -L..._._.
-38 -/5 -68 -45 -38 -135 a 15 Ja 43 1% Fa- 1 32

Angle from plate normal, degrees
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Application of Reduction Methods

® SHIELD INLETS

(2) cANT RUDDERS
IN TO AVOID
DIHEDRAL

(12) SWEEP LEADING

EDGE
(11)USE LOW PROFILE
CANOPY.

(10) USE BAND PASS
RADOME @
SHIELD
NOZZLES
MINIMIZE BREAKS MPONENTS
AND CORNERS ®BLE"D . ,
CANT FUSELAGE
SIDES
PUT ORDNANCE LOAD INSIDE AIRCRAFT
(3) ELIMINATE BUMPS AND PROTRUSIONS (4)ROUND WING TIPS

LOW RCS < RAREOFE ~,  AERODYNAMIC PERFORMANCE

From Prof. A. E. Fuhs
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Low Observable Platforms; F-117

(USAF Photo)
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Low Observable Platforms; B-2

(USAF Photo)

139



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Low Obsearvable Platforms; Sea Shadow
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Recelver Types (1)

Distance Learning

Basic crystal video receiver:

ANTENNA
VIDEO

AMPLIHER

COMPARATOR

TODISPLAY
DETECTOR
THRESHOLD
VOLTAGE
Superheterodyne receiver:
ANTENNA
IF VIDEO
AMPLIFIER AMPLIFIER COMPARATOR
IF
FHLTER
DETECTOR TODISPLAY
LO
THRESHOLD

VOLTAGE
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Recelver Types (2)

Homodyne receiver: (In general, any receiver that derivesthe LO signal from the received
RF signal.)

ANTENNA
COUPLER IF VIDEO
AMPLIFIER AMPLIFIER COMPARATOR
IF
f FILTER
RF DETECTOR
fee + fiE DISPLAY
®< THRESHOLD
_>
; LO VOLTAGE
IF
1/Q (zero frequency IF) receiver:
ANTENNA
Q
L
AMPLIFIER

|
.
IF - > -
% FILTER p/2
LO

| FREQUENCY _>

DISCRIMINATOR
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Noise Power Spectral Density

A "noise signa" in the time domain is denoted as n(t) and its power spectral density
(or simply power spectrum) is Sy () (i.e., therefore n(t)« Sy (f)). Whitenoiseis
zero mean and has a constant power spectrum

Sy(f)° ng/2=KT

The factor of 1/2 istypically added because the noise power is defined only for positive
frequencies, but the power spectral density frequently occursin integrals with

- ¥ <f<¥ or- B<f<B. Thenoise power in aband of frequencies between f; and
f, (Df = f, - f;) istheintegral of the power spectral density:

f2
N = ong /2)df = 2!
f

1
(Ng isusually used to denote the noise power of thermal noise. Ingeneral N isused.)

The total noise power isinfinite since
¥

Ny = o(n,/2)df =¥
Y

and thus true white noise does not exist. It isauseful model for situations where the
noise bandwidth is so large that it is out of the range of the frequencies of interest.

3
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Matched Filters (1)

Bandwidth tradeoff for filters:;

large bandwidth ® signal fidelity, large noise
small bandwidth ® signal distorted; low noise

The optimum filter characteristic depends on the waveform. It isreferred to asthe
matched filter. It maximizes the peak signal to mean noise power ratio.

1) « Sw) ——= h(t)« HW) f—s y(t)« Y(w)

t
y(t) = S(t)* h(t) = C(?S('i ) h(t-t)at

IMPULSE
RESPONSE

or
Y(w) = HWw)S(w)

What H(w) (also expressed as H( f)) will maximize the output SNR?
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Matched Filters (2)

Assume atime limited signal that has a maximum output at time t =t;. The maximum at
the output is

1 ¥ i
y(ty) == oSW)H w)e! tdw
2p .y

ty - ty
= 38(t h(ty - t)dt = as(t - t)h(t )ckt
0 0

For a 1W load the instantaneous output power is S= y2(t). Consider adifferential
band of frequencies between f and f +df . The noise signal spectra at the input and

output are S\ (f) and Yy (), respectively. Therefore
YN () = S(F)H(T)

M ean-squared noise power at the output:

S2 = ¥ 2
N=sy= <O|YN(f)| df> <§41|5N(f)|‘|(f)| df>
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Matched Filters (3)

The noise power spectral density for white (gaussian) noiseis

No(f) =24 Su(H)IF =kT, ° g

The noise power at the output IS

s2=1 dH(f)I no( f)df = dH(f)I rp df
From Parseval's theorem:
s2 =" gt
2 =No
2 .y

so that

2 2

¥ .
5S(w)e! i H (w)dw

41

os(t1 t )h(t )dt

SNR = y (21 . .
S N % oh2 (t)dt o, JH W) dw
Y, ¥

Schwartz inequality
as()N(x)dX> £ |as(x)dx” [oh(x)dx”
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Matched Filters (4)

Note that s(t) and h(t) are red

ty ¥ ¥ L2 ¥
052 (t, - t)dt gh?(t)dt (‘)‘S(W)eJth‘ dw H (w)|2dw
SNR £ 0 -¥ —-¥ -¥
Ny *, 2 ¥ 2
= St pne oH (wW)*dw
- ¥ - ¥

The maximum will occur when the equality holds

jas(ty- 1), t<y

=14 t>t

wherea isaconstant. Thisisthe matched filter impulse response. The maximum
SNRis

or H(w)=a [S(W)ethl]* _ag (w)e jwty

t1 5
552 ()t

SNR £2 _2E
Ny/?2 Ng

51 ¥
The signal energy is E° osz(t)dt (Note: ingeneral E © @sz(t)dt )
0 - ¥
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Matched Filters (5)

In the frequency domain:
Hw)=a [S(w)eith T =a s (w)e "

(Thisiseguation 5.15 in Skolnik when a isreplaced with G;.) Some important
points:
1. The matched filter characteristics depend on the waveform.
2. It doesn't matter what the waveform is, if amatched filter isused in the
receiver the SNR=2E/no
3. ty may be very large, which implieslong delays and consequently a
physically largefilter.
4. The output of the matched filter is the autocorrelation function of the
input signal

yt)° R(t- )= i‘)s(t )S(ty - t+t)dt
-¥

Example: Find the matched filter characteristic for a pulse of width 1t and amplitude 1

P ()« S(w) =t sincwt /2)
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Matched Filters (6)

The matched filter characteristic for thiswaveform is
Hw)=a$s w)e " =at sinc(wt /2)e ™
The choice of t; =t issomewhat arbitrary. The output signal spectrumis
Y(w) = Sw)H(w) =at sinc’(wt /2)e” ™

The output waveform is the inverse Fourier transform: atime delayed triangle. The

matched filter isrealized using a tapped delay line
\ TAPPED DELAY LINE

at t

EEXEEEE.

: OUTPUT

|
t =t 2t
The output signal builds as the input signal arrives at more taps. After timet (end of

the pulse) some taps are no longer excited and the output signal level decays. After 2t
none of the taps are excited.

1
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Matched Filters (7)

The signa energy is
t

E = op?(t) dt =t
0

and the impulse response of thefilter is
h(t)=a p (1)

The signal to noiseratio is

" 2

op (ty- t)h(t)at .
— 10 - —
SNR = &t(‘jqz(t)dt _&azt - n,

20 2

as expected for a matched filter.

10
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Complex Signals

A narrowband signal can be cast in the following form:
s(t) = g(t) cos(w.t + F (t))
or, in terms of in-phase (1) and quadrature (Q) components
s(t) = gy (t)cos(wct) - go(t)sin(w,t)

g, (t) = g(t) cos(F (1))

gq(t) =9(t) sin(F (1))
Define the complex envelope of the signal as

u(t) =g (t) + J go(t)

Thus the narrowband signal can be expressed as a complex signal (also called an analytic
signal)

where

() =R u(t)ejWCt}

It is sufficient to deal with the complex envelope of asignal (to within a phase shift and
constant factor).

11
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Ambiguity Function (1)

Matched filter output signal, y(t), in terms of the complex envelope, u(t)

a _iwnt ¥
y(t):Ee WelL sut )u(t - t+ty)dt
-¥

If there is a doppler frequency shift
] . U
s(t)=Rei u(t)ed elVely
T NEW ENVELOPE b

Neglect constant amplitude and phase factors

¥ : . ¥ . .
y(t) = gu)eMdu ¢t - t)dt = § ut)e!d U (t-t)dt

¥ "¥ SIGNAL FILTER
TERM  TERM

Thisisthe ambiquity function

¥ . .
c(t ,wg)= ou(t)edtu’(t-t)dt
-¥

12
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Ambiguity Function (2)

Sincet isatimedelay, let it be the round trip transit time for range R, Tr. Also,
express the doppler frequency in Hertz:

2

¥ 2o fqt  *
au(t)e! Py (t- Tr) dt
-¥

2
c(Tr fa)l” =

A plot of |c|2 is called an ambiquity diagram. Typical plot:

’;.

E
X '4, ", c' <
I ‘\\ ‘V /A‘\\ I' “ 'A\' ‘
X ~’2;,Q§»77/fii, “ ’ ‘ " “\\\Vl”

Y "\\\ \vm\ %
(7>
Ill

XY ’”l'l "00"0’ “ \‘\\\\ \§§
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Ambiguity Function (3)

Properties of the ambiguity function:

1. Peak valueisat T = fy =0 and isequal to 2E.

2. The function has even symmetry in both Tg and fj.

3. Peaksin the diagram other than at T = f4 =0 represent ambiguities.
Therefore only asingle narrow peak is desired (central "spike").

4. Region under the curve is equivalent to energy, and is constant

@lc| dTrdfy = (2E)
Information available from the ambiguity function:

1. accuracy: indicated by the width of the central spike

2. resolution: width of the central spike and its closeness to other spikes

3. ambiguities spikesalong Tr are range ambiguities; spikesaong fg
are velocity ambiguities

4. clutter suppression: good clutter rejection where the function has
low values

14
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Ambiguity Function (4)

Example (after Levanon): single pulse, t =2

15



Naval Postgraduate School

Microwave Devices & Radar

Distance Learning

Ambiguity Function (5)

Example (after Levanon): pulsetrain,t = 0.2 and Ty =1

—re

ik

ag .
Qe
a7 i

ag |
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Range Accuracy (1)

The range accuracy depends on the pulse |eading edge threshold; that is the time at
which we consider the pulse to have arrived.

DT ﬂ

THRESHOLD _ _

IDEAL PULSE
PULSE WITH NOISE

The measured pulse (i.e., pulse with noise) crosses the threshold too soon by an amount
DTr. Thisisequivalent to arange error. The slope of the measured pulse in the vicinity

of thethreshold is
n(t)

R

sope »

The slope of the uncorrupted pulseis

sope » A
tr

17
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Range Accuracy (2)

Assume that the slopes are approximately equal

é »@ p DTR »

t  DIg

n(t)t,

Take expectation of each side

<(DTR)2>» aet—)& <n (t)>

(DTR)? » ?et—f n2(t)

t, islimited by the IF amplifier bandwidth t, » 1/ B, or

n(t) =n,B

Therefore the rms range delay error is

n,B n
VORY ° o= 25 = 45

A’B

18



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Range Accuracy (3)

. AZ
Use pulse energy rather than amplitude: E = 7t

B t
OITR_\/(ZE/no)B

Average the leading and trailing edge measurements

o JG) G, =257

Final result, based on arectangular pulse,

_ t
R _'\/(ZE/nO)ZB

Skolnik has results for several different pulse shapesin terms of the effective band-
width of the pulse.

19
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Range Accuracy (4)

General equation for an arbitrary pulse shape:

Tn=—
R B.2E/n,
where the effective bandwidth of the pulseis defined by (Skolnik uses b).
¥
: o2p ANl _
Be =~ =T A2 F)7IS()df
JS(f)*df ¥
-y

For arectangular pulse S(f) u sinc(p ft ) and with some math (see Skolnik for details)

Bg » 2B/t

Therefore, dTr = ,‘/ 4B|; " which corresponds to arange error of dR= &ZTR
0}

20
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Velocity Accuracy

Method of "inverse probability" gives an expression for the rms frequency error:

df

1
 t+2ETn,

t ¢ isthe effective time duration of the pulse defined as

¥
o(2p t)2s2(t)dlt
2 _-¥
te = v;

5s2(t) dt
- ¥

(Skolnik usesa.) For arectangular pulset 62 =(pt )2/3 which gives

df = V3
 pt42E/n,

21
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Uncertainty Relation

There is atradeoff between range and velocity accuracies. a narrow spectrum and
short time waveform cannot be achieved ssimultaneoudly. Thisis expressed in the
uncertainty relation:

Btedp

The effective time-bandwidth product must be greater than p . The "poorest” waveform
in this sense is the gaussian pulse for which Bt ¢ =p. To improve both dTi and df
requires

1. increase E/n,
2. select awaveform with

largea ® long time duration
large b ® wide bandwidth

22
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Angular Accuracy

Naval Postgraduate School

Recall that there is a Fourier transform relationship between an antenna's aperture
distribution and the far-field pattern. Therefore the pul se/lbandwidth formulas for

velocity accuracy can be extended to antenna pointing

|
da = W,+/2E/n,

We isthe effective aperture width of the antenna
¥
o2p x9?|A(x9|” dxd
- ¥

We = v;
JAXYF dx¢
- ¥

(Skolnik usesg and has moved | from the top formulato the numerator of we.) For a
uniform amplitude distribution over an aperture of width D, we2 =(p D)2 / 3 which gives

V3 _ 0.628q

04 = (D1 )2EIT, ~ y2En,

where gg = 0.88 / D has been used.

23
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Pulse Compression

Short pulses are good for small range resolution, but there are problems in practice:
1. difficult to get high energy on the target unless the short pulses are
very high peak power
2. short pulses require very wide bandwidth hardware

Pulse compression refers to several methods that allow "long time" waveforms to be
used, yet get some of the advantages of a"short time" waveform. Three methods are:
1. Chirp: most common
simple analog implementation
doppler tolerant
capable of high pulse compression ratio (PCR)
2. Binary phase codes:
second most common
easy digital implementation (apply separately to | and Q channels)
doppler sensitive
best for low PCRs
3. Low sidelobe codes:
more difficult to implement; increased complexity
doppler sensitive

24
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Linear FM Pulse Compression (Chirp)

The carrier frequency of each pulseisincreased at a constant rate throughout its duration.

A

| — ! VIV

Df isthe freguency deviation and t , isthe uncompressed pulse width. Low frequencies

are transmitted first so they arrive at the receiver first. A filter isused in the receiver
that introduces a frequency dependent time lag that decreases at the exact rate at which
the frequency of the received echo increases. The front of the pulseis slowed relative
to thetrailing edge. Asaresult of thetime delay, the pulse "bunches up" and emerges

from the filter with a much larger amplitude and shorter width.

25
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Linear FM Pulse Compression (Chirp)

Illustration of the dispersive (frequency dependent) filter:

A

~+
A
I —
———
P——
Ip—
==
TIME DELAY

v =

To see how the original waveform appears to be compressed, we look at its spectrum
at the output of thefilter. Let:

§(t) = signal into filter (received chirp waveform)
h(t) = matched filter impulse response
g(t) = output signal (compressed pulse)

26
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Linear FM Pulse Compression (Chirp)

Using complex signal notation, the output is:
¥ *
g(t)= os(a)h (t- a)da
-¥
The input (chirp) signdl is:

s(t) = r, (Dexplj Wt +nt?/2)]

where
ptu(t) = pulseof width t |,

m=FM slope constant =2p B/t
Df

The impulse response of the matched filter is:
h(t) = pr, (- ) expli (- wet + m?/2) |
Therecelved chirp signal after mixing (i.e., at |F)

sie® = ar, O expfi{ wie - wo)t+nt?/3]

27
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Linear FM Pulse Compression (Chirp)

Now perform the convolution
t

a(t)= o expli(wir - wa)a + a2 /2)] expli(wie (t- a) + mt- a)?/2)|da
-t

u
for t >0. Evaluate the integral to get
g(t) =(t - t)elWIF WM 2 gne oty - t)(fg + Bt/ty))
where 2pB =1t |, has been used. The pulse compression ratio (PCR) is

PCR=t  Df Ot /t

Typica values: 100 to 300 (upper limit is about 10°). The peak value of g(t) occurs

atimet =-t,fy/B. Thisrepresents an ambiguity because fy4 isnot generally known.
a |
UNCOMPRESSED U o] e

PUL SE COMPRESSED
PULSE

28
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The doppler shift from a moving target causes atime shift in the maximum output of
the matched filter. Thisresultsin arange error. Example: Df =1 MHz, PCR=200,

fo =10 GHz

NORMALIZED OUTPUT OF CHIRP FILTER

-0.2

-0.4

STATION

NARY TARGET

/\ TARGET VE

LOCITY 135 MPH

o
o

|

|

o
o

1

©
~

|
|

1

©
N

%

oY

L

G

W

A\ A4

A=V}

-10 -5

0

TIME, microseconds
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Range Resolution (1)

Resolution refersto the ability of the radar to distinguish two closely spaced targets.
The echo returns must be sufficiently separated. Smal DR b small pulsewidth t .

DR corresponds to the
time difference cDt / 2

R

RADAR 2

)
If Dt istoo small the echo pulses

will overlap and the targets
cannot be distinguished

30
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Range Resolution (2)

S FROM #1 FROM #2
To distinguish the two pulses t t
. AT dt LEADING EDGE
dt® 0 which implies <—>// OF PULSE #2
|
t £2DR/c A TRAILING EDGE
OF PULSE #1
Pulse compression can improve aradar's resolution
UNCOMPRESSED PULSES COMPRESSED PULSES
A FROM #1 '\ FROM #1
I I
t Al A
- [P AVF\\J v/_\ ~ »t
VoV
FROM #2 FROM #2

D
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Pulse Compression Example

FM chirp waveform transmitsfor t , =10ns. What frequency deviation is required to
increase the peak SNR by 10 dB at the output of an ideal pulse compression filter?

Definition of PCR: PCR =t ,Of =10" 10" °Df
The PCR isaso theincrease in peak SNR. Therefore
(10" 10 °)Df =10 dB=10 b Df =1" 10° =1 MHz

Range resolution of the uncompressed pulseis

ct, 3 10°(107°)
2 2

DR = =1500 m

: : t .
The compressed pulse widthist = PCl:JR and the resolution is

¢t 37 10°(10°%)
2 2

=150 m

DR =

32
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Chirp Complications

1. Chirp introduces a dlight doppler frequency ambiguity. The radar cannot
distinguish between an intended frequency shift and an induced doppler shift.

2. The chirp filter output for each pulseisasinc function. For atrain of pulses
the sinc functions overlap and sidelobes from a strong target can mask a weak
target.

STRONG TARGET
RETURN

WEAK TARGET

The solution isto use phase weighting (i.e., nonlinear FM).

33
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Digital Pulse Compression

Digital pulse compression utilizes phase-coded waveforms. Usually these are bi-phase
modulated waveforms; they yield the widest bandwidth for a given sequence length.

Example of a bi-phase modulated waveform of length five. t , istheillumination length
of the pulse (uncompressed pulse length); t < is the subpulse length.

- ty >

AANAA AN
MUVU@\/WU;\/V

Typesof codes:. 1. Barker sequences
2. Pseudorandom sequences
3. Frank codes
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Barker Sequences

Characteristics:

N isthe number of bitsin the sequence
Its matched filter output (the autocorrelation function of the sequence) contains only

three absolute values: 0, 1, and N
- There are only seven known sequences of lengths 2, 3, 4, 5, 7, 11, and 13
- Thelongest sequence is only 13 bits (security problems)
- All sidelobes are the same level. Levelsrange from 6 dB to 22.3 dB

BARKER CODE MATCCZ)I-LIJETEF))SITLTER
OF LENGTH 3 3

- ty -

—> - tg=t,/3

+ | + | -
t
|| |||>t

o< I\'/__\'/
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Pulse Compressor/Expander

c DELAY LINE e

INPUT INPUT

WEIGHT

SUMMER

S

‘ OUTPUT

S S N

— +|+ +L

_ O RPN W N
I
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- Search:

- Tracking:

In general:

Low sidelobes

High gain on transmit

Fast sector coverage

Wide bandwidth

High power on transmit

High signal-to-noise ratio on receive

Low sidelobes

Narrow beam

Accurate beam pointing

Wide bandwidth

High signal-to-noise ratio on receive

Physical limitations (size, weight, volume, etc.)
Low cost

Maintainability

Robust with regard to failures; built in test (BIT)
Ability to upgrade

Resistant to countermeasures
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Antenna Refresher (1)

Classification of antennas by size (relative to wavel ength).
Let / be the antenna dimension:

1. electrically small, / << : primarily used at low frequencies where the wavelength is
long

2. resonant antennas, / » | /2: most efficient; examples are slots, dipoles, patches

3. dectricaly large, / >>1 : can be composed of many individual resonant
antennas, good for radar applications (high gain, narrow beam, low sidelobes)

Classification of antennas by type:

1. reflectors
2. lenses
3. arrays

Other designations. wire antennas, aperture antennas, broadband antennas
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Lens Antenna

= e e e e

R o
R T e e e e
R e
-—-:-.-t---i':.-h"_._._ y

Ty Y
R A

TEY

ﬂ.‘
I X
T

-

39



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Solid Angles and Steradians

Planeangles. s = Rq, if s = Rthen g =1 radian

ARC LENGTH

R S

Solid angles W= A/ R?, if A=R?, then W =1 steradian

SURFACE
AREA

A

W=A/R
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Antenna Far Fdd

Yo ANTENNA
APERTURE
2D? 2D?
R<—— R>——
D | |
/ > 7
X ' '
NEAR FIELD FAR FIELD

(FRESNEL REGION) (FRAUNHOFER REGION)

Far field conditions: R>2D?/1 ,D>>1 ,and R >> |
In the antennafar field: 1. ER=0

2. B, B H1/R
3. wave fronts are spherical
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Antenna Pattern Features

A

SCAN >‘

ANGLE —— PEAK GAIN

MAXIMUM

ﬂﬁﬁ A

A/WWMWW \

0 ! ~q
PATTERN ANGLE qs

GAIN (dB)
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Antenna Refresher (2)

Directive gain is ameasure of the antenna's ability to focus energy
radiation intensity in the direction (q,f)
Gp(q.f)= .
radiated power/4p

Radiation intensity in the direction (q,f ) in units of W/sr (sr = steradian):
B R? _ . . R 2
U@ f) =R Wa.hl=7 EanEal) =7 Faf)

0

R2
Maximum radiation intensity is U e = U@ mexf max) __‘Emax‘

Z,
Average radiation intensity:

1 P2p 1 P2p . 2 0,
Uge =-—0dJ(q,f)singdgdf = 0 0|E@.f)[ R°sinq dq df
4p g g AP Zy00
In the far-field ofanantenna Er=0and Ky, E pl/R The beam solid angle is
1

Wj = 2oo\E<qf>\ sing dq df —oo\Enorm(qf)\ sing dq df
00

Ervex|" 0

(Skolnik uses B)
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Antenna Refresher (3)

The directive gain can be written as
0 = 2
Gp@.f)= W—p‘Enorm @.f )‘
A

The maximum value of the directive gain occurs in the direction of the main beam
peak for afocused antenna. The maximum value of the directive gain is called the

directivity. Since the maximum value of [Enom @, f )\2 isone,
Gp =Gp@.f) . =

Directive gain only depends on the antenna pattern. It does not include any losses
incurred in forming the pattern.

Gain includes the effect of 1oss
G(a.f) =Gp(q.f)r

where r isthe antennaefficiency. Sources of loss depend on the particular type of
antenna. Most electrically large antennas have losses due to nonuniform aperture
ilumination, r 5, and mismatch loss (reflection of energy at the input terminals), r .
Thereforer =r4r .




Naval Postgraduate School Microwave Devices & Radar Distance Learning

Directivity Example

An antenna has a far-field pattern of the form
1A - JkR

EQf)=(GE00'a " a<p/2

{ 0, q>p/2

where n isan integer. The normalized electric field is

E,cos"ge MR/R |,
e MR |
(0]

‘Enorm ‘ =

The resulting beam solid angleis

/2
p/22p 2 é co"qil’ T 2p
Wa= o o‘coé’q‘ singdqdf =2p - il i Conal
o 0o £ 2n+l1 § n

and directivity
. I
°Tw, " 2p/(2n+1)

= 2(2n+1)
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Antenna Polarization L oss

TRANSMIT RECEIVE
ANTENNA ANTENNA

Summary of polarization lossesfor
polarization mismatched antennas
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Parabolic Reflector Antenna

D = APERTURE DIAMETER Y
f = FOCAL LENGTH - PARABOLIC
y e = EDGE ANGLE /{ | SURFACE
r -
2 S
FOCUS
Yo | o

Spherical waves emanating from the focal point are converted to plane waves after
reflection from the parabolic surface. Theratio f /D isadesign parameter. Some

Important relationships:.
2f

1+ cosy

Ye= Ztm'lbl 9

edf/Dg

r =
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Parabolic Reflector Antenna L osses

1. Feed blockage reduces gain and increases sidelobe levels

PARABOLIC
FEED ANTENNA / SURFACE
&
BLOCKED RAYS {
-
2. Spillover reduces gain
X
FEED PATTERN A
PARABOLIC

SURFACE
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Example

A circular parabolic reflector with f / D =0.5 has afeed with apattern E(y ) =cosy for
y £p/2. Theapertureilluminationis
e—jkr A
Ay )= |E(y )I=— cosy -
r=2f/(1+cosy)

e—Jkr

r

|A(y )=cosy (1+cosy )/ (2f) ‘.

<

@10 J\ye f P
— -1 *_ — o
Y o =2tan 47 I Dus (2)(26.56) =531 \\
\ v

The edge taper is |2V )| _ cosy o1+ COSy o) /(21) _ 0.4805=-6.37dB
| AQ0) | 21(21)

The feed pattern required for uniform illumination is

AV )| _IEQ )I(L+cosy )/2F _[E@)IA+C08Y ) 1 pyje 2 - go2® O

| AO) | | E(0) |/ f 2 l+cosy €282
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Example

The spillover loss is obtained from fraction of feed radiated power that falls outside of
the reflector edge angles. The power intercepted by the reflector is

2pY e
Ryi= o ocos’y siny df dy =2p 'Scoy siny dy
OO0 0
e
= 2p‘?C°S y d = 0.522p

€ 3 4
The total power radiated by the feed is
Prad:c“gpcglzcoszy siny df dy :Zp(ﬁlzcoszy siny dy

Thus the fraction of power collected by the reflector is
Pt/ By =0.522/0.667 =0.78

Thisisthe spillover efficiency, whichin dB is101og(0.78) = - 1.08 dB.
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Radiation by aLine Source (1)

TO FAR-FIELD
OBSERVATION

POINT

Differential radiated field at the observation point from adifferential length of source
located at x( (unit amplitude):

ijO e Jk(R- x&nq)

- - kR
_ dxC» JkZqe elkx8Ng gy ¢
4o |R- x@&inq|

dE, =
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Radiation by a Line Source (2)

Assume that the amplitude and phase along the source vary as A(x() and Y (x¢). The
total radiated field from the line source is:

i - JkR D/2 . -
E, = o, = A"%® oA(xge kY (X9 gikx@ing gy ¢

PR _pj2
Note that thisisin the form of a Fourier transform between the domains x¢and ksing.

Example: A(x§=21and Y (x¢ = O (uniform illumination)
i -JKR D/2
E, =odE, =K T gllxeing g

PR p
:Dsincgé<—5sinq%’j
In the far-field only the g and f components exist
. - kR .
_ _JkDZ,e”! B N
By = Excosq = R cosqsinc, > snq,

Notethat & = E,9nf =0 sincef =0. A uniform aperture function isa"spatial

pulse" and its Fourier transform is a sinc function in the spatial frequency domain
(ksnq).
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Array Antennas (1)

Arrays are collections of antennas that are geometrically arranged and excited to
achieve adesired radiation pattern. Example: alinear array of dipoles

TO FAR-FIELD OBSERVATION PONT AT (R,g,f =0)

y4

Assume; 1. equally spaced elements
2. uniformly excited (equal power to all elements)
3. identical elements
4. neglect "edge effects’ (mutual coupling changes near edges)

In the far field vectors from the elements to the observation point are approximately
paralel sothat R, =R; - (n- 1)dgnq
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Array Antennas (2)

The element pattern for the array is the radiation pattern ( ;) of a short dipole of length
D(D<<lI|)

: - kR - - j(KRy- (n- 1y )
_jl,De _jl,De
= K =

On (@) p R Zokcosq ap

wherey =kddng. Since R, >>ndsnqg we have replaced R, in the denominator with
R, which is approximately R,. Thetotal far field of the array is given by

N N . N-1,.
E@)= & 5@) = 0@ 8 M =g ) a (6

Zokcosq = gy(q)e! ™Y

n=1 n=1 n=0
LY SSin(Ny /2) (n-y /2
=905 =90 Sy 12)
The magnitude gives the radiation pattern magnitude
sin(Ny /2)|

|E(Q) =l qu(@) |

ELEMENT )}( ARRAY

sn(y /2) | | FACTOR (EF) | | FACTOR (AF)

Thisresult holdsin general for an array of identical elements and is referred to asthe
principle of pattern multiplication. The array factor is only afunction of the array
geometry and excitation; the element factor only depends on the element characteristics.
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Visible Region

The region of the array factor that correspondsto - 90° £ g £ 90° isreferred to as the
visible region.

ARRAY FACTOR
FORN=20 N

il mmnmﬁm
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Array Antennas (3)

Distance Learning

ARRAY FACTOR(dB)

o o
o | (IR P
LOBE
d=14l
i i [ ne=
|
| ol I ) I
-8I0 -6I0 -40 -2I0 (I) 2IO 40 6IO 8IO
q (DEG)

Grating lobes occur when the denominator of the array factor is zero, or

Ym/2=pmb sng,=ml /dP qmzsin'l(ml /d)

form=x1+2,...

56



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Array Antennas (4)

Recall that there is a Fourier transform relationship between a continuous aperture
distribution A(x() and the radiation pattern E(ksnq). An array can be viewed asa
sampled version of a continuous aperture, and therefore the array excitation function
and far-field pattern are related by the discrete Fourier transform. The discrete Fourier
transform is usually implemented using the fast Fourier transform (FFT) algorithm.
Note the similarity between the FFT and Butler matrix. Grating lobesare aform of
aliasing, which occurs because the Nyquist sampling theorem has been violated.

Cooley-Tukey FFT (1965) Butler matrix feed (1960)

= AVANIY/

XA

PVAVEERN
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Array Factor for 2D Arrays

Previous results for one dimension can be extended to two dimensions. Let the array
lieinthe x - y plane with element spacings dy and dy. The number of elements are

Ny, and N,. For large arrays with no grating lobes the gain can be expressed as
y

2

2. 7
4pApr  |gy(a.f) ‘S'”( Ny(y y- ¥ ¢)/2)

G@="7" [ LY s

Ny SNy « - ¥ )/ 2)| |Nysin(y y -y ¢)/2)
—— ~ y
NORMALIZED NORMALIZED ARRAY FACTOR
ELEMENT
FACTOR

where
y « =kdysnqgcosf, y g =kdySngscosf ¢

y y =kdysnqsnf, vy g =kdysngssnfg

The physical areaof the array is approximately Ap = dydyNyNy. The main beam
direction isgiven by (qc,f ).
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Gain of Phased Arrays

From the definition of directive gain:
ap = 2
Gp = WA‘ Enorm‘

This cannot be reduced to a closed form expression in general. However, assuming
that the principle of pattern multiplication holds and that the array is large

4 2 2
Gp zlp—z'%‘AFnorm(q’f )‘ ‘gnorm (a.f )‘

where the subscript "norm" denotes normalized (i.e., divided by the maximum value).
Asusua, Ag =1 Ay (efficiency times physical aperture area)

Dy
- - ELEMENT
- - - - - - - - | /
A | |
| |
| | APPROXIMATE
Dy | | EQUIVALENT
| APERTURE AREA
| | Ap » Dy I:)y
|
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Array Elements and Ground Planes

Ground planes are used to increase directivity. If the ground planeis a perfect
conductor and infinite, the method of images can be used. For a horizontal dipole:

DIPOLE

g(a) e[(s)
] t I I » 7 I_ —p 7
2h GROUND PLANE
REMOVED
PERFECT INFINITE ] g(q)
ELECTRIC CONDUCTOR |_
For avertical dipole:
p 2 } 2
DIPOLE
go) e T
— — 9(9)
I '
GROUND PLANE
2h REMOVED

PERFECT INFINITE
ELECTRIC CONDUCTOR

9(q)
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Array of Dipoles Above a Ground Plane
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Series Fed Waveguide Slot Arrays
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Low Probability of Intercept Radar (LPIR)

Low probability of intercept (LPI) strategy employs:
1. Wideband "noise-like" waveforms

2. Limit radiated power to the absolute minimum required for tracking or
detection (power management). Low P, also reduces clutter illumination.
Sengitivity time control (STC) can be used in conjunction with power
management to reduce clutter return by reducing the receiver gain for near-in
targets. Reducing G asafunction of R isequivalent to reducing G asa
function of t.

3. Control spatial radiation characteristics:
low sidelobe levels

narrow beams
rapid scanning (short target dwells)
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Low and Ultra Low Sidelobes

Definitions (not standardized):

Clasdsfication Maximum Sidelobe Level Relative to Peak
L ow sidelobes -20to40dB
Ultra-low sidelobes less than —40 dB

Typical “state-of-the-art” for alarge array is—40 dB

Motivation includes: Low observability and low probability of intercept
Anti-jam
Reduced clutter illumination

Common low sidelobe distributions:

Taylor, modified Taylor (sum beams)
Bayliss (difference beams)

Practical limitations: Manufacturing and assembly errors
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Antenna Pattern Control

Common aperture distribution functions:

1. Chebyshev: yields the minimum beamwidth for a specified sidelobe levdl;
all sidelobes are equal; only practical for a small number of elements.
2. Binomial: has no sidelobes; only practical for a small number of elements.
3. Taylor: specify the maximum sidelobe level and rate of falloff of sidelobe levd.
4. Cosine-on-a-pedestal: (cosine raised to a power plus a constant) wide range
of sidelobe levels and falloff rates; Hamming window is one of these.
5. Bayliss: for low sidelobe difference beams.

Pattern synthesis: given a specified pattern, find the required aperture distribution

1. Fourier-integral method: take the inverse Fourier transform of the far-field
pattern to obtain the aperture distribution.

2. Woodward's method: use the sinc(-) as a sampling function and find the required
welights to match the desired pattern.

For afocused beam the amplitude distribution is always symmetric about the center
of thearray. To scan afocused beam alinear phase is introduced across the antenna
aperture.
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Tapered Aperture Distributions

The shape of the aperture distribution can be used to reduce the sidelobes of the

radiation pattern.
Advantages Disadvantages
reduced clutter return more complicated feed
low probability of intercept reduced gain
less susceptible to jamming increased beamwidth
A = wavelength; a = aperture width _
Performance can Hall-power
Relative beamwidth, Intensity of first sidelobe,
be Computed Type of distribution, |z| < 1 gain deg dB below maximum intensity
from Table 9.1 Uniform; A(z) = 1 1 51i/a 132
H 1 Cosine; A(z) = cos" (nz/2):
in Skolnik o i e 1 S1i/a 132
n=1 0.810 694/a 23
n=2 0.667 B3i/a 32
n=73 0.575 95./0a 40
n=4 D515 1114/ 45
Parabolic; Az)=1 = (1 — A)z*:
A=10 1 514/a 132
A=08 0.994 534/a 158
A=05 0.970 564/a 171
A=10{ 0.833 664/a 206
Triangular; 4(z) =1 - |z| 0.75 73d/a 264
Circular; A(z) = /T =22 0.865 58.51/a 176
Cosine-squared plus pedesial;
0.33 4 0.66 cos?(xz/2) 088 63d/a 25.7
0.08 + 0.92 cos?(=z/2), Hamming  0.74 76.54/a 428
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Calculation of Aperture Efficiency

Continuous aperture Discrete Array
Ly/2 L /2 2
. Q[ /207 Ly 12AX,Y) dXdy{ Anxa mé’lpmn‘
a— Lx/2 |_ /2 2 a~ o Ny o 2
ApOLX/zo |_y/2| A(X y)l dXdy I\IXNya rl\lllea-rlﬁ):/1|'6’mn|
b AKX A"
X .r\|| S N
- |
L 12 Ny
Example: Cosine distribution: A(X) = cos{px/ Ly}, - Ly/2E£XE L, /2
Ly/2 ° PoL /2 (2
ocos{px/ Ly}d 2 ocos{px/ Lx}dxy )
Mg = "L/ 2 = T b _ AL/p)” _ 8 »-0.91dB
a— L/2 - L/2 2|_ (L /4)_p2 .
o |cos{px/L}fPdx 2L, ¢ cos{px/LJdx = Xt X

LX/2 0

67



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Cosecant-Squared Antenna Pattern

g Typical cosecant-squared pattern
i H R4 R | R R, = Rcosq

For uniform ground illumination:

Relative Power, dB

G(0)* _G(@q)?
RE R

1 1 1 1
a an 40 ED

or Lookdown Angle (g, Degrees

R 2
G(@Q) =G(0)— =G(O)csc™g
RS
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Example

Fan beam generated by acylindrical paraboloid with aline source that provides
uniform illumination in azimuth but cos(py¢/ Dy ) in elevation

Sidelobe levels from Table 9.1

PARABOLIC - uniform distribution in

\

REFLECTOR azimuth ().
SLL =13.2dB
/{ESOURCE . cosinein elevation (y):
SLL =23dB

Find D, and D, for azimuth and elevation beamwidths of 2 and 12 degrees
dg =691 /D, =12° b D, =5.75l
gy =51 /D, =2" b D, =25.5l

The aperture efficiency is r ; = (1)(0.81) and thegainis

ApA | |
G= % =206 75|' J@3) 1y 0.81)=1491.7= 317 dB




Naval Postgraduate School Microwave Devices & Radar Distance Learning

Array Example (1)

Design an array to meet the following specifications:

1. Azimuth sidelobe level 30 dB

2. + 45 degree scan in azimuth; no el evation scan; no grating lobes
3. Elevation HPBW of 5 degrees

4. Gain of at least 30 dB over the scan range

AIRCRAFT
BODY

ARRAY
APERTURE
Azimuth: f =0
Elevation: f =90-
Restrictions:

1. Elements are vertical (Y) dipoles over aground plane

2. Feed network estimated to have 3 dB of loss
3. Dipole spacingsare: 0.4l £dy £0.8] and 0.451 £ dy £ 0.6l
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Array Example (2)

Restrictions (continued):
4. errors and imperfections will increase the SLL about 2 dB so start with

a-32 dB sidelobe distribution (r , = 0.81): A(x® = 0.2 + 0.8cos?(px¥ 2)
5. minimize the number of phase shifters used in the design
Step 1: start with the gain to find the required physical area of the aperture

A
G=Gpr :4TZpr cosg 2 30dB

cosq isthe projected areafactor, which isaminimum at 45 degrees. The efficiency
includes tapering efficiency (0.81) and feed loss (0.5). Therefore

ApA
| 2

or, Ay /1% =(Dy /1 )(Dy /1) » (Nydy /1 )(Nyd, /1 ) =278.1.
Step 2: uniform illumination in elevation; must have a HPBW of 5 degrees
sin(Nykd, sinq /2))
Ny sinlkd, sing /2)

G =—"(0.707)(0.81)(0.5) =10°

=0.707 b Dy = Nydy =10l
q=2.5°
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Array Example (3)

Thisleadsto Dy = Ay / Dy =28l . To minimize the number of elements choose the
largest allowable spacing: dy =0.61 P Ny =Dy/dy =17

Step 3: azimuth spacing must avoid grating lobes which occur when
sng, - Snqg=nl /d, @, £-90",n=-1q95=45")
-1-0.707=-1 /dy b d, £0.585

Again, to minimize the number of elements, use the maximum allowable spacing
(0.585I ) which gives N, = D, / dy, =48. Because the beam only scans in azimuth,
one phase shifter per column is sufficient.

AZIMUTH FEED
(48 COLUMNS)

PHASE SHIFTER e \ ELEVATION FEED
— (17 DIPOLES PER COLUMN)
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Array Example (4)

Step 4: Find the azimuth beamwidth at scan angles of 0 and 45 degrees. Letting
dn =Qgg/2

sin(N,kd, (+singy, - singg)/ 2)
N, sin(kd, (+sinqy, - sinqg)/2)

=0.707

Solve this numericaly for g = 0and 45degrees. Note that the beam is not symmetrical

when it is scanned to 45 degrees. Therefore the half power angles are different on the
left and right sides of the maximum

qs=0": A+ =-0,- =091 b HPBW,qB:qH+-qH_ =2(0.91) =1.82°
0s=45: q,.=463,q,. =4375 b HPBW, qg =46.3 - 4375 =255

We have not included the element factor, which will affect the HPBW at 45 degrees.
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Calculation of Antenna Temperature

SKY BACKGROUND

SIDELOBE MAINBEAM
EM ITTED REFLECTED
/H/

EARTH BACKGROUND

The antenna collects noise power from background sources. The noise level can be
characterized by the antenna temperature

& cngB(q f)G(q,f )snqdg df
§ &0 G(q,f)singdq df

Tg Isthe background brightness temperature and G the antenna gain.

Ta=
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Multiple Beam Antennas (1)

Distance Learning

Several beams share a common aperture (i.e., use the same radiating elements)

Arrays Reflectors L enses

R T e T '\-r"' b

Advantages: Cover large search volumes quickly
Track multiple targets s multaneously
Form "synthetic" beams

Disadvantages. Beam coupling loss
Increased complexity in the feed network

Sources of beam coupling loss: (1) leakage and coupling of signalsin the feed network,
and (2) non-orthogonality of the beam patterns
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Multiple Beam Antennas (2)

Multiple beams are a means of increasing the rate of searching radar resolution cells
(i.e., the radar system bandwidth). The overall system bandwidth depends on the number
of range cells (Nyage), doppler cells (Ngqp), and angle cells (Nang):

Neys = Nrange ’ |\Idop, Nang

&10

(f tOt) ecleqa;ﬂ t_f
f /tot

The bandwidth of the system can be increased by adding more beams and receivers. If
the instantaneous bandwidth of areceiver is B» 1/t and m channels are used then

Example: A radar with 8 beams, a pulse width of 0.25ns, and arotation rate of 10 rpm
(6)(8)
025" 10°°

(tf =6 sec) has Ngys = =2 10° resolution cells and an effective system

bandwidth of 32 MHz.
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Radiation Patterns of a Multiple Beam Array

25dB Taylor |

5k
N =30
10 k
d=04l
-15 Dqs = 2.30 s

RELATIVE POWER, dB
N
o

i

lf If I
-30 -20 -10 0 10 20 30
PATTERN ANGLE, DEGREES
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Beam Coupling Losses for a 20 Element Array

2 Beams 4 Beams
k| 65
- Unfom b
g ¥ Casioe (10 B o
3 B 5
= + Cosna (15 d8) S A
§ 2 o Tayfor DB 04 8 ;
é W -~ Tahor (0B 1 =6) E 3
§ § 25
é f o\
_ 15 g
05 Lo, i .\\ 1
\ i R [’5 1‘\.‘/ "-:-f;,_i;_:h,j
| FERPSSPMRN, (O - o~ | =
@ 1+ 2 ¥ 4 B B T B % 10 0 1 2 3 4 6 67T &8 8 10
Cossove Leve (08) Crassover Livel (45)
1P2P. . 5 .
For m and n to be orthogonal beams: Z_ o 0Em(a.f )E,(q,f )R“singdgdf =0
000

Example: If the beams are from a uniformly illuminated line source then E,(q,f ),
Eq(q,f ) 1 sinc() and adjacent beams are orthogonal if the crossover level is4 dB.
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Active vs. Passive Antennas

LNA
> 1 1
2 2
> TO DISPLAY
> 3 >
: ' CONVENTIONAL
N Mo f (LNA PER BEAM)
A e
\ [
APERTURE BEAM FORMER SIGNAL M BEAMS
L NA RECEIVER * proCESSOR N RADIATING
& \ ELEMENTS
1 * 1 \
2 2
TO DISPLAY
3 3

ACTIVE (LNA PER
RADIATING ELEMENT)
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SNR Calculation for a Lossless Feed Network

Amplification after beamforming Amplification before beamforming

Y 8%

The power coupling coefficients are b; and b,. For alossess coupler by + by, =1.
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SNR Calculation for a Lossless Feed Network

Amplification after beamforming:
N =nG

S= (Vsyby VG +v5ybovG ) =sG(y/by ++/b; )
S _S5(/br +vbz )

:2ra§
N nG(b; + b,) n
2
vb; ++4/b S
wherera:( : 2) IS the aperture efficiency. Sincei Isthe SNR for asingle
2(by +by) n

element, if r; =1thentheganis?2.

Amplification before beamforming:
N =nGb; + nGb, =nG
S=6(yb; +b, )
§:SG(JE+JF2Y _op S

N  nG(b;+b,) “n

Note that the location of the amplifiers does not affect the gain of alossless antenna.
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Passive Two-Beam Array (1)

Amplification after beamforming

N N

jyb =j/V3 |
Beam A 4—<}—@ // < T—VW\
S, G noo=r oo b2 =142

SECONDARY PATH 'v

PRIMARY PATH g jba = /2

Coupling coefficients: j4/b; and j4/b, Transmission coefficients; t;and t »
For uniform illumination: Lossesscouplersi t +bj =1,1=12
alp
b;=1/3 b, =1/2,D=—F+
1 2 \/é
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Passive Two-Beam Array (2)

Amplification after beamforming:

For beam A: S= SG(\/E +f‘/b72,\/ﬁ)2 and N =nG. Using the coupling values on the
last chart

aS 6 4 s
0 _2 by+bsty)=2r >
g r(l 21) Bran

_ WP+ VBp 1) _ (26 _

200, +bsty)  22A)
A is the excitation amplitude (which isjust a constant scale factor). For beam B the
analysisis more complicated because there are two signal paths. The SNRis

gaeég =22 agbzt 1+t 2D- b2\/b71‘zg: :

(VT2 +baE1)
2(:)2t1+‘t ,D- bzﬁ\z)

the factor of 4/3 in both cases. (The gain of alossless antennawould have the factor 2.)

where the aperture efficiency for beam Aisr ;=

where the aperture efficiency forbeamBisr 5 = =1. Note
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Active Two-Beam Array (1)

v v
&So _aSo s n n
=i =2r,
ENG, EN9g n
AVAREAV/
Beam A y, _ A\

.
jWbo = /<2

B - 4 \_D/
§J—Jb‘z=j/f2
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Active Two-Beam Array (2)

Amplification before beamforming:

For beam A: S= sG(‘/bT +,‘/b72,\/ﬂ)2 and N = nG(by + bot 1) which gives

where, as before, the aperture efficiency for beam A isr 4 =1.

For beam B: N =nG(bt,+ b1b22 +1 22) =2nG/3 and with some work it is found that
S=5G4b,t . The corresponding SNRis

S
gN— =2r 4 a

where the aperture efficiency for beam B isalso r ; =1. Note that the factor of 2 isthe

same as for alossless antenna. The signal levels are the same for amplification
before and after beamforming. It isonly the noise level that has changed.
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Comparison of SNR: Active vs. Passive

PASSIVE (Amplification after beamforming): The antenna gain is the SNR improvement
(neglecting noise introduced by the antenna).

ACTIVE (Amplification before beamforming):
1. The SNR performance can be significantly better than the gain indicates.

2. Beam coupling losses can be recovered.
3. SNR degradation is only determined by the aperture efficiency. All other losses are

recovered.
4. The coupler match looking into the sidearms does not affect the SNR.
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Example

Consider the receiver channel shown below:

Antenna: | Amplifier:
Tao»0 E loss 10 dB gain 20 dB:
i NF6dB !
The effective noise temperature of the dashed boxis |
Fr-1 - -
Fo=F +—2 "=L,+ NF-1_ 1042 1-40 ® 1608
A 1/ L, 0.1
A low noise amplifier has anoise figure near one. If we use aLNA that hasa NF of 1.5 dB
14-1

Fe =10+ ﬁ =14 ® 11.5dB
However, if we use aLNA before the cabie

Fo=14+ 10 '01 =149 ® 1.73dB

Losses “behind” the amplifier can be recovered. Use a LNA and place it as close to the
antenna as possible. Antennas that incorporate amplifiers are called active antennas.
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Active Array Radar Transmit/Receive Module

* 10 PROTOTYPE MODULES COMPLETE

2WATTS RF OUTPUT

1 GHz BANDWIDTH

2.7 dB RECEIVER NOISE FIGURE
5-BIT PIN-DIODE PHASE SHIFTER

IMPROVED PERFORMANCE
ENHANCED RELIABILITY
SMALLER VOLUME

AGILE BEAM

APRIL 8ET
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Digital Phase Shifters

Naval Postgraduate School

Phase shifters are used to "tilt" the phase across the array aperture for scanning. Diode
phase shifters are only capable of providing discrete phase intervals. A n bit phase

shifter has 2" phase states. The quantization levels are separated by Df =360° /2",
The fact that the exact phase cannot always be obtained results in:

1. gainloss
2. increase in sidelobe level
3. beam pointing error

Example of phase truncation:

A PHASE

QUANTIZED

PHASE ~J
PHASE REQUIRED

TO SCAN THE BEAM

ALLOWABLE

PHASE STATES ARRAY

ELEMENT
> X
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Effect of Phase Shifter Roundoff Errors

Truncation causes beam pointing

-10} '\éa lF;HTAEgE ﬂ : errors. Random roundoff methods
ROUNDOFF destroy the periodicity of the
20 ' quantization errors. The resultant rms
30l error issmaller than the maximum
error using truncation.
40t |
5ol _ Linear array, 60 elements, d = 0.4
N\A 4 bit phase shifters
-60 ' '
0 -50 0 50 0
TRUNCATION ﬂ WEIGHTED
0] ' -10r "RANDOM
ROUNDOFF
_20 - . _20 L
_30 - ] _30 L
40t _ 40}
501 4 50t
-60 -60

-50 0 50 -50 0 50
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Digital Phase Shifter

Distance Learning

X-band 5-bit PIN diode phase shifter

rTH e T RN TR T T
e 'Jp!‘,‘.i‘i-,_ 44 i -m., PR ST L O :
15 -y et ol s = el -

3
FUESY
e

Gy
T
g e ot
gl Ty
b':..-".': L T

o A8
Flf ﬁ!qu_ .

From Hughes Aircraft Co.
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True Time Delay Scanning

Distance Learning

Array factor for an array with the beam scanned to angle q.:
AF(q) = gAqej(n-l)kd(sinq- sings) — éN%ej(n-l)(y -Y's)

n=1 n=1
wherey ¢ =kdsng.. For auniformly excited array (A, =1)
. a&Nkd, . : 0
Mg 2 (8nq - snqs), sn(N(y -y ¢)/2)
AFal= in®9 gng - sng,)’ | sn@ -y 9)/2)
e . Us)g
BEAM SCAN _
Y| -y .=0 DIRECTION dsing
a=q S
| > 7o i Y
_2pd . -
ys_l—smqs
TEM CABLE
¢ =dsings OF LENGTH /¢
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Time Delay vs. Fixed Phase Scanning

BEAM SCANNING WITH PHASE
BEAM SCANNING USING CABLES SHIFTERS GIVES A PHASE THAT

TO PROVIDE "TRUE TIME DELAY" IS CONSTANT WITH FREQUENCY

WAVE FRONT

s Nkdsnq

PHASE
SHIFTERS
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Beam Squint Due to Freguency Change

Phase shifters provide a phase that is approximately constant with frequency

0
SCAN ANGLE = 20 DEG
10l 60 ELEMENTS
25 dB TAYLOR _ f=115f,
- '0
8 oot
o
=
5 I “
>
|_
<
—
Ll
x -40 ﬂ\
_50 a
-60 U 1 1 1 1 1 1
-20 -10 0 10 20 30 40
THETA, DEG
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Time Delay Networks

Distance Learning

4D
. 3D
INPUT 2D OUTPUT
1
D
TIME DELAY DISA TIME DELAY BIT
FIBERS
SWITCH 7~
/ 4D
3D
D 2D

INPUT [ ) _ﬂ OUTPUT
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Time Delay Using Fiber Optics

L arge phase shifts (electrical lengths) can be obtained with fibers

RECEIVE CHANNEL TRANSMIT/RECEIVE MODULE

RF
RADIATING
Y ELEMENT CIRCULATOR
TR LIMITER
MODULE POWER —/_
- AMP
| LO / N\ -
FIBER LNA
OPTICS l
| SWITCH }<—®<—| LASER v
PHOTO DIODE
% DIODE 4;“' '”_— LASER
RECEIVER

LIGHT
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Digital Beamforming (1)

RADIATING

Yl YZ Y:” YN ELEMENT

SYNCHRONOUS
DETECTOR

TWO CHANNEL
ANALOG-TO-
DIGITAL CONVERTER

s(t) S, (1) s (t)

SIGNAL PROCESSOR (COMPUTER)

L OUTPUT, y(t)

N
Assuming a narrowband signal, y(t) = a w,Sy(t). The complex signal (I and Q, or

n=1
equivalently, amplitude and phase) are measured and fed to the computer. Element
responses become array storage locations in the computer. The weights are added
and the sums computed to find the array response. In principle any desired beam
characteristic can be achieved, including multiple beams.
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Digital Beamforming (2)

Implementation of digital beamforming using | and Q channels:

ANTENNA |
VIDEO
—
ELEMENT @ AD | LPF DEC
F | >
>— LNA —®— BPF [~ A0
LO1 VIDEO | o
XM ap H Ler WDEC J

Complex received signd
to signal processor

LO2
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Monopulse Difference Beams

Example of alow sidelobe difference beam obtained using a Bayliss amplitude

distribution
A

RELATIVE POWER, dB

A

Jn

-20 0 20

Formation of difference beams by subtraction of two subarrays

YYyYy:

(TYYYUYYYYYYYY

P

DIFFERENCE BEAM OUTPUT
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RADIATING

ELEMENT
N2+1

2 3 N2

ARRAY CENTER
LINE

MAGIC
1 2 N2 /TEE
DIFFERENCE y
PORT (BAYLISS
DS D WEIGHTYS) S D
LOW SIDELOBE
/.[ DIFFERENCE BEAM
L L1 L

SUM PORT N2
(TAYLORWEIGHTYS) :

SUM

* LOW SIDELOBE
SUM BEAM
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Waveguide Monopulse Beamforming Network
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Antenna Radomes

The purpose of aradome (from radar dome) is to protect the antenna from the harsh
operational environment (aerodynamic and thermal stresses, weather, etc.). At the
same time it must be electromagnetically transparent at the operating frequency of the
radar. The antenna pattern with aradome will always be different than that without
aradome. Undesirable effectsinclude:

1. gain loss due to lossy radome material and multiple reflections

2. beam pointing error from refraction by the radome wall

3. increased sidelobe level from multiple reflections

GIMBAL SCANNED
MOUNT ANTENNA TRANSMITTED
AN RAYS
\ REFRACTED
AIRCRAFT AN
BODY
LOW LOSS
REFLECTIONS DIELECTRIC
RADOME

These effects range from small for flat non-scanning antennas with flat radomes to
severe for scanning antennas behind doubly curved radomes.
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Conforma Antennas & "Smart Skins'

N =

o Ul

ANTENNA APERTURE

INTERNAL
PRINTED CIRCUIT
BEAMFORMING
NETWORK

AIRCRAET OUTPUT/INPUT

BODY \

Conformal antenna apertures conform to the shape of the platform.

Typically applied to composite surfaces; the antenna beamforming network
and circuitry are interlaced with the platform structure and skin

Can be active antennas with processing embedded (i.e., adaptive)
Self-calibrating and fault isolation (i.e., identification of failures can be
incorporated (this function isreferred to as build in test equipment, BITE)
Can be reconfigurable (portion of the aperture that is active can be changed)
Infrared (IR) and other sensors can be integrated into the antenna
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Testing of Charred Space Shuttle Tile
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Antenna Imperfections (Errors)
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Causes:

Effects:;

1. Manufacturing and assembly tolerances
a) machining of parts
b) alignment and assembly
c) material electrical properties
d) thermal expansion and contraction
€) gravitational deformation

2. Fallures

1. Reduced gain
2. Increased sidelobe level
3. Reduced power handling capability

For an array of N elements:

where P

norm

G>>4T§E§Pnorm(1 D2 d )+ i B

= E_F ﬂ E, e |°= normalized error free power pattern, r , =aperture

efficiency, and D?,d? = variance of amplitude and phase errors, respectively (assumed to

be small)
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Smart Antennas (1)

Antennas with built-in multi-function capabilities are often called smart antennas. If they
are conformal as well, they are known as smart skins. Functions include:
- Sdlf calibrating: adjust for changes in the physical environment (i.e., temperature).

- Self-diagnostic (built-in test, BIT): sense when and where faults or failures have
occurred.

Tests can be run continuoudly (time scheduled with other radar functions) or run
periodically. If problems are diagnosed, actions include:

- Limit operation or shutdown the system
- Adapt to new conditions/reconfigurable

Example: atest signal isused
to isolate faulty dipoles and
transmission lines

TEST
SIGNAL
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Smart Antennas (2)

Example of a self-calibrating, self-diagnostic transmit/receive module

ANTENNA
X — % X ELEMENT
COUPLER /
< s —
™ | A B| Rx A A LNA
RX RX
RX ™ C D
- ]
Y X RX
POWER A
SPLITTER
CONTF;OLLER ConTx
B on RX
| |  AMPLITUDE AND -~ [A)O” ::;
PHASE COMPARISON < on
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Microwave Devices

Passive: Active:
- Transmission lines - Tubes
- Switches - Solid state amplifiers
- Magic tees - Mixers

- Rotary joints
. Circulators

- Filters
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Transmission Line Refresher (1)

Finite length loaded transmission line:

= ‘ -

Z, ﬁj Z,
Zin ’—>

Zy = characteristic impedance; depends on line geometry and material and wavelength
nm, e, |, ands ; rea for losslesslines; approximately real for low-loss lines

Z, = load impedance; generally complex

Zin = input impedance

Z, +Z, tanh(g/)
Zin = 4y ZL + Zot
o T2 tanh(gl)
g =a + jb = propagation constant (depends on line geometry and material and

frequency)
For alosdesslinea =0 (and low losslinea » 0):
Z, +jZytan(b?)
Zy + )4 tan(b/)

Lin » g
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Transmission Line Refresher (2)

Reflection coefficient of aload or junction:

Ererfl Etrans
-
MATCHED
INPUT Zo1 ‘\—> Zo2
Einc JUNCTION

Zy = characteristic impedance of transmission line 1
Zoo = characteristic impedance of transmission line 1

MATCHED
OUTPUT

Enc = incident electric field; E,g = reflected electric field; Eq g = transmitted electric

field

Reflection coefficient of the junction: G=

Voltage standing wave ratio (VSWR): s=

Return loss: RL =- 20log(| C|) dB

110

| Evert | _ Zo2 -
|E|nc| ZoZ+Zol
| Epge | _1+IC|
|Emin| 1- |G|
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Transmission Line Refresher (3)

Matching and tuning transmission line circuits:

Mismatches cause reflections, but multiple mismatches can be "tuned" by forcing
the reflections to cancel (add destructively). This approach is generally narrow-
band because most |oad impedances are a strong function of frequency.

"Off-the-shelf" hardware is usually designed to have a characteristic impedance of
50 W (Z, =50+ jOW). Therefore, when devices are combined, reflections will be

small and the input impedance of a chain of devices independent of line lengths. For
example, if Z, = Z,;:

Zo + ] 4o tan(bl) o
Zy + | L tan(b?)

Devices such as antennas and amplifiers have matching networks added to the input
and output portsto provide a 50 W impedance.

Zin = 2o ® Z,

Matching elementsinclude: quarter-wave steps
transmission line stubs
lumped elements (resistors, capacitors and inductors)
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Multiplexers are frequency selective circuits used to separate signals by frequency
spectrum. They are comprised of filter networks. An example is awaveguide manifold

multiplexer:
Df, + Df , +Df 5 + D EFFECTIVE SHORT LOCATIONS

— ddn
| A B C D
}
|

FLTER | Dh Df Df3 Df 4

NETWORK

AN EE R

The plane at 1 appears as a short in the band Df;, but matched at other frequencies. The
waveguide junction at A appears matched at Dfy, but shorted at other
frequencies.Similarly for planes 2, 3, 4 and junctions B, C, D. Frequency characteristic:

Dfy + Df, +Df 3 +Df 4

INPUT

112
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Df> | Df3

Df 4
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Rotary Joints

Microwave rotary joints allow the antenna to rotate without twisting the transmission
line that feeds the antenna. Example of a coaxial rotary joint:

|—| /4 ——»
BEARING SURFACE CHOKE  OUTER CONDUCTOR

=I‘/—/

INNER CONDUCTOR

- =

Thereis no efficient, reliable rotary joint in rectangular waveguide. Therefore, most
rotary joints are made with circular waveguide because of the simple construction.
Thus transitions from rectangular to circular cross sections are required.

Multichannel rotary joints are also possible for monopulse sum and difference channels.
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Microwave Switches

Microwave switches are used to control signal transmission between circuit devices. A
general representation of aswitch isgiven in terms of "poles' and "throws"

SINGLE POLE - DOUBLE THROW (SPDT) DOUBLE POLE - DOUBLE THROW (DPDT)

TRANSMISSION POLES  THROWS ROTATING |

LINE VANE ~_
\_ B V
INPUT _7<_ OUTPUTS —_ I

" e——

Switches can be constructed in any type of transmission line or waveguide. Common types.

Type Principle Applied to:
Mechanical Rotating or moving parts All types
Diode Forward/backward biasyields  Stripline, microstrip,
low/high impedance waveguide
Gasdischarge Confined gasisionized Waveguide
Circulator Magnetized ferrite switches Stripline, microstrip,

circulation direction waveguide
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Circulators
Circulators "circulate" the signal from port to port in the direction indicated by the
arrow
1
10—
3
|dedlly:
Signal into port 1 emerges out port 2; signal out port 3 is zero.
Signal into port 2 emerges out port 3; signal out port 1 is zero.
Signal into port 3 emerges out port 1; signal out port 2 is zero.
In practice:

1. Thereissomeinsertion lossin the forward (arrow) direction. Values depend
on the type of circulator. They range from 0.5 dB to severa dB.

2. Thereisleakagein the reverse (opposite arrow) direction. Typical values of
isolation are 20 to 60 dB. That is, the |leakage signal is 20 to 60 dB below
the signal in the forward direction.

3. Increasing the isolation comes at the expense of size and weight

Uses: 1. Allow atransmitter and receiver to share a common antenna without switching
2. Attenuate reflected signals (load the third port)
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Waveguide Magic Tee

Ports 1 and 2 are the "sidearms.” Port 4 isthe "sum" port and 3 the "difference" port.

Sidearm excitation Port3  Port4
Alzaej-f’AZ:aeJ_f A3:O A4:23
A =ae Ay=ae'™P A;=2a A, =0

PORT 3

"Magic" originates from
the fact that it is the only A/PORT 2
4-port device that can be

simultaneously matched
at all ports.

PORT 4
PORT 1
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Filters are characterized by their transfer functions [H(f)| =It | = +/1- |G%, where C

is reflection coefficient. It isusually plotted asreturn lossin dB (201og;(/Gl)) or
transmission lossin dB (20logyg(|t|). Note that in many cases the phase of the
transfer function is also important.

TRANSMISSION LOSS, dB

TRANSMISSION LOSS, dB

A
o [t
PASSBAND L%\I/\L/TPS_-\,SS
Df
—————— P
f
|
0
¥ f,
of |
BAND PASS
FILTER PASSBAND
Df
P —- f
o
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A
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DFf
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f
o
fL fH =¥
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Mixers (1)

Mixers are multipliers; they multiply two CW signals (snusoids). The signal from the
antennais at the carrier frequency. The second signal generated by the local oscillator
isusually lower than the carrier frequency.

CARRIER FREQUENCY Q Q INTERMEDIATE FREQUENCY (IF)
M cos(w,t) M cos(w t- w ot)

LOCAL OSCILLATOR (LO)
M cos(wot)

The output signal contains all of the cross products obtained by multiplying the two
sinusoids. By trig identity:

cos(wt) cos(w ot) i cos(W,t - wy ot) + cos(w,t +w| ot)
The f. + f| o (i.e, W, +W| o) isdiscarded by filtering and recelver processing is

performed onthe f. - f o term. Thedifference frequency f. - f| o iscaledthe
Intermediate frequency (IF).
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Mixers (2)

Mixers are a means of frequency conversion. Converting to afrequency lower than
the carrier is done primarily for convenience. If

f o < f.thisprocessisreferred to as heterodyning
fLo = f. thisprocessis referred to as homodyning

We have defined a mixer as amultiplier of two sinusoids. In most cases nonlinear
devices are used to perform frequency conversion. A simple exampleisasingle-
ended diode mixer:

CARRIER OUTPUT
—| COUPLER —P—

? DIODE
LO

The diode is nonlinear; that is, the output for a single frequency input not only contains
an input frequency term, but all of the harmonic terms as well

CARRIER OUTPUT
P —>
WC 01WC12WC13WC...
DIODE
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Mixers (3)

When two sinusoids are combined in a diode mixer, the harmonics of both frequencies
are present aswell as al of the cross products. A few of them are shown below:

Wio W,
A We A

2W. - W 2W . +W
2 We - Wio A We Wi o ¢ -0 ¢ -0
Wi o

S N N e o 1 K S

w

These are intermodul ation products and must be controlled by proper mixer design
to achieve high conversion efficiency and good noise performance.

FEELATIVE PFOWER

The above results are based on a"small signal analysis' which assumes that the
carrier signal level is much smaller than the LO voltage.

Even if the noise at both inputs is uncorrelated, the noise at the output is partially
correlated. The noise figure depends on the impedances presented to all significant
harmonics, not just the carrier and LO frequencies.
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|nput-Output Transfer Characteristic

Appliesto transmitters (power amplifiers) and receivers (low noise amplifiers, mixers).

A | |
[ [
E ___________ —_— —_— — —
QA | LINEAR ! !
- | REGION |
¥ |- | g - - — -
L NONLINEAR | SATURATION
§ REGION |
— |
= |
o
iy |
-
O |
| -

INPUT POWER, dBm

Region characteristics: 1. linear, B 1L By
2. saturation, B » constant

3. nonlinear,
: : 2 3
For asingle mpgt Vot K ;3%\/i SIR-\V - N VA
frequency FUNDAMENTAL  SECOND THIRD
Wc¢ HARMONIC, HARMONIC,

2W¢ 3w,
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| ntermodul ation Products

In the nonlinear region Vgt 1L &V, +a2\/iﬁ + a3\/iﬁ +-.-. If theinput signal V;, contains
more than one frequency, say f; and f,, then all combinations of the two frequencies and
their harmonics will be present in the output

for =2phzqfarflo pgr=012..

f1, T *@—’ Vi = Asinfwyt) + Bsin(w,t)

These are intermodulation products (IM):  porg=0, singletonelM
p,q,r =1,2,... multi-tone IM

Example: Both stationary target return ( f; = f.) and moving target return (f, = f. + f4) are
passed through an amplifier. Thethird order IM (from the Viﬁ term) canlieinthe
passband. |M can cause signal distortion and potentially misinterpretation as a target.

\
\
\
\
\
\

PASSBAND

\
\
\
\
\
\
p f
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|ntermodul ation Example

Mixer RF passband: 29 £ fre £ 30 GHz

L O frequency: flo =26 GHz
|F passband: fie = fre- flo :\{30‘]- 26 = 134 GHz
12090 14y
: . 1
Other intermodulation products; fig = mfge - Nflg P frp = E(f'F - nfo)
40 T T T T T T T
381 \
36 m=-2,n=3
N A
(IiSZ
% PASSBAND
%30 I:I m=2,n=-2
L 28 / m=3,n=-3
* 26 |
241 \ m=-3n=3
m=-2,n=2
22 |
20 I . . . . m=-1,n=1

IF Frequency, GHz
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Amplifiers

Most receive amplifiers use gallium arsenide field effect transistors (GaAs FETS).
Bipolar transistors are used at low microwave frequencies and performance isimproving
at higher microwave frequencies.

Generdl circuit;

- INPUT OUTPUT [
INPUT MATCHING FET MATCHING OUTPUT
CIRCUIT CIRCUIT |

Design parameters. 1. transducer gain (ratio of the power delivered to the load to the
power available from the source)
2. stability
3. noisefigure

Typical amplifier circuit:

o
”/\/\/\/\/_|_|: FET % OUTPUT
TUNING L

INPUT LOAD
SOURCE |
= STUB
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Low-Noise Amplifier

Thisis an example of older technology that uses discrete elements. Current designs use

mtegrated circuits.
Second -harmonic Low - noise
Circulator filter fransicter
x"x Image -rejection \ amplifier
\ filter 1"';

\

Waveguide to 3-dB coupler Diode
strip—-line

transducer

From Microwave Semiconductor Devices and Their Circuit Applications by Watson
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|ntermodulation Products of Amplifiers

+30 A A
Saturated ____ o3| ____
Power +20 .
; 10 dB
+10 Intercept
0 |~ Fundamental jo

R

Output -10
Power
(dBm) -20 =

30 - 2nd Order
Intermods

N

Intercept Point = +30 dBm

\\
3rd Order
Intermods

l | | I | I I
-b5 -45 -35 -25 -15 -5
Input Power (dBm)
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Sample Microwave Amplifier Characteristic

Example: Amplifier transfer function

30

o5 SATURATION |
,g POWER
[a0)]
S 20 f
o 1/dB
; 15 r *
— 10 |
g |
3 |
TR |
o LINEAR |
i REGION |
|
10 ' L '
-40 -30 -20 -10 0 10

RF INPUT POWER (dBm)
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Power Out
Power In

Gan,G =

Linear gain: 30 dB

Saturation power: 23 dBm
Saturation efficiency: 10%
Saturation gain: 20 dB

Power at 1 dB compression: 16
dBm

Efficiency at 1 dB compression: 3%
Gain at 1 dB compression: 29 dB
Voltage: 25V

Current: 40 mA
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107
108
10°
104
103

102

Average power, W

10

10!

1072

Vacuum e

— - Solid state

100 GHz ' 100 GHz

1GHz 10 GHz
I A | l | |

1930 ‘40 '50 "60 70 ‘80 ‘90

Time years

From Symons—“Tubes: Still Vital After All These Years,” |EEE Spectrum, April 1998
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Power Capabilities of Sources

107 [
Klystron
100 F CFA Gyrotron
10° |- Gridded-tube)
helical TWT
%. 10t - PPM focused
$ helix TWT
o 3 L
a 10 i
@ 51 BJT : Solenoid-
g 2 ﬁh“"’"““’"—-—-—-— focused
o -
Z Silicon-intensified . MESFET cc-Twr
tube
10 F Phemt ‘
1 -
Vacuum devices =~ ——
107 | golid-state devices ——
Impatt
102 l L ] S|
0.1 1 10 100 1000
Frequency, GHz
BIT = bipolar junction transistor Impatt = impact avalanche and
CC-TWT = constant-current transit time diode
traveling-wave tube Phemt = pseudomorphic
CFA = crossed-field amplifier high—electron-mobility transistor

PPM = periodic permanent-magnet
From Symons—“Tubes: Still Vital After All These Years,” |EEE Spectrum, April 1998
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Transmitter types. klystrons

traveling wave tubes (TWTSs)
crossed field amplifiers (CFAS)

solid state amplifiers

magnetrons

SUMMARY OF TRANSMITTER CHARACTERISTICS

Linear Reentrant Solid
Parameter | Klystron TWT CFA CFA State Magnetron
Gain High High Low Low Moderate N/A
Bandwidth | Narrow Wide Wide Wide Wide N/A
Noise Low Low Moderate | Moderate Low Moderate
DC voltage High High Moderate | Moderate Low Moderate
X-rays High High Low Low None Low
Sze Large Medium Medium Small Medium Small
(Arrayed)
Weight Heavy Medium Medium Light Medium Light
Efficiency Low Low Moderate | Moderate | Moderate High

130




Naval Postgraduate School Microwave Devices & Radar Distance Learning

Transmitters (2)

Microwave tube classification:

Crossed field: Thedc electric field is perpendicul ar to the magnetic field. The generd
motion of the electronsis perpendicular to both fields. These are also known as
"M-type" tubes. Examples are magnetrons and crossed field amplifiers.

-

5 ELECTRON
-

B & . MOTION

—

VE

Linear beam: The general direction of the electron beam is parallel or antiparallel
with the field vectors. Examples are klystrons and traveling wave tubes.

= B
e

- » ELECTRON
MOTION

m

B

131



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Klystrons

The oscillating electric field in the gap ( Eg) accelerates or decelerates electrons from

the cathode. This causes "bunching” of the electrons into packets. They transfer
their energy to the catcher cavity.

INPUT

BUNCHER CUTRUT
CATCHER
ELECTRON =
GUN | BEAM N\ ™
CATHODE —— _~_~_~_ "~~~ -~ ‘“~— "~~~ pinlinlial [ ANODE
M DRIFT
SPACE
vV  — ]
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Klystron Operation

A klystron consists of a cathode and anode separated by an interaction space. Inatwo
cavity Klystron, the first cavity acts as a* buncher” and velocity modul ates the electron
beam. The second cavity is separated from the buncher by a drift space, which is chosen
so that the AC current at the second cavity (the “catcher”) isamaximum. The second
cavity is excited by the AC signal impressed on the beam in the form of a velocity

modul ation with aresultant production of an AC current. The AC current on the beam is
such that the level of excitation of the second cavity is much greater than that in the
buncher cavity, and hence amplification takes place. If desired, a portion of the amplified
output can be fed back to the buncher cavity in aregenerative manner to obtain self-
sustained oscillations.

The catcher cavity can be replaced by areflector, in which case it is referred to as a reflex
Klystron. The reflector forces the beam to pass through the buncher cavity again, but in
the opposite direction. By the proper choice of the reflector voltage the beam can be
made to pass through in phase with the initial modulating field. The feedback isthen
positive, and the oscillations will build up in amplitude until the system losses and
nonlinear effects prevent further buildup.

(From: Foundations of Microwave Engineering, by R. E. Cadllin)
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Cavity Magnetron

Cross section of atypical cavity magnetron

1. anode

2. cavity

3. coupling slot

4. cathode

5. interaction space
6. coupling loop

7. strapping

to output waveguide
-
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Magnetron Operation

A magnetron consists of a number of identical resonators arranged in acylindrical pattern
around acylindrical cathode. A permanent magnet is used to produce a strong magnetic
field B, normal to the cross section. The anode is kept at a high voltage relative to the
cathode. Electrons emitted from the cathode are accelerated toward the anode block, but
the presence of the magnetic field produces aforce (- ev,B,) in the azimuthal direction
which causes the electron trajectory to be deflected in the same direction.

If there is present an AC electromagnetic field in the interaction space that propagates in the
azimuthal direction with a phase velocity wr , strong interaction between the field and the

circulating electron cloud can take place. The usual mode of operation isthe p mode where
the phase change between adjacent cavitiesis p radians. Each cavity with itsinput gap acts
as a short-circuited transmission line a quarter of awavelength long, and hence has a
maximum electric field across the gap. A synchronism between the AC field and the
electron cloud implies that those electrons located in the part of the field that acts to slow the
electrons give up energy (and vice versa). Electronsthat slow down move radially outward
and are intercepted by the anode. Electrons that are accelerated by the AC field move
radially inward until they are in phase with the field, and thus give up energy to the field.
When the latter happens, they slow down and move to the anode. Therefore the only
electrons lost from the interaction space are those that have given up a net amount of

energy.
(From: Foundations of Microwave Engineering, by R. E. Callin)
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Eight Cavity Magnetron
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Electron cloud in the interaction space of an eight cavity magnetron

Rotating Anode
Potential Wave -
/-, 1 Drbit:n ‘f

Spoke-like Electron Cloud
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Magnetron Basics (1)

Three fields present: E due to voltage applied between anode and cathode
B due to magnet
Erg in the interaction space

If B isstrong enough electrons will be prevented from reaching the anode (thisis
magnetic insulation). The critical value of the magnetic field density is

— m.C
o= g V91
(S

2 .2
where:  d, = effective gap = raz e (r5 = anode radius; r. = cathode radius)
a
—1+ eV02
V1- (v/g?  me
e = electronic charge; m, = mass, \; = beam voltage

g =relativistic factor =

The cathode orbit drift velocity is
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Magnetron Basics (2)

The Bruneman-Hartree resonance condition for mode n:

VOLTAGE

2 2
2m r n
_ a
BeH =% €W 5"
€ 3 - e Whp
A HULL
CUTOFF

CONDUCTING

OSCILLATING

BRUNEMAN-HARTREE
THRESHOLD

CUTOFF

MAGNETIC FIELD

Usually the cavities are spaced half awavelength at the RF. The drift velocity must
equal the phase velocity. At alternating cavities the electrons reach the anode. There-
fore “spokes’ arise which rotate around the interaction space. RF energy grows at the
expense of the kinetic and potential energy of the electrons.
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Free-Electron Laser (FEL) Operation

A free electron laser consists of an electron beam, a periodic pump field and the radiation
field. The eectron beam passes through the pump field and begins to oscillate. (The pump
field isusually a static periodic magnetic field called a“wiggler,” but in principle it can be
any field capable of producing atransverse electron oscillation.) The oscillating electrons
radiate, and the combination of the radiation field and wiggler field produces a beat wave
which tends to bunch electrons in the axial direction. The bunching force provided by the
beating of the radiation and wiggler fields is due to a so-called pondermotive wave, which
IS characterized by a periodic axial force. The bunched el ectrons radiate more coherently,
thereby strengthening the radiation, which causes more bunching, then produces stronger
and more coherent radiation, and so forth. The electrons in the beam are not bound to any
nucleus, hence the term “free electron.”

Like all lasers, a FEL can operate as either an amplifier or oscillator. Amplifiersrequire
high growth rates so that large gainsin the radiation field can occur in areasonable
distance. Thisrequirement generally restricts the use of FELs to millimeter wavelengths or
shorter. The most important FEL attributes are broad frequency-tuning ability, high
efficiency (> 40%), wide bandwidth, and high power (> 10 MW at millimeter wave
frequencies).

(From: High-Power Microwave Sources, Chapter 6, by J. A. Pasour)
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Free-Electron Lasers

Example of abasic free electron laser

| =1,/(292)(L+K2/2) = radiation wavelength

Ky = €B, / mck,, = wiggler strength parameter

| w =2p/k, wiggler period; B, =wiggler magnetic field;

e = electron charge; m = electron rest mass; ¢ = speed of light

WIGGLER

OUTPUT
MAGNETS RADIATION
- @
INJECTED %%
ELECTRON
BEAM S
S L N
INTERACTION

LENGTH
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Radar Waveform Parameter M easurements (1)

AN/APS-10 short pulse width AN/APS-10 long pulse width

(Figures from HP Application Note 174-14)
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Radar Waveform Parameter M easurements (2)

AN/APS-10 short pulse spectrum AN/APS-10 long pulse spectrum

(Figures from HP Application Note 174-14)
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Radar Waveform Parameter M easurements (3)

AN/APS-10 frequency point plot AN/APS-10 pulse width point plot
(1000 points over 10 minutes) (short pulse width)

AN

(Figures from HP Application Note 174-14)
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Radar Waveform Parameter M easurements (4)

AN/APS-10 pulse repetition period AN/APS-10 pulse repetition period
(1000 points over 10 minutes) histogram (PDF)

obENIE +iR]

(Figures from HP Application Note 174-14)
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Radar Waveform Parameter M easurements (5)

Barker Coded Waveform

60 MHz IF signal Phase shift in 60 MHz |F signd

(Figures from HP Application Note 174-14)
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Other Sources of Loss

There are many sources of |oss that are not accounted for in the basic form of the radar
range equation. Similarly, there are several signal processing methods available to

increase the effective signal level. Thus general loss and gain factors are added to the

RRE:
P _ RGGsl“G,

Ny (4p)3RKT.B,L

SNR =

L isa"catch all" lossfactor (>1). A fraction of the loss can be attributed to each source
If its contribution is known. For instance, L = LyLgL, L;L. where the loss sources are:

1. transmission lineloss, L

2. atmospheric attenuation and rain loss, L, (1/L, =€ AR 4 = one-way power
attenuation coefficient)

3. secondary background noise and interference sources, Ly,

4. antenna beamshape loss, Lg

5. collapsing loss, L

Gy, isthe processing gain which can be achieved by integration and various correlation
methods.
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Atmospheric Attenuation
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0.00001

50
0.01 |~ 10
Fraction of
Signal Gettin
gn g 0.79 |- 1 LDSS
Through dB/k
1 km of -
Atmoshphere
0.98 |- 0.1
0.9995 L 1 | L 0.01
1 10 50 100 200 300

Frequency (GHz)
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Rain Attenuation

150 mm/HR (6 IN/HR)

10

Attenuation 1
dB/Km

.01

1

25 mm/HR (1 IN/HR)
5 mm/HR(2 IN/HR)

1.25 mm/HR (.05 IN/HR)

25 mm/HR (.01 IN/HR)

10
Frequency (GHz)

100
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Transmission Line Loss

Transmission lines between the antenna and receiver and transmitter can have
significant losses. Traditionally these have been called plumbing loss because the
primary contributor was long sections of waveguide. Sources of loss include:

1. cables and waveguide runs (0.25 to 1 dB per meter)
2. devices have insertion loss
duplexer, rotary joints, filters, switches, etc.
3. devices and connectors have mismatch loss (VSWR 1 1)

DUPLEXER/
CIRCULATOR LOSE

TRANSMITTER

TRANSMISSION LINE LOSS

RECEIVER
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Antenna Beamshape L oss

ANTENNA POWER
HALE POWER PATTERN (POLAR PLOT)

ANGLE

MAXIMUM
VALUE OF

|
| / GAIN

In the form of the RRE with pulse integration, constant gain has been assumed for
all pulses (the duration of t.;). Thegainisactualy changing with scan across the target.
Theresult islower SNR that with the approximate antennamodel. The beamshape loss for
a Gaussian beam, G(q) = G, exp[- 2.773(q /qB)Z] , When integrating n (odd) pulsesis

n

L » —72

1+2 & e
m=1
per dimension of beamshape. (For example, a"fan beam" isone dimensional). Theloss
tendsto 1.6 dB for alarge number of pulses.

- 5.55m2/(n, - 1)?
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Collapsing Loss

NOISE ONLY BEAM DWELL
LOCATIONS
SIGNAL + NOISE \ /

N

Collapsing loss can arise from several sources:
- the outputs from several receivers are added when only one contains the signal

- the outputs from several antenna beams are combined when only one contains signal
The effect is the same as adding extra noise pulses, say m, in which case the collapsing
loss can be defined as

1 _ (nsigna plusnoise channels + m noise only channels) _ (SNR) .1,
L. (n signal plus noise channels) (SNR)
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Noise Figure & Effective Temperature (1)

Definition of noise figure:
— (S/ I\I)in — Sn/Nin — I\Iout

" (SIN)owt St/ Now KToB.G

where G = Sout . By convention, noise figure is defined at the standard temperature
n

of To =290 K. Thenoise out is the amplified noise in plus the noise added by the
device

- -GN, +DN _ DN
" KkT,B.G kT,B,G

DN can be viewed as originating from an increase in temperature. The effective

temperature is
P = 1+ XTBG 1, Te
kTOBnG T0

Solve for effective temperature in terms of noise figure

Te = (Fn B 1)To
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Comments on Noise Figure & Temperature

- Originally the term noise figure referred to the dB value and noise factor to the numeric
value. Today both terms are synonymous.

- Noisefigureis only unique when the input noise level isdefined. It must always be
reduced to a number that is proportional to noise temperature to be used in calculations.

- |f the antenna temperature is unknown it is usually assumed that Tp = Tg

ANTENNA
> - F.G —
Nin = KTaB, Nin Nout
& T.0
Nout = KTaBG + KTB.G b kB,G(T, + Te) = kToB,GE1+ 2~ = kT,B,GF,
— — TA:TO e TOg

INPUT NOISE NOISE ADDED
AT OUTPUT BY THE DEVICE

Thus, if Tp =T, then kT,B,F, can be substituted for k T.B,, in the RRE.
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Noise in Cascaded Networks (1)

Examine how the noise figure is affected when M devices are cascaded
N, @ — - - - - - - - - " Ny

Note: 1. same B, for each stage
2.total ganisG=GG, -Gy
3. denote the overall noisefigureas K,
4. devices are impedance matched

Noise from the first amplifier: [(F, - 1)kT,B,] GG, -Gy
Noise from the second amplifier: [(F, - 1)kT,B,]G,Gs---Gy
Extendingto M stages:

. ., ..
Nout = KToBnl O G +(F- 1)Gy O G+ (Fu - 1)GM§
m=

I m=1
But Ngt hasthe form kT,B,F,G. Comparing with the above,
F=F+ F - 1+ F; - 1+...+ Fy - 1

GG GGy ---Gy- 1
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Noise Figure & Effective Temperature (2)

Summary of noise figure and effective temperature for cascaded networks:

The overal noisefigure for M cascaded deviceswith noisefigures /,F.,...,Ry and
gans G,Gy,...,Gy is

F-1 Fy-1 Fy - 1
+ + Foot
G GG GGy G- 1

The overall effective temperature for M cascaded devices with temperatures
T1,To,..., Ty and gains G;,G,,...,Gy is

=R

Te:T1+L+ T3 oy
GG, GG, Gy-1

10
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Noise Figure From L oss

1. Transmission line: The fraction of electric field incident on atransmission line of
length d that is transmitted is given by
1 _
Gy=—=e®9g1
LX

where a isthe attenuation constant. (The factor of two in the exponent is due to the

fact that a isavoltage attenuation constant.) Therefore, K, = L, = e?ds 1

2. Mixer: Conversion loss for amixer is

_ RFpowerin _
~ IF power out

Typical valuesare4 to 6 dB. If amixer isconsidered as a ssimple lossy two-port
network (input at the carrier frequency; output at the IF frequency), then a commonly
used approximationis G, =1/ L. and K, = L.

11
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Examples (1)

1. A radar with the following parameters requires SNR = 10 dB for atarget RCS of
5m? antennagain=30dB, P, =200 kW, f =10 GHz t =1ns, T, =200 K
receiver mixer: 10 dB conversion loss and 3 dB noise figure
|F amplifier: 6 dB noise figure

|\|in Ffr— — ! Nout
IFAMP [—B b Gl’|:1 . Gz,Fz L
[ [

LO

SN VL P LE

(0]

We need the system noise temperature Te = Te + Ty =31T, +Tp =9190 K. Thus

KT.B,=13" 10" W. It has been assumed that B, »1/t. Now Ny = kT, B,GG, S0
that

RG’s1°GG, = RG%s|?

(4p)°R*N,, L (40 )°R*%TB,L

(L isfor system losses such as beamshape loss, collapsing loss, etc., of which we have
no information.)

SNR=10=

12
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Examples (2)

(@ 10°)(10%)%(5)(0.03)?
C (4p)0)(1.3 108

or R=24303 m » 15 miles. The range can be increased by using alow-noise amplifier
(LNA) before the mixer.

=348 10/

2. Consider the radar receiver shown below:

ANTENNA CABLE

antennatemperature, T, =150 K
receiver effective temperature, Tz =400 K
cableloss: 6 dB at 290 K

Ter

noise figure of the receiver: F . =1+ - =238

1
GL

(0]

noisefigure of thecable: F, =— = =4

13
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Examples (3)

For=to 4,18 g5
G, 0.25

effective noise temperature of the dashed box:

noise figure of the dashed box: F, =F, +

Te=(Fn- DT, =(8.52)(290) = 2471 K
Total system noise temperature:
T=Ta+T=2621K

3. We calculate the equivalent noise temperature of a wideband jammer operating
against a narrowband radar
A

POWER - -
SPECTRAL =T
DENSITY

14
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Examples (4)

The radar only sees afraction of the jammer's radiated power

The jammer can be modeled as a noise source at temperature T
No © Ry =kT;B,

From our earlier result the jammer power received by the radar is

p, = P1G:GEy)! “aB, 0
" (4pR)° eByo

which gives an equivaent jammer temperature of
;= Ry _ P1G;G(y)l ’
kB,  (4p R))“k By

This temperature is used in the radar equation to access the impact of jammer power
on the radar’s SNR.

15
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Examples (5)

4. Pulse radar with the following parameters:
T =30days, B,=1MHz, t =1 nsec, | =0.1m, G=30 dB = 1000,
g, =34, g, =1.2°, Ry=095fors =10 m2and R=100 mi (=161 km)
F =5.8 dB for thereceiver, T =100 K

(a) Peak power required to achieve By = 0.95 on asingle hit basis

1 1076

Pry = = =386" 10"
B.Tra  (30)(24)(3600)

From Fig. 2.6, (S/N); =16.3dB=42.7

_ (4p)*K(Ta+ To) Br(S/ N) in R

GAS
_ (4p)?(1.38" 10°%%)(100+ 812)(10°)(42.7)(L61" 10°)%
- (1000)(0.8)(10)

R

R =0.715" 10’ W

16
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Examples (6)

(b) PRF for 100 mi unambiguous range

. A8
f=—o =2 10 g3y
2R,  2(161" 10%)

(c) Number of pulses that must be integrated noncoherently for a 10 dB improvement
in SNR (i.e., reduce the peak power requirement by 10 dB)

l; =10 dB =10
From Fig. 2.7(a) for, By =0.95and ns =1/ P, = 259" 10" the number of pulsesis
ng » 15

(d) Maximum antenna scan rate if |; =10 with a PRF of 800 Hz

_9sfp _ (1.2)(800)

> ng 15

=64" /sec =10.7rpm

17
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Examples (7)

Distance Learning

(e) Effective temperature of the receiver
T. =(F- 1)T, =(3.8- 1)(290) = 814K
(f) If F isreduced 3 dB the increase in maximum detection rangeis as follows:
F=28dB

T, =(0.9)(290) = 262 K

4 1
Rmax K Ti+T.
Rrax, _ a4
Ruax, €3629

Rmax, =1.26Rmax, =126 miles

18
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Doppler Frequency Shift (1)

Targets in motion relative to the radar cause the return signal frequency to be shifted as

shown below
WAVE FRONT
WAVE FRONT EMITTED AT
EMITTED AT POSITION 2
POSI'IKON 1
Vy
\%K_J
wave fronts wave fronts
expanded compressed

The time-harmonic transmitted electric field has the form | E | cos(wt). The received

signal hasthe form | Ec |u cos(w,t - 2kR), where the factor 2 arises from the round trip

path delay. DefineF (t) =-2kR and R=R;+v,t (v, istheradia component of the
relative velocity vector).

19
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Doppler Frequency Shift (2)

The Doppler frequency shift is given by:
_dF(@) _d drR

=———==—(-2kR) =- 2k— =- 2k
Wa="g ~ g 2R it v
: _ 2y, : : _ é & Wq0,0
or in Hertz, fq =- T Rewrite the signal phaseas F (t) = - ZkéF?O- & Egtasothat

Eq 1 cog(we +wa)t- 2kRo]

A Doppler shift only occurs when the relative velocity vector has a radial component.
In general there will be both radial and tangential components to the velocity:

Rdecreasing b CCiI—I?<OID fq >0 (closing target)
: . dR .
Rincreasing b E>OD fy <O (receeding target)

20
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Doppler Frequency Shift (3)

The echo returned from the target varies as | E; | cos[(wC W)t - 2kR0], where the +

signisused for closing targets and - for receding targets. However, mixing causes the sign
to belost. For example, mixing the return with the carrier (homodyning) gives

1
cos(W,t £W4t) cos(Wt) = E[cos(iwdt) + cos(2wt + wyt)]

Although the second term in brackets contains the sign information it is too high to
be of usein anarrowband radar. The sign can be recovered using | and Q channels.

Another problem: the fy signal is narrow and the amplifier B, much larger so the SNR
IS too low.

A AMPLIFIER
FREQUENCY
CHARACTERISTIC

SPECTRUM
OF cog(wyt)

I -

1:c 1:c+fd

The solution is to use a collection of filters with narrower bandwidths.

21
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Doppler Filter Banks

The radar band is divided into narrow sub-bands. Ideally there should be no overlap
in their frequency characteristics.

NARROWBAND
A DOPPLER FILTERS CROSSOVER
\‘ LEVEL

AMP FREQUENCY
CHARACTERISTIC

1

fc 1:c + 1td

The noise bandwidth of the doppler filtersis small compared to that of the amplifier,
which improves the SNR. Velocity estimates can be made by monitoring the power
out of each filter. If asignal ispresent in afilter, the target's velocity range is known.
The energy outputs from adjacent filters can be used to interpolate velocity.

1
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Example

CW radar example:

f =18 GHz (I =0.0167 m)

target speed range: mach 0.25 to mach 3.75 (mach 1 = 334.4 m/s)
resolution = 10 m/s

homodyne receiver

(8) What is the required spectral range for the filter bank?

lowest frequency : fy; :M =10kHz 1|J
(2%-812%1) yb 10kHz £ f £150kHz

highest frequency : fy, =—>—=—— =150kHz

JNESHITEAHENEY = 102 =75 o167 b

(b) How many filters are required?

Df, - Dff Vio- V1 1254- 83.6

Nt =" Dv 10

=117
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Example

(c) When atarget islocated in a particular filter, the two adjacent filters are also
monitored in case the velocity changes. It takes 0.5 second to shift between
filter sets. How fast must atarget accelerate to defeat the radar?

1 2 3

3 filters make up a set
(10 m/s per filter)

} R

fq A 123 B
30 m/s per
filter set ? f
I I
.- -

30m/s 30m/s

To defeat the radar the target's doppler must jump to A or B
a, =(x30m/s)/0.5s= 60 m/s’
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| and Q Representation

Coherent detection requires dealing with the envelope of asignal, g(t) and the phase of the
sinusoidal carrier, F (t). They need not be measured directly, but can be derived using in-

phase (1) and quadrature (Q) channels asfollows. For narrowband signals we can write

s(t) = g(t) coslw,t +F (t))
or, interms of | and Q components
§(t) = g (t)cos(wct) - golt)sin(wet)
g, (t) = g(t) cos(F (1))
9o(t) =g(t) sin(F (1))
Define the complex envelope of the signal as
u(t) = g (t) + ] go(t)

Thus the narrowband signal can be expressed as

s(t) = Refu(t)e "'}

where
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Doppler Frequency Shift (4)

Recovering the sign of the doppler shift using I and Q channels

N\
TRANSMITTER
/
> cos(w )
90 DEGREE
SHIFT
MIXER A -
cos(w.t+p/2) r
E, 1 cos(Wotwo)t)
N\
- MIXERB |—
/

1 cos(w4t)
| COS(- W jt) = cos(w 4t)

ycos(w t+p/2)
1 Cos(-w t+p/2)=cos(wyt- p/2)

Positive doppler shift resultsin a phase lead; negative doppler shift resultsin a

phase |ag.
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CW Radar Problems (1)

1. Transmit/receive leakage:

2
(1-19°)P [ Lyl P/ Ly Le Pt oo
-
ANTENNA ( 2R TRANSMITTER
P/ L,L
SYSTEM \ > - r) ( Py = larcPy
Pr = WsAy > ~ (- IG°)P RECEIVER
|G° Py

(1-1G° )Pr [ LyLc
R = power out of transmitter
= power |leaked directly from transmitter to receiver

P. = power scattered by target and collected by the antenna

| G|=magnitude of the antenna voltage reflection coefficient (related to its VSWR)
L, =transmission lineloss (® 1)

L. = circulator loss (3 1)

| sire = circulator isolation (fraction of incident power leaked in the reverse direction)
If higher order reflections can be ignored, then the total signal at the receiver is

_ 2 2 2
I:?[ot—\(:l-' |G| )Pr”—xl—g"' lircR + |G| F%/(Lxl—c)J
TARGET RETURN LEAKAGE ANTENNA MISMATCH
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CW Radar Problems (2)

Comments regarding leakage:

1. Circulator isolation isin the range of 30 to 100 dB. It can beincreased
at the expense of size, weight, volume, and insertion | oss.
2. Leakage can be reduced by using two separate antennas. Thereis still leakage
which arises from
-- near field coupling of the antennas
-- reflection from close in clutter
-- surface guided waves on platform or ground

Example: receiver MDS = -130 dBW (= -100 dBm)
peak transmitter power = 100 W = 20 dBW
To keep the leakage signal below the MDS requires

IN dB

Note that circulator isolation is given in positive dB, but the negative sign isimplied.
Thusthe required isolation is
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CW Radar Problems (3)

Distance Learning

2. Spectrum broadening caused by:

1. Finite duration illumination due to antenna scanning

q =dq/dt =wq
/% _>t0t<_
dg

—

IDEAL BROADENED
SPECTRUM T SPECTRUM

We We

2. Modulation of the echo by target moving parts and aspect changes

3. Acceleration of the target
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Frequency Modulated CW (FMCW)

Conventional CW radars cannot measure range. To do so the transmit waveform
must be "tagged.” This can be done by modulating the frequency periodically with
time. Thistechniqueiscalled FM ranging.

Typica linear
FM pulse

A

L

|

|

|

|

VI

|

H

|

|

f f , = modulation rate
Tn=1/1,
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FMCW (2)

If the target is in motion the received waveform might be doppler shifted

Af
DOPPLER
f SHIFT TRANSMITTED RECEIVED
02
fq
1:O:L_I___*____I ________ t
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FMCW (3)

Range can be measured if Df; and Df, are known

tanb = (Df; + f4)/(2R/c)
tanb = (Df, - f4)/(2R/c)
Add the two equations

2tanb = (Df, + Df,) /(2R/ )b R = {21+ DI2)C

4tanb

Block diagram:

FM
TRANSMITTER -t MODULATOR

FREQUENCY

MIXER [ AMP [ LIMITER [ COUNTER = DISPLAY

¥ REFERENCE
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Waveform out of mixer:
AT

RECEIVE

TRANSMIT

|I N
| I: L : N |
| 1 | I | > !
fal | |I | | | N |
A| o o R |
| o o .y |
I - I I I I N | MIXER OUTPUT
fr"'fd T | I: : : ||
fr' fd 7 | | : ¢
' >
Restriction:
1 2R
fm C
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FMCW Complications

1. Multiple targets cause "ghosting." There are two beat frequencies at the end of
each segment. The radar does not know how to pair them.

f TRANSMIT RECEIVED
A WAV EFORM FROM #1

RECEIVED
FROM #2

Foa

p L

Solution: add a constant frequency segment to measure fqyq and fg4,

f A TRANSMIT RECEIVE
WAV EFORM WAVEFORM
y
A
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FMCW Complications

2R . . o
2. Doppler frequency greater than o tanb (which occursin air-to-air situations)

complicates the formulas for the frequency differences.

f b HR/c RECEIVE
o e WAVEFORM
fq TRANSMIT
WAV EFORM
_

Sinusoidal modulation can also be used. The range is determined from the average
(over one cycle) beat frequency.

Example: Find the range if the low and high beat frequencies out of the mixer are
Df, = f, - fq =4825Hz and Df, = f, + f4 =15175Hz and thesweep rateis

tanb =10 Hz/msec = 10" 10° Hz/sec.
(15175 +4825)(3" 10°)

4(10° 10°)

=150000m

Computerange: R=
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MTI and Pulse Doppler Radar

The doppler frequency shift can be used with pulse waveforms to measure velocity.
The radars generally fall into one of two categories:
1. moving target indication (MTI)
generally uses delay line cancelers
ambiguous velocity measurement
unambiguous range measurement
2. pulse doppler radar
generally uses range gated doppler filters
unambiguous vel ocity measurement
ambiguous range measurement

The main feature of both isthe use of a coherent reference signal.

PULSE
MODULATOR
CwW
+
> AMPLIFIER OSCILLATOR
- REFERENCE
> RECEIVER 1 DISPLAY
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MTI (1)

The doppler isasinusoidal modulation of the transmitted waveform. For a pulse train:

1. large doppler shift: modulation of the waveform israpid (e.g., aballistic
missile). Only need one or two pulses to measure doppler shift

2. small doppler shift: modulation of the waveform isslow (e.g., aircraft). Need
many pulses to measure doppler shift

("Large" and "small" are by comparisonto 1/t .) From Fig. 3.4 in Skolnik: (2) RF echo
pulse train, (b) video pulsetrain for fq > 1/t , (c) for fq <1/t .

— WA W W

la)

/\/ AVAY /\/ s
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MTI (2)

mm * :

On successive "A" scope traces f/W\
(amplitude vs. range), moving target o W
returns will vary in amplitude; fixed u\/ \

target returns are constant.

Fig. 3.5in Skolnik (the bottom curve W

IS the superposition of many sweeps)
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PPI displays use adelay line canceler

—— RECEIVER

DELAY LINE

‘ T=1/PRF
-

DISPLAY

If two successive pulses are identical then the subtracted signal is zero; if two suc-
cessive pulses are not identical then the subtraction results in a nonzero "residue.”

The delay timeisequal to the PRF. Typical values are severa milliseconds, which
requires very long line lengths for electromagnetic waves. Usually acoustic devices

are used. The velocity of acoustic wavesis about 10 > of that for @ ectromagnetic

WaVves.

TRANSDUCERS

INPUT
SIGNAL
Q

e el i . el et il s vl " il el “ i

(From Acoustic Waves. Devices, Imaging andAnalog Sgnal Processing, by Kino)
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PD and M TI Problem: Eclipsing

To protect the receiver from transmitter leakage, the receiver is usually shut down
during the transmission of apulse. Eclipsing occurs when atarget echo arrives during
atransmit segment, when the radar receiver is shut down.

Points to note:

1. Targets are generally not completely eclipsed; usually some of the return gets
through.

2. Partial eclipsing resultsin aloss of SNR because some of the target return
IS discarded.

3. The average eclipsing loss is given approximately by
t ty  tytt
Lee » /1 )°dt+ odt+ o (ty+t - t)2/t )dt
0 t ty
where t, isthe video integration time. Normalization by the PRF gives

Lee » ( tyPRF - t>PRF/3)

RECEIVE TRANSMIT
DUTY FACTOR DUTY FACTOR

4. Eclipsing can be reduced by switching PRFs.
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PD and MTI Problem: Range Ambiguities

Maximum unambiguous rangeis R, =CT, /2. A low PRF is desirable to maximize R,;.

| #1 #2 ECHO FROM
. 2Ry PULSE#1
Tp C
- >l t
| .

I
< 2R/c———*™

Example: PRF =800Hz, T, =0.00125sec, R=130 nmi (nautical miles)
- Based on the true range

2R 2(130)
c 161875

%r._/
¢ IN nmi/sec

- Based on the apparent range

= 0.001606 = 1.606 ms

2 2R .
o =—- T, =0.001606 - 0.00125=0.356 msbP Ry, =28.8 nmi
C C
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Range Ambiguities (2)

The apparent range depends on the PRF but the true range does not. Therefore, changing
the PRF can be used to determine whether the range is true or apparent. Thisis called
PRF switching, pulse staggering or multiple PRFs.

Choose two PRFs:; fl = leB and f2 = N2 fB where

fg isthe basic PRF (usually set by the unambiguous range)
Ny, N> arerelatively primeintegers (e.g., 11 and 13)

PRF switching method:

1. Transmit two PRFs and look for a common return which signifies
atrue range

2. Count the number of elapsed pulsesto get the integersi and |

3. Measure xand y

4. Compute T and then R
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Range Ambiguities (3)

|
] Tg=1/fg | ]
- L g
| -
IR N Measure x,y and choosei and |
I o | to satisfy both equations:
| ™ PRF #1
e B s B ey
/\i i+1) /\i+1
. [N [ \_o ECHO
j-1_|_ i j+1 j+2 Tr=(0+1- DT +x=iT; +X
> . .
_‘ : Tr=(+1-DT+y= T, +y
B ] ™ PRF #2
v R
/\j-l /\ ] | j+1| /\j+2
| | ™ ECHO
[ - Tr
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Example
Wewant R, =100 nmi or fg = ¢ _101875 810 Hz
2R, 2(100)

Choose Ny =79, N, = 80:
f; = Ny fg =79(810) = 63.990 kHz

f2 = N2 fB = 80(810) =64.800 kHz
Unambiguous ranges.

Ru = c/(2f) =

Rp =c/(2fy) =
Assume that the target is at 53 nmi

_ 2(53)
R™ 161875

161875

2(63.990)10°
161875

2(64.800)10°

=1.2648 nmi

=1.2490 nmi

= 654.8" 10 ®sec

Subtract out integers
Tofy=i+xf=41.902 b x=0902T, =14.096 nsec
Taf, =j+yf,=42432 b y=0.432T, = 6.67Msec
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PD and MTI Problem: Ve ocity Ambiguities

Coherent pulse train spectrum

ectrum of doppler _
fted O Sqna (fixed target - no doppler)
I h I
| ﬂ I
W TN ﬂ)\ AT dﬂ N »W
We We +Wg RO |11
e A

Expanded central lobe region with target doppler shift

- = === === === === = == = -
CENTRAL DOPPLER

LOBE — SHIFTED | 2y Tod(PRE

FILTER TARGET dlobserved ~ | ( )
RETURNS

fd = n PRF+ fd|a0parent

fiu 1R b
ol
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Velocity Ambiguities (2)

If wq isincreased the true target doppler shifted return moves out of the passband and
alower sideband lobe enters. Thus the doppler measurement is ambiguous.

APPARENT

ACTUAL
Dg,':'réTER DOPPLER fama =*fp/2
SHIFT
=l f,/4
Dv, =1 f,/2
Ll L] L w
We We +Wy
PRF determines doppler and range ambiguities:
PRF RANGE DOPPLER
High Ambiguous Unambiguous
Medium Ambiguous Ambiguous

Low Unambiguous Ambiguous
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Alrborne M Tl and Pulse Doppler Operation

Airborne MTI (AMTI) refersto any MTI operating on a moving platform. Motion
effects include clutter spectrum frequency shift and broadening.

dp

TRAILING EDGE
OF PULSE

ct /2

LEADING EDGE
OF PULSE

"PLUG" OF
ENERGY

TARGET

BACKGROUND
AND CLUTTER

—
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Surface Clutter (1)

Airborne radar illuminates the ground. Simple model for the footprint dimensions:

g = depression angle
y =grazing angle
R = dlant range

ANTENNA
BEAM AXIS

AIRCRAFT
ALTITUDE

ELLIPTICAL
FOOTPRINT
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Surface Clutter (2)

Theillumination strip is actually curved but is approximately rectangular if R islarge
and gg issmall. The diagram illustrates the pulse width limited case; only a portion

of the footprint isilluminated.

A
Side view
hy
PLUG OF ENERGY
(PULSE IS ON)
Y > X
|
Dx =ct /(2cosg) ILLUMINATED
. : | '_ GROUND STRIP
Top view BEAM
FOOTPRINT
RdB
Y
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Surface Clutter (3)

For asmall depression angle the clutter areais approximately given by

_aRgp
%_Zcosg

The diagram below illustrates the beamwidth limited case; the entire footprint is
Illuminated. The clutter areaisthe area of an ellipse

2
A :%(RQB)(RQB’S‘”Q):%%ZL

Top view of

Side view footprint

Rdp
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Two-Way Pattern Beamwidth

The two-way pattern refersto the product G; G, , and the half power points of this product

define the two-way beamwidths. The previous charts have specifically dealt with mono-
static radar. Inamore genera (bistatic) case, the clutter area is determined by the
intersection of the transmit and receive footprints. The figure shows a bistatic radar with

different transmit and receive patterns. The

: : : : Transmitter

clutter areais determined by the overlapin  Receiver dg
the two beams, or equivalently, for a 98,
monostatic radar, the two-way beamwidth.
For a gaussian beam of the form N

G() =G, exp{- (2.776)( /QB)Z}v 41@0'@””" B T footprint

: lid) -~

the two-way pattern is (olieh .- (dashed)

q
G(@)? = GZexpl- (2(2.776)(q /q)?}, and thusqg, . = Bl‘évay . Therefore, the

clutter area equations should have an additional factor of 2 in the denominator (/2 for
each plane), because A. should be based on the two-way beamwidths. However, the area

isusually greater than that found using the additional ¥2 because the beam edges are not
sharp, so area outside of the 3 dB beamwidth contributes.
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Surface Clutter (4)

For extended targets we define the cross section per unit area, s ©, in m2/m2

s ° =Area” Reflectivity " Directivity

2
1m G, ﬁé

This quantity is tabulated for various surfaces (for example, see Fig. 7.3 in Skalnik,
reproduced on page 11-63).

The radar equation for clutter returnis
- BGAS A,
‘R
(4p)

Neglecting noise (C >> N), the signal-to-clutter ratio (SCR) is
_S__s

C s°A
wheres isthe RCS of the target. Note: (1) P; does not affect the SCR, and (2) alarge
1 decreases N, but increases C

SCR
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Backscatter From Extended Surfaces

Extended surfaces: have no edges that are illuminated

ISOTROPIC (DIFFUSE) LAMBERTIAN SURFACE
SURFACE
A A cosq
q (] CONSTANT q (]
y y y y
2
In general: Gg:p,2
oF,(@)sing dg
0
. 2
Isotropic surface: Fy(q) =1P Gy =577 =2P s°(q) = 2G, cosq
gingdq
0

L ambertian surface:
2
Fy(@)=cosq b Gy =573 =4p s°(q)z4choszq
ocosg sngdg
0
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Backscatter From Extended Surfaces

- HH polarization, L-band

0.35 -
LAMBERT'S

0.3 LAW

0.25
g O
0.2
MEASURED
OPEN COUNTRY SIDE

0.15}

0.1 : ' ' ' :

0 10 20 30 40 50 60
d, DEG
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Clutter Spectrum (1)

Each point on the surface has adifferent velocity relative to the platform:

_ 2V5009g(X)]
fq = |

ALTITUDE MAINBEAM

SIDENOBE V; increases®

N ~
7
v, =0 Vy Vy

Three components of surface return:

1. mainbeam clutter: high because of high antenna gain

2. Sidelobe clutter: low but covers many frequencies because of the large
angular extent of the sidelobes

3. dltitude return: high because of normal incidence
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Clutter Spectrum (2)

Typical clutter spectrum: (see Fig. 3.43in Skolnik)
MAINBEAM

ALTITUDE MLC

SIDELOBE

= W

Mainbeam clutter characteristics:
1. as the half-power beamwidth (HPBW) increases the spread in v, increases and

hence wq increases
2.a8sq increases v, at the center of the footprint decreases and therefore w 4.

decreases
3. the width and center of frequenciesvariesas 1/ |

dfd = d éva COSQQZ-%S“’]QO %
dg dgé | g | Dg
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Clutter Spectrum (3)

Mainbeam clutter characteristics (continued):
2V, .
Dfd = BWMLC » I—asmg Dg

where Dg is the antenna beamwidth between first nulls. For acircular aperture
of radius a, the 3-dB and first null beamwidths are 29.21 /a and 69.9I /a,
respectively. Therefore use the approximation Dg » 2.5 so that

2 .
Dfy = BWpyLc » %sng (2.59B)

4. Azimuth scanning:  forward: high, narrow spectrum
broadside: low, broad spectrum

Sidelobe clutter characteristics:

1. lowering the sidel obes reduces the clutter

2. depends on terrain Gy and Fy
3. most severe at moderate altitudes
2V,

) . 2V
4. in practice, extends from - I—a to +|—
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Clutter Spectrum (4)

Altitude clutter characteristics:

1. centered at fy = 0 (unless aircraft s maneuvering)
2. slant ranges can be short at sidelobe angles but Fy can belarge

LOW HIGH
HIGH — OPENING TAIL CLOSING
OPENING ~ RATE CHASE RATE
RATE \ \
— 4 A A
f

When the transmitted waveform is pulsed, the clutter spectrum repeats at multiples
of the PRF (w, =2p fy)

CLUTTER CLgFIETEER A PgllgESE'ITIsS |\|/|N
SPECTRUM REGION

L&‘“ "J\/-ﬁ
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Clutter Spectrum (5)

High PRF -- clutter-free region

CLUTIER HIGH PRF
REGION SPECTRUM
A A A A A A

|
e WC-Wp WC WC +Wp

Low PRF -- clutter spectra overlap; no clutter-free region

|

LOW PRF
SPECTRUM

r—M W
>
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Clutter Spectrum (6)

Example: low PRF radar with:
f=95GHz, v,=300m/s, qg=25, g=60, PRF=2kHz

Unambiguous range and velocity:

- 108 f
R, = c _310 = 75 km Dvu:ifdm,jxl _'p
21, 2(2000) 2 2

N, 2000(0.031

BW,, = —“25in(60°)(2.5)(0.0436) = 1800 Hz: - 2000(0.0316) _ 5,
| q
B
22V 5 4(300) 2v o
BWq =272 = 38 kHz; f =—2 cos(60°) » 9494 Hz
S.CT% | g 00316 mLc =7 cos(60°)
vosomn| s | CENTRALLINE
CLUTTER SPECTRA R
OVERLAP fd
| e

o
1494
3494
5494
7494—1—
9494
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Clutter Spectrum (7)

high PRF radar with:
f =95GHz, v,=300m/s, qg=25, g=60, PRF=250kHz
Unambiguous range and velocity:

C 3”108
- = =600 m
Ru 2~ 2(250000)

BWyLc =1800Hz  Dv, =3950 m/s
BWg ¢ » 38kHz,  fyLc = 9494 Hz

38 kHz

-~

/——/\/\ /——/f/\ > [d

I
I !
0 9494 Hz 250 kHz
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SEA WAVE WAVE WAVE WAVE PARTICLE WIND REQUIRED
STATE HEIGHT | PERIOD | LENGTH | VELOCITY | VELOCITY | VELOCITY FETCH
(ft) (sec) (ft) (ko) (ft/sec) (ko) (mi)
0 (flat) (not arecognized sea state but often used to denote a flat sea)
1 (smooth) 01 0-2 0-20 0-6 0-1.5 0-7 0-25
2 (dight) 1-3 2-3.5 20-65 6-11 1.5-2.8 7-12 25-75
3 (moderate) 35 3545 65-110 11-14 2.8-35 12-16 75-120
4 (rough) 58 4.5-6 110-180 14-17 3.5-4.2 16-19 120-190
5 (very rough) 8-12 6-7 180-250 17-21 4.2-5.2 19-23 190-250
6 (high) 12-20 7-9 250-400 21-26 5.2-6.7 23-30 250-370
7 (very high) 20-40 9-12 400-750 26-35 6.7-10.5 30-45 370-600
8 (precipitous) > 40 > 12 > 750 > 35 >10.5 > 45 > 600

Note:

1. Assumes deep water.

2. Wave velocity determines clutter doppler; particle velocity determines how fast
a particle moves.
3. Dataonly appliesto waves; swells are generated at long distances by other wind
systems.
4. Period, wavelength and wave velocity apply to swells and waves.
5. Fetch is the distance that the wind is blowing; duration is the length of time.

* After Edde, Radar, Prentice-Hall (also see Skolnik, Table 7.2)
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Sea Clutter

Composite of s ° data for average conditions with wind speed ranging from 10 to
20 knots (Fig. 7.3, Skolnik)

E;‘ — — 1
|
10| J
|
o} ¥ AND L -
| (VERT. AND HOR. POL .) |
| i i

P I'
.1J: -

X AND L
50k vemtr omty (VERT.POL.) 1
@ 20~ X(VER .PoL) TR
— ~LIVERT.POL.)
B
=20FY/ .
40 < X(HOR.POL.)
— L {HOR. POL.)
50 7~220MHz (HOR. POL |
50MHz (HOR.POL.)
60}
?C I | ! i
30 40 50 60 10 B a0
GRAZING ANGLE (degrees
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Example: AN/APS-200

Distance Learning

The AN/APS-200 is a doppler navigation radar (see Skolnik p. 94 and Microwaves,
October 1974). Radar parameters:

velocity range = 50 to 1000 knots; altitude = 0 to 70000 feet
vertical plane (elevation) beamwidth = 2.5 degrees
horizontal plane (azimuth) beamwidth = 5 degrees
G=30dB, R =1W (CW), f =13.3GHz (I =0.0225 m)

TOP VIEW g= 65°

“\v

Therelative velocity is v, =1000cos(65 ) cos(45°) = +299 knots, or

¢ _2v, _103v, _103(299)
/e -

=13.6 kHz
| | 0.0225



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Example: AN/APS-200

(a) Required bandwidth: BW =2(13.6) = 27.3kHz

(b) P, for h = 40000 feet over the ocean
For the ocean, 10 to 20 kt winds (average conditions): s © =-15 dB

0}
c=p = RGALAS
(4p)°R
For the beamwidth limited case (CW):
A= PR°Ug, dp
4s8ng
2
For the identical transmit and receive antennas. Ay = |4—|C()3 = 0.0407 m2. Therefore
CONVERT
TO RADIANS
0 pR? 3 2
C= RGAySs " PR 0dg 98, _ (1(107)(0.0407)(0.0316)(5)(2.5)(0.0174)
(4p)’R*  4sing 64p (13.43" 10°)?sn 65°

C=1.49" 10w =-128dBW = - 98dBm
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Example: AN/APS-200

Distance Learning

(c) For the following parameters.
h = 40000 feet

T,=300K
L=5dB
F=10dB

B, from part (a)

we can compute the clutter-to-noise ratio as follows:

&§ 0 _ Swmin _ Smin

eNg 0

N out NOUt kToéa—a +Te_a-]L
e T, o
_ 149" 10713

7. 8800 +(10- 1)(290)an|_
€ 290 9
149" 1003

138 10°%(2910)(27.3" 10°%)(3.16)

=4795»17 dB
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Delay Line Canceler (1)

A delay line canceler is used to eliminate clutter. (It isalso known as atransversa
filter, taped delay line filter, non-recursive filter, moving average filter, and finite
Impulse response filter.)

- DELAY =1/ PRF +
.
\ L
[H ()= 2sin(wT, /2)
|He ()|
— fd
0 fo 2f, 3f,

It is effective if the clutter spectrum is narrow. Note that target returns with doppler
frequenciesin the notches are also rejected. These are blind speeds, which occur at

Von =Nl f5/2, n=0,£1+2,..
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Delay Line Canceler (2)

Figures of merit for canceler performance:
1. clutter attenuation -- where S.(w) isthe clutter power spectral density

Y
_ Qy S;(W)dW
T ¥ 2
Qy SW)[He(w)|“dw
2. clutter improvement factor -- defined in terms of SCR, the signal-to-clutter ratio
. = SCRout :h " CA
SCRin Sln
Double cancelers give awider clutter notch
A SNGLE
[He(F) DOUBLE
A f
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Delay Line Canceler (3)

Multiple pulse cancelers provide the ability to control the frequency characteristic

INPUT

OUTPUT

Weighting coefficients: binomial, Chebyshev, or optimum, which maximizes the clutter
improvement factor, I.. A N linecanceler requires N +1 pulses, increasing the required
time on target.

Delay line cancelers can be made recursive by adding a feedback loop. Freguency
characteristics are of the form

() = 2sn(wT,/2)

V1+ K2 - 2K cos(wTp)
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Delay Line Canceler (4)

Distance Learning

Recursive single canceler and frequency characteristics
™= OUTPUT

o + o
3 (3 )
+
+
- 1- K DELAY, T

.
AN
NN\

-

He(f)

0 fo 2f,
All delay lines suffer from blind speeds.
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Staggered and Multiple PRFs (1)

The number of blind speeds can be reduced by employing multiple PRFs. They can be
used within adwell (look) or changed from dwell to dwell.

A
T T T T
< pl»« i — s SR ¢ Staggered PRFs
1 1
TIO1
< » Ty Interlaced PRFs
T <
AnE T 10 .,
A PrREm PRF #2 PRF #3
- >l > - - Multiple PRFs within

R
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Staggered and Multiple PRFs (2)

| mplementation of multiple PRFs:
PRF #1 +
- TO WEIGHTS
— > AND AVERAGING
+
_‘>( — T
PRF #2
~ -

Frequency characteristics
0

DOUBLE CANCELER
-2
[He (1)) 0 WITH STAGGERED
dB -30 DELAYS
-40 SINGLE
CANCELER
-50
605 1 2 3 4
flf
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Staggered and Multiple PRFs (3)

Example: A MTI radar operates at 9 GHz and uses PRFs of 1 kHz and 1.25 kHz.
What is the first blind speed?

Blind speeds for PRF #1.

and for PRF #2:
ml
=" T2

where m and n areintegers. Both PRFs must have the same frequency at which the
frequency characteristic is zero. Thuswe require

nl mi m fu 4
?fp]_:? fp2 P nfp]_:mfpz p H:f—pzzg
Thefirst blind speed (n=5) is
Vi = i f oL = 5(0.033) (1000) =83.33m/s

2
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Synchronous Detection (I and Q Channels)

Synchronous detection uses | and Q channels. The complex signal representation of s

S=s - ]S and|s|:4/s|2 +s%

Re{s} =| s|cosF ¢ ° s
Im{s} =[s|snF g =|s|cos(F s- p/2)° sq

where

Hardware implementation:

ANTENNA SYNCHRONOUS DETECTOR

|
|

' "
1= | ™| DELAY { |
AMPLIFIER | —X) :

IF |

?’ FILTER 4’% IO/ZT |
|
|
|
|

LPF [

LPF

DISCRIMINATOR

LO

I
| | FREQUENCY L g
I
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Analog vs. Digital Processing for M Tl

Analog processing:

BIPOLAR CANCELER CIRCUIT UNIPOLAR
VIDEO \r ——————————————————— | VIDEO
+
I I
—»| RECEIVER|— »| DELAY 4, RECTIFIER 7—ZDISPLAY

r- - - - - T - - === === = i |
: —»| ADD »| STORE —» : DISPLAY
| - | j
RECEIVER L SYNCHRONOUS 2 2 L
' "~ DETECTOR 1 +Q" > DA
| - ¢ |
| | A/D > STORE —» |
| + |
| |
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Single Channel Recalver Block Diagram

Block diagram of a single channel receiver (see Fig. 3.7 in Skalnik)

C
~><—»| DUPLEXER |*—{ POWERAMP |el——
ANTENNA

fo+ 1y TRANSMITTER

COHO

STALO

IF f
—>®—> IEAMP >®—> d
BASEBAND

STALO = stable local oscillator
COHO = coherent oscillator
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Synchronous Recelver Block Diagram

Block diagram of a synchronous receiver

fC r-— — — = = - | "¢ o] IF

~><—» DUPLEXER [*—{ POWERAMP |el——
ANTENNA | |

I I f

| | PULSER | ; IF

| | ©

fe+ 14 TRANSMITTER COHO
STALO fie + fie
f o
f Y

d ™ le * |
—>®—> IEAMP >®—>

STALO = stable local oscillator

COHO = coherent oscillator

| = in phase component, p(t)cos(w 4t)

Q = quadrature component, p(t)sin(wgt)
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SNR Advantage of Synchronous Detection (1)

Single channdl IF spectrum: (positive and negative frequencies are mirror images)

|
- T 0 fiF
Single channel video: (positive and negative frequencies "wrap around")

Signal-to-noiseratio:
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SNR Advantage of Synchronous Detection (2)

1/Q channel spectrum: (no negative frequencies due to even/odd symmetry of the
real/imaginary parts)

A IF?
7 ol M
stk -- k4. -}.-
2N | - 5 f
: -
fiF
1/Q channel baseband.:
SIGN OF DOPPLER
|F|? SHIFT PRESERVED

Signal-to-noiseratio:
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Processing of a Coherent Pulse Train (1)

Assume synchronous detection at the carrier frequency. The received signal will be

of the form

s(t) = p(t) coswct +F (1)]
where p(t) isthe pulse train envelope and F (t) =wgt (wq = 2p f4). Signasinto the
filtersare

IKt) = %{p(t) cos[ 2wt +F (t)] + p(t)cos] F (1)]}

QKt) = %{p(t)si n[2wct +F (t)] + p(t)sin[ F (1)1}
Filtering removes the first terms in the brackets.

—> '@ I(t)=—; p(t) codwgt]

POCOTWAHF O] gl ot

L% QU= p(H)snlwa

sn(wt)
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Sampling Theorem (1)

Consider awaveform s(t) «  S(w) which isbandlimited (S(w) = 0 for |w [ wg). The
the function s(t) can be uniquely determined from the values

Sn =<(nNp /wy)

These are samples spaced at intervals of p /w, = 1/(2f,), which istwice the highest
frequency contained in the bandlimited signal. The waveform is reconstructed from

¥
s(t)= as,sincwet- np)
n=-¥
Real-world signals are modeled as bandlimited even though they rarely are. (They
can be approximated arbitrarily closely by bandlimited functions.) Deltafunctions are
often used as sampling functions. Multiplying awaveform by an infinite series of Dirac
deltafunctionsis an ideal sampling process
¥
S(tg) = & s(t)d(t- nTy)
¥

n=-

where T. isthe sampling interval.
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Sampling Theorem (2)

Distance Learning

The Nyquist sampling rate (twice the highest frequency) is the minimum sampling rate
that provides unique recovery. Other values result in undersampling or oversampling.

Some specific sampling
cases
frequency f,

| = 2f,, Nyquist rate

fs =1/ Tgi > 21,, oversampling
{< 21,, undersampling

(o isa sample point)

BLIND VELOCITY
A a “

BLIND PHASE
"\ "

/
a \ (
[ J \
'l ? 1 1‘3 ’,_.
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Processing of a Coherent Pulse Train (2)

Simplifications: 1. neglect noise, clutter, etc.
2. assume that the target stays in the same range bin for
al pulsesinthetran

The signal return from atarget is reconstructed from returns with a constant delay
after each pulse (i.e., same range bin)

Sample once per pulse: the sampling frequency is fy,, the sampling times ty,t, ..., ty

() = 5{plta) costwitnl}
Q) = 2{ Pltn) Snlwato]}

Thissignal is equivalent to the complex form:

f(tn) = 2{1(tn) + jQtn)} = pltn) €™ ‘) = p(ty) '
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Processing of a Coherent Pulse Train (3)

Pulse train with range gates (bins):

DWELL TIME = N/ PRF »{
~
M RANGE GATES TRANSMIT PULSES

Returns for atarget that remains in asingle range bin (for example, bin m)

BIN m
PULSE 2

BIN m \

PULSE1
X /W
t
v e

cogwgt) OR sin(wgt)
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Processing of a Coherent Pulse Train (4)

Storage of datain atwo-dimensional array

) ETURNSFROM A TARGET
N AT A CONSTANT RANGE

DELAY (RANGE BINS) tp,
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Discrete Fourier Transform (DFT)

The discrete Fourier transform is a sampled version of the conventional Fourier
transform defined by

N-1 BP0,
Fw )= 4 ft,)e “N?  (k=01,...N-1)
n=0
2
where wy - k and t, =nT,. F(k) and f(n) are sometimes used to denote
p
sampled data.

f(t) A

CONTINUOUS FUNCTION, f(t)

{I\f SAMPLED FUNCTION, f(n)
// — | / I.

torn

p

- -
NTp

Sampling rate: fs =1/T, © f,
Frequency resolution: Df =1/(NT,) (signal durationis NT)
For unambiguous frequency measurement: fe 3 2o, OF foax £ f</2
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Doppler Filtering Using the DFT (1)

Assume that there is atarget return in afixed range bin (e.g., #2):
1. Thereare N pulsesin adwell and therefore the sinusoid is sampled N times
-- the sampling rate is the PRF
-- each range bin gets sampled N times
-- thereare atotal of N° M data points per dwell
2. The data from each set of range binsis Fourier transformed. Typically the FFT

Isused, which requiresthat N = 2" where n isan integer.
3. The FFT returns N frequencies
Example: pulsetrain (N =16) echo return modulated by target doppler (ideal -- no
dispersion or noise)

PULSE ENVELOPE DOPPLER MODULATION
I ' AT, T T T .
/ Jlr; 1"1‘ f.ll-; IIE\;‘ \J!I—J. II:."_
051" 4 / i‘" / " ; y
h ﬂ |':I i Illil I!ir
0 iy f i :H[ Y f
i / 4 i 5 ;
' ; i F | j
0.5 ""1.“ “ “'a“ “ E“ “ / .
N/ - A
-1 b P 1 L e 1 1 RN A |
0 1 2 3 4 5 6 7
f, msec
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Doppler Filtering Using the DFT (2)

Calculation parameters. fq =450 Hz,t =150 nsec, PRF=2300 Hz. From the
parameters: Df =1/(NT,) =143.8Hz  fs =2300Hz NT, =6.957ms

1 T [
DOPPLER PULSE N\
0.5 MODULATION “A SAMPLING
POINTS

0_
05+ 7/

} ! ! ! !

1 5 6

0 1 I2 3 4
t (msec)
8 I T |

SPECTRUM COMPUTED USING
A 16 POINT FFT

] ]
0 200 400 600 800 1000 1200

f (H2)
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Pulse Doppler Recelver

FROM RANGE DOPPLER
IF — | ™| GATE1 ™ ALTERL [ ™ "
O
DOPPLER | zg
™! FILTER? ™ 35
X
TIN®)
98
=3
DOPPLER
™ ALTERM [ ™| 95
<5
<
RANGE | i o)
—> CaAtEn <8 TODISPLAY
QO —
th=
0<
&
éz
RANGE DOPPLER EJE
™| GATEM ™ ALTERL [ ™| 22
58
» | DOPPLER . éé
P
FILTER2 | O
N
}_
o
|
(@]
» | DOPPLER -
FILTERM |
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Pulse Burst Mode

Pulse burst is a combination of low and high PRFs. A burst isalong pulse (of length
t g) that istransmitted at a burst repetition frequency (BRF) which has alow PRF value.

On recelve, the datais sampled at a HPF rate to avoid doppler ambiguities:

A BURST, t g
- L
HIGH PRF
SAMPLING —» <-— t
ON RECEIVE L L] -
- L
LOW PRF
Typical steps:

1. Coarse range is measured by sorting the data into blocks of length ct g / 2
("burst delay ranging”).

2. Samples are sorted by doppler by taking the FFT over the dwell of samples
contained in each range block. Course doppler is obtained to within 1/t g.

3. Further processing of the data can improve the doppler measurement.

Tradeoffs: short burst P lower competing clutter power
long burst P higher SNR and smaller doppler bin size
computationally demanding (i.e., computer processing and memory)
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MTI Improvement Factors

MTI improvement factor (clutter improvement factor):

SCR Sai -
¢ = =" CA
SCRir %n
where SCR isthe signal to clutter ratio.

Subclutter visibility: ratio by which the target return may be below the coincident
clutter return and still be detected (with a specified By and Pr,).

Clutter attenuation:;

¥
GSC(W)dW

clutter power into canceler or filter
clutter power remaining after cancelation

oSt(W) | He(w) [* dw
where & (w) isthe clutter spectrum and He (w) the cancel er/filter characteristic.
Cancdllation ratio:
CR=

canceler voltage amplification

gain of single unprocessed pulse | ANTENNA AND
TARGET FIXED
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MTI Limitations (1)

Fluctuations in the clutter and instabilities in the radar system cause the clutter spectrum
to spread. A simple model approximates the clutter spectrum as a gaussian with standard
deviations .. If the contributing random processes are independent, then the total

spectrum variance is
SC=SE+Spm+Se+S4

CLUTTER
SPECTRUM

' L
S

1. Equipment instabilities frequencies, pulsewidths, waveform timing, delay line
response, etc. For transmitter frequency drift:
o - 267adfo
"7 B, edto

2. Quantization errorsin digital processing: s  (rule of thumb: 6 dB per bit)
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MTI Limitations (2)

3. Clutter fluctuations due to wind and motion: Clutter return is arandom process. Let
the standard deviation of the wind velocity bes,. The corresponding standard

deviation of the clutter spectrum due to wind motioniss,, =2s /|

4. Antenna scanning modul ation: the antenna periodically illuminates the target and
therefore the return looks like a pulse train that gets switched off and on

_ 0.265f,,
=

Sm

Note that:
1. A gaussian spectrum is maintained through the frequency conversion process

and synchronous detection.
2. Envelope or sguare law detection doubles the variance
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MTI Canceler Improvement Factors

|mprovement factors for delay line cancelers (coherent, no feedback):

Double: I =2 -
eps .o

FLS’- 4.30 in Skolnik,
2" edition

Chart for double canceler
performance
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MTI Canceler Improvement Factors

Improvement foctor — dB

Improvement factors for delay line cancelers:

TO

20 F

Triple cancellation Double cancellotion

| | [ | I |

10 100
g, number of hits within 3 dB beomwidth

95

ng
Sngle: lg =—2—
Je- 18177 359
ng

Double: I, =
27 3853
Fig. 3.32 in Skolnik

Chart for limitation due to
antenna scanning modulation
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Example

Example: A radar with f =16 GHz (I =0.018), ng =10 and f, =530 Hz using a
double canceler and operating in wooded hills with 10 kt winds.

| o _ 2(0.04
The improvement factor considering clutter motion: s, =0.04 P s.=s, = é 018)

.4 .4
e f, 0 0 ,
=P 2 o 50 O 4906 51948
e2ps . @ e2p (4.267)@

The limitation in improvement factor due to antenna modulation if the antenna is scanning

and there are ng pulses hitting the clutter:
4

n
lop = —B- =2507.4=34.1 dB
27385

Note that a similar result would be obtained by including the antenna modulation in the
caculation of 5 _: Sy =0.265f,/ng =14.05P S =Sg +S f =14.7

4
ef, 0
| iotal = 26——=F = 2168 = 33.4dB or, alternately: 1 1.1

2pS C é Itotal | c2 | s2
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Coherent and Noncoherent Pulse Trains

A coherent pulse trainisonethat is"cut" from a parent sinusoid. The waveforms
A and B overlap exactly. For anoncoherent pulse train, the initial value of the
carrier sinusoid for each pulse is essentially random.

A PARENT SINUSOID
COHERENT

B PULSE TRAIN

C NONCOHERENT

PULSE TRAIN
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Noncoherent Pulse Train Spectrum (1)

Random phases between pul ses cause the spectrum to smear. Sharp doppler lines
do not exist. However, if the target velocity is high enough and its modulation of
the returned pulse is strong, the target can be detected.

SPECTRUM OF A SPECTRUM OF A NON-
COHERENT PULSE TRAIN COHERENT PULSE TRAIN

_LLLLLM“LMM, .
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Noncoherent Pulse Train Spectrum (2)

Video spectra:
Coherent Noncoherent
2 42
C S CS
N N2 +2NS+2NC ~A
> f > f
0 fq - f4 0 fq

The convolution of signal and clutter with noise gives the power
N? +2NS+2NC

The signal-to-noiseratio is
2SC

S
N N2 +2NS+2NC

Note that clutter must be present or the SNR is zero.
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Search Radar Equation (1)

Search radars are used to acquire targets and then hand them off to atracking radar.
(A multifunction radar can perform both tasks.) Search requires that the antenna
cover large volumes of space (solid angles) in a short period of time. Thisimplies:

1. fast antenna scan rate if the beam is narrow
2. large antenna beamwidth if aslow scan is used

Consider avolume search at range R:

Z A
SECTION OF SPHERE
(SEARCH VOLUME)

ANTENNA BEAM
SOLID ANGLE

y

LOCUS OF
ANTENNA HALF
POWER POINTS

Qe
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Search Radar Equation (2)

Qe2 Qa2
w, =25 = L R p2 o dgf

Search volume: A > .
R R” Qg Qm

where (Qg»,Qg1) arethe elevation scan limitsand (Qa2,Qa1) are the azimuth scan
limits. If the volume searched is near the horizon then g » 90° and

W » (Qe2 - Qp1)(Qa2- Qa1)° QeQa

Assume antenna beams with circular cross section. "Plan view" of the scan region:
~— Q——»
I

ot
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Search Radar Equation (3)

Number of beam positions required

framearea _ QgQ,

beamarea g3

The target can only liein one beam. Thetime on target t;, or dwell time, isthe time
spent at each beam position

NB »

2
ty _ 498 , ng
Ng QeQa fp

where ng isthe number of pulses transmitted per beam position. Assuming that all
pulses are integrated, the search radar equation becomes

Lot

P _ RGAyS Ng
Ny  (4p)*KkT.B,R*L

Now use
2
tot =t /Ng, Bt »1, Gt:4p(p[; /4),qB »I—, fp:E, and R = Ry
| D tot t fp
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Search Radar Equation (4)

Search radar equation becomes

N, 16kT. R*LNgq3

(Note: Skolnik has 4p rather than 16 duetoqg » 0.88] /D vs| /D). Using
N gQ é = QeQ A and rearranging gives the search detection range

PaVAHS tf
Rmax =
16k T, LQQ, SNR

Points to note:

1. independent of frequency (wavelength)
2. for given values of t1 /QgQa and s , the range primarily depends

on the product By, A«
3.t /QeQa must be increased to increase R

4. note that coherent integration of ng pulses has been assumed

Common search patterns. raster, spiral, helical, and nodding (sinusoidal)
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Radar Tracking (1)

Target tracking is achieved by positioning the radar antenna boresight (direction
reference with respect to the gain pattern). Several techniques can be used:

1. Sequential lobing: The beam is switched between positions #1 and #2. qgq isthe

squint angle. If the target return is constant and located at the bisecting angle of the
two beam maxima, then the received power will be the same in both positions.

BEAM POSITION #1

Uq
P TARGET DIRECTION

BEAM POSITION #2

A error in the direction estimate occurs if the target RCS is not constant (which is
always the case).

2. Conical scan: The antenna beam is squinted a small amount and then rotated
around the reference. If thetarget isin the reference direction the received power
Is constant. If not the recelved power is modulated. The modulation can be used
to generate an error signal to correct the antenna pointing direction.
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Radar Tracking (2)

Conical scan (continued)

) % .

v

Note that if the antennais physically rotated the polarization also rotates. This
Isundesirable. Fixed polarization is provided by a nutating feed.

REFLECTOR FEED

ROTATION
\ PATH
FEED
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Radar Tracking (3)

Conical scan (continued)

If the target is not centered on the axis of rotation then there is a modulation of the
received power

+ ERROR
- ERROR

{ —

Conical scan problems:

1. Jet turbines rotate at about the same frequency as the upper limit of antenna
rotation (2400 rpm). Propellers are at the lower end of the antennarotation
limit (100 rpm).

2. Long ranges are a problem. The round trip time of transit is comparable to
the antennarotation.

3. Pulse-to-pulse RCS variations are a problem.
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Gain Control

Naval Postgraduate School

The dynamic range of received signals can exceed the dynamic range of the receiver

closeintargets P large return above receiver saturation level (any
scanning modulation is lost)
far out targets P small return below noise level

The dynamic range can be extended using gain controls:
Manual gain control (MGC): The operator adjusts the receiver to match the
dynamic range of the display.

Automatic gain control (AGC): The signal from the target in arange gate is
kept at a constant level

AGC circuit;
FROM ) L, SECOND > »| RANGE » ERROR

T DCAMP ¢— FILTER [<—
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Example

Conical scan antenna with arotation rate of 100 Hz (0.01 sec/revolution) operates
at arange of 460 miles. The one-way transit time of apulseis

t = R/c = (460)(1000)/ §0.62) (3' 108)3: 0.0024 sec

The antennarotates 90° in 0.01/4 = 0.0025 sec. The arrival time of apulseis
I[lustrated below:

SIGNAL
TRANSMITTED

t=0

SIGNAL ARRIVES
AT TARGET

{ = 0.0024\

t=0.0025 - -

A Lobe up

t=0.0075

SIGNAL ARRIVES Y Lobe down

BACK AT RADAR

t =0.0048 t=0.005
Four pulses are generally required (top, bottom, left, and right). For the case of the target
left or right, the transit time is approximately equal to half of the rotation rate, and
therefore the effect of the scan is cancelled. There is no modulation of the return.
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Example

A conical scan radar has a gaussain shaped main beam gain approximated by
2,.2
G(@) = Goe 97198

whereqg =1" isthe HPBW and K =41In(2) = 2.773. The crossover lossis the reduction
In gain due to the fact that the target is tracked off of the beam peak. Assume that the

beam is squinted at an angle g =0.3". The pattern level at the squint angleis

G(dq) = Go exp{(- 2.773(0.3)2 /(12))} = 0.779G,

a).779G,. O
The crossover lossis 10l0g¢ °.=-1.084 dB
& G g
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Monopulse Tracking (1)

Pulse to pulse variations in the target RCS leads to tracking inaccuracies. We want
range and angle information with asingle pulse, i.e., monopulse (also called ssimul-
taneous lobing). There are two types:

1. Amplitude compari son monopul se:

Two antenna beams are generated at small positive and negative squint angles. The
outputs from the two beam ports are added to form a sum beam and subtracted to form
adifference beam. The sum beam is used on transmit and receive; the difference beam

Isonly used on receive.
BEAM #1 BEAM #2

WYY 7YY YY Y Y YYTrYyy

MAGIC
TEE

DIFFERENCE PORT | | SUM PORT
D a

Monopul se beamforming is implemented using a magic tee.
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Monopulse Tracking (2)
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-20
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Monopulse Tracking (3)

Tracking is done by processing the difference to sum voltage ratio:

D _ differencevoltage _ D, +]Dg
S sum voltage S| +iSq

Now,
D,S; +DaS
Re{D/S} = | '2 nglchosd
S|+ Sg |S|
DpS, - DS
im{D/ g = -1~ 2150 - [Blgy 4
ST+ S5 |S|

where d isthe relative phase between the sum and difference channels. Usually only
Re{D/ S} is processed because:
1. It has the required sign information: + ratio on positive side of null;
- On negative side.
2. Thetarget only contributesto Re{ D/ S}; noise, interference, etc. contribute
to both terms equally.

See Fig. 5.9in Skolnik for implementation. | and Q processing can be done after the
amplifier.

112



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Monopulse Tracking (4)

Plot of typical D/ S inthe vicinity of the null. (The slope depends on the antenna
beamwidths and squint.)

1
0.5F
NORMALIZED
DIS 0
(NOISELESS) LINEAR REGION
-0.5F /
-1 \
-5 0 5

PATTERN ANGLE (DEGREES)
In the linear region:

D/S» Kq

K isthe monopulse slope constant. The function D/ S can be used to generate an
error signal to place the difference beam null on the target.

113



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Monopulse Tracking (5)

Sources of monopulse tracking error:
1. Antenna errors: null shift and null filling due to antenna illumination errors.
2. Therma noise: RMS angle error for asingle target, high SNR, with the target on

boresight (i.e., the target would be in the null of the ideal antenna)
1

% T KVaNR
3. Target glint: glint refers to the distortion of the wavefront scattered from the target due
to environmental and interference effects. When the wavefront is distorted, the
apparent target direction can differ from the actual target direction.

NONPLANAR WAVEFRONT SPHERICAL SOURCE DISPLACEMENT

DISTORTED

WAVEFRONT K PHYSICAL
1S SOURCE ——a CENTROID
OF GLINT DOMINANT
SCATTERING Q)
IDEAL PLANAR SOURCES A
WAVEFRONT
SCATTERED
SCATTERING SPHERICAL
CENTROID \ WAVEFRONT

O
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Monopulse Tracking (6)

RMS angle error due to target glint is approximately given by the empirical formula

xL/206 L

S, »0.7tan.— » 0.35—
e RO R

g

where L isthe target extent (for example, the length or wingspan of an aircraft), and
R isthe range to the target.

A
TOTAL
RMSANGLE / THNES'\QEAL
TRACKING SLINT -
ERROR
o~ RANGE INDEPENDENT
Sq (SERVO & ANTENNA)
0.01 ><
| | | -
1 10 100

RELATIVE RANGE
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Monopulse Tracking (7)

1. Phase comparison monopulse (interferometer radar):

The phase difference between two widely spaced antennas is used to determine the
angle of arrival of the wavefront.

q
YY) TTTTdTTTT T1T1Y
B
| COMPARISON

For a plane wave arriving from adirection g, the phase difference between antennas
#1 and #2 can be used to determineq:

Df =kdsng»kdqg P qg»Df /(kd)

Problems: 1. ambiguities due to grating lobes because the antennas are widely spaced
2. tight phase tolerances must be maintained on the antenna
3. thermal and servo noise are sources of error

116



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Low Angle Tracking (1)

When aradar and target are both operating near the surface of the earth, multipath
(multiple reflections) can cause extremely large angle errors. Assume aflat earth:

}4 TARGET

R

Y
EARTH'S SURFACE

REFLECTION POINT

At low altitudes the reflection coefficient is approximately constant (C » - 1) and
Gp(qa) » Gp(gg). The difference between the direct and reflected pathsis:

DR=(R+R)- K

%/_/ )
REFLECTED  DIRECT
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Low Angle Tracking (2)

Distance Learning

Thetotal signal at thetarget is.

- JKDR
Eot= Ee« + Egr =E(@a)+GE@Qp)e’
REFLECTED  DIRECT

From the low dltitude approximation, Eg, = E(qa) » E(Qg) so that

Etot » Eqir + GEgre” PR = By | [1+ Ge jkDR;h

° F. PATH GAIN
FACTOR

The path gain factor takeson thevaluesO £ F £2. If F =0 thedirect and reflected

rays cancel (destructive interference); if F =2 the two waves add (constructive
interference).

An approximate expression for the path difference:

_ [o2 Th2,, 1(h - hy)°
Ry =V R+ (- hy)?» R~

R+ Ry =R+ (hy +hy)? »R%W
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Low Angle Tracking (3)

Therefore,

DR » 2y fy
R
and
Incorporate the path gain factor into the RRE:

. .4
P u|F |4:165jn4§%ha;» 16?%‘6‘2

The last approximation is based on
h, << Rand h << R.

Finally, the RRE can be written as

2 4
P = RGG s IF |4» 4 RGGs (hhy)
r (4p)3 R4 | 2R8
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Low Angle Tracking (4)

Two other forms of F are often used. Definey as the € evation angle from the ground,
tany =h/R. Therefore|F ['=16sin® (kh, tany )

hai/I ht
- y L

R

For the second form, assume the far-field parallel ray approximationisvalid. Theny is
both the elevation angle and grazing angle.

DR=b-a=2h,gny a

Therefore, | F I4=163in4§2p y Siny 2 with nulls at siny , :%,n =012,..

| 2 R
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Tracking Error Due to Multipath
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Low Angle Tracking (5)

Methods of displaying the received power variation:

1. Coveragediagram:  Contour plotsof | F [ indB vs h, R normalized to areference
range R:. Contours of power equal to that of the free space reference range are

plotted.
60 .
R¢: = 2000 m
= CBOR S A A ..........................
|F|=|2 —fc-isin(khatany) = h, =100l
g " c_ 40 .................................................................... ? ..........................
e ﬂ E :
(@)}
.m 30 ..............................................................................................
I
g 20 ......................................................................................................
E b
= 10 T e T T S ]
1%00 2()iOO 3(;00 4(;00 5000

Range, R (m)
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Low Angle Tracking (6)

2. Height-gaincurves. Plotsof [ F|indB vs hy at afixed range. The constructive
and destructive interference as afunction of height can be identified. At low
frequencies the periodicity of the curve at low heights can be destroyed by the
ground wave

10

a1
T

o
T

1
o1
T

H
o
T

PATH GAIN FACTOR (dB)

-15+

-20 -
0 10 20 30 40 50 60
TARGET HEIGHT, ht (m)
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Atmospheric Refraction (1)

Refraction by the atmosphere causes waves to be bent back towards the earth’ s surface.
Theray trgectory isdescribed by the equation: nR.9nq =CONSTANT
Two ways of expressing the index of refraction in the troposphere:

Ln=1+cr/rg REFRACTED
+ HUMIDITY TERM q RAY /\ q

R. = 6378 km = earth radius
c » 0.00029 = Gladstone-Dale

constant
r,r g = massdensities at altitude

and sea level

EARTH'S
SURFACE

2.n=776p/T+773 10°e/T?

p = air pressure (millibars)

T = temperature (K)

e = partial pressure of
water vapor (millibars)
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Atmospheric Refraction (2)

Refraction of awave can provide a significant level of transmission over the horizon. A
refracted ray can be represented by a straight ray if an equivalent earth radius is used.

REFRACTED RAY

REFRACTED BECOMES A
RAY Tx STRAIGHT LINE

LINE OF SIGHT (LOS)
BLOCKED BY
EARTH'S BULGE

EARTH'S e
EARTH'S QUIVALENT EARTH
SURFACE SURFACE RADIUSR¢
STANDARD
CONDITIONS:
4
R&: ))73 Re
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Atmospheric Refraction (3)

Distance from the transmit antenna to the horizon: R = \/ (Rg+ h )2 - (RQD)2

but R¢>>h so that

R » y2Rih

smilarly,

EARTH'S
R »+/2Rth, SURFACE

The radar horizon is the sum

RrH »\/ZRecht +1/2Rghr
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Special Radar Systems and Applications

. Firefinder, Patriot, SPY -1, AN/APS-200, and SCR-270 radars
. Harmonic radars
. Synthetic aperture radar (SAR)

. Inverse synthetic aperture radar (ISAR)
. Stepped frequency radar
. Ultra-wideband radar (UWB)

. Radar electronic countermeasures (ECM): Crosseye; sidel obe cancelers and blanking;
chaff

. HF over the horizon (OTH) radar

- Laser radar
- Ground penetrating radar (GPR)
- Doppler weather radar

. Bistatic radar
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AN/TPQ-37 Firefinder Radar
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Firefinder Radar Antenna (1)

Naval Postgraduate School

Based on the concept of phase-steered subarrays. The array and subarray factors are
scanned individually. The array factor has 4-bit phase shifters, whereas the subarray
pattern is scanned using 2-bit phase shifters. The four possible “phase states’ for the

subarray are:
Phase Dipole Output Phase (Degrees)
State 1 2 3 4 5 6
1 0 -20 -19 -39 -17 -37
2 0 -20 -19 -39 -59 -79
3 0 -20 -61 -81 -101 -121
4 0 -20 -61 -81 -143 -163
A SIX-ELEMENT
SHIFTER 2BIT SUBARRAY
PHASE
SHIFTER
4-BIT
PHASE
q SHIFTER
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Firefinder Radar Antenna (2)
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Patterns of the six-element subarray (four possible phase states)
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AN/TPQ-37 Subarray

INCHES

ECENTIMETERS] ()
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Firefinder Radar Antenna (3)

Array patterns with and without subarray scanning (q: = 4°). The dashed curveisthe
subarray pattern.

WITHOUT SUBARRAY SCANNING WITH SUBARRAY SCANNING
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Patriot Air Defense Radar (1)

TVM TRACK O%IEP

RADAR SET

SEARCHES, DETECTS, IDENTIFIES,
TRACKS, ILLUMINATES
COMMUNICATES WITH MISSILE

LAUNCHER POINTING
MISSILE PRELAUNCH DATA
FIRING SIGNAL

LAL'I'NCHING STATION ENGAGEMENT CONTROL STATION

TRANSPORTS, POINTS, LAUNCHES TARGETS TO BE TRACKED
INTEGRAL POWER MISSILE FIRING ALERT
TVM GUIDANCE PRIORITIES
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Patriot Air Defense Radar (2)
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SCR-270 Air Search Radar
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SCR-2/0-D-RADAR

Detected Japanese aircraft approaching Pearl Harbor.
Dipole array was tuned by maximizing the scattering from a metal propane storage tank.

Performance characteristics:

SCR-270-D Radio Set Performance Characteristics
(Source: SCR-270-D Radio Set Technical Manual, Sep. 22, 1942)

Maximum DetectionRange. . .................... 250 miles
Maximum Detection dtitude. .. .................. 50,000 ft

Range Accuracy ............couiiiiiinenennnn. + 4 miles*
AZIMUtN ACCUraCY ... ..o e + 2 degrees
Operating Frequency ..., 104-112 MHz
ANENNA . ... Directive array **
Peak Power Output ..................ccovvunn.. 100 kw
PussWidth ........... .. ... ... .. ... ....... 15-40 microsecond
Pulse RepetitionRate .......................... 621 cps
AntennaRotation .................. ... .. ..., up to 1 rpm, max
Transmitter Tubes. ............. ... ... oo, 2 tridoes***
RECAVEr ... superheterodyne
Transmit/Receive/Device. ... Spark gap

*  Range accuracy without cdibration of range did.
**  Conggting of dipoles, 8 high and 4 wide.
*** Congdging of apush-pull, saf excited oscillator, usng atuned cathode circuit.
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SPY -1 Shipboard Radar

SPY -1 isamultifunction 3-D phased array radar with the following characteristics:
Four large (12.8 feet) antennas providing hemispherical coverage
Each array has 4480 radiating elements (140 modules)
Electronically scanned (non-rotating antennas)
Frequency is S-band (3.1 - 3.5 GHz)
Peak power 4 - 6 MW
Radar resources are adaptively allocated to counter a changing hostile environment

Primary functions:
Tracking
Fire control (missile guidance)

Secondary functions:
Horizon and special search
Self-test and diagnostics
ECM operations

SPY -1 Radar Antenna
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AN/SPS-64

X-band surface search and navigation.

- Transmitter
- Three PRFs: Frequency: 9.375 GHz
3600, 1800, 900 Hz Peak power: 20 kW
- Range: 64 nm - Receiver
|F gain: 120 dB
- Pulse widths: MDS: - 98 dBm
0.06n's, 0.5ms, 1.0n's Noise figure: 10 dB
|F frequency: 45 MHz
- Antenna |F bandwidth: 24, 4, 1 MHz
Parabolic reflector False darm rate: 1 per 5 minutes

Horiz HBPW: 1.2 degrees
Vert HPBW: 20.7 degrees
Gain: 28.5dB
SLL:-29dB

Polarization: horizonta
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C-Band Search Radar (AN/SPS-67)
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AN/SPS-67

C-band surface search and navigation radar for detection of surface targets and low

flying aircreft.

- Pulse width modes:
1.0 ns, 0.25ns, 0.1ns

- Range in the three modes:
300, 200, 75 yards

- Resolution in the three modes:
200 yards, 190 ft., 75 ft.

- Transmitter
Frequency: 9 to 9.5 GHz
PRF: 1800 to 2200 Hz
Pulse width: 0.221t0 0.3 n's

- Antenna
M esh reflector with dual band feed

15

- Transmitter frequency:
5.45t0 5.825 GHz

- Receiver
Noise figure: 10 dB
MDS in the three modes:
-102, -94, -94 dBm
Logarithmic IF dynamic range
90 dB or greater

- Display: PP
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Combat Survelllance Radar (AN/PPS-6)

16
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AN/PPS-6

Noncoherent pulse-doppler radar for combat surveillance. Detects moving terrestrial
targets (1 to 35 mph) under varying conditions of terrain, visibility and weather

conditions
- Range E-plane HPBW: 7 deg
Personnel (s = 0.5 sg. m): H-plane HPBW: 8 deg
50 to 1500 m
Vehicles (s =10 sg. m): - Receiver
50 to 3000 m Type: superheterodyne
Accuracy: £25m |F frequency: 30 +2 MHz
Resolution: 50 m |F gain: 80 dB
. Trangmitter |F bandwidth: 6.3 £0.6 MHz
Frequency: 9t0 9.5 GHz MDS: -95 dBm
PRF: 1800 to 2200 Hz .
L - Display
Pulse width: 0.22t0 0.3 n's Headset (audible)
- Antenna Test meter - visual indicator
Size 12 inch reflector Elevation indicator

Gain: 24.5dB Azimuth indicator

17



Distance Learning

llance Radar (AN/APS-31)
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AN/APS-31

Distance Learning

Early X-band surface search and navigation radar (about 1945).

- Pulse width modes:
4.5 s, 2.5ns,0.5ns
- Transmitter frequency:

- Range: 9.375 GHz
510 200 nm
- Receiver
- PRFsin the three modes. |F gain: 120 dB
200, 400, 800 Hz MDS in the three modes:
-102, -94, -94 dBm
- Transmitter Noise figure: 5.5 dB
Peak power: 52 kw |F frequency: 60 MHz
- Antenna

Parabolic reflector
HBPW: 2 degrees
Gain; 2500

19
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AN/SPS-40
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AN/SPS-40

UHF long range two-dimensional surface search radar. Operatesin short and long

range modes.

- Range
M aximum: 200 nm
Minimum: 2 Nm

- Target RCS: 1sg. m.

- Transmitter
Frequency: 402.5t0 447.5 MHz
Pulse width: 60n's
Peak power: 200 to 255 kw
Staggered PRF. 257 Hz (ave)
Non-staggered PRF: 300 Hz

21

- Antenna

Parabolic reflector

Gain: 21 dB

Horizontal SLL: 27 dB

Vertica SLL: 19dB

HPBW (hor x vert): 11 by 19 degrees

. Receiver

10 channels spaced 5 MHz
Noisefigure: 4.2

|F frequency: 30 +2 MHz

PCR: 60:1

Correlation gain: 18 dB

MDS: -115 dBm

MTI improvement factor: 54 dB
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Plan Position Indicator (PPl

22
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Radiometers (1)

All bodies at temperatures above absol ute zero emit radiation due to thermal agitation
of atoms and molecules. Radiometers are passive receiving systems that sense the
emitted radiation.

A blackbody (BB) is an ideal body that absorbs all of the energy incident on it and
radiates all of the energy that it absorbs. The radiation distribution as a function of

wavelength (or frequency) is given by Planck’s Law:

_ 2p he?
Mgs(l ) = | 5(ehc/(l kT) _ 1)

where:  Mpgg(l ) = spectral excitance of the blackbody in 2W
M X1m

h=6.626" 1073 Jss (Planck’ s constant)
k=13807" 10°% JK (Boltzman’ s constant)

| = wavelength in mm
T = temperature of the body in degrees Kelvin
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Radiometers (2)

Thetotal radiance leaving the surfaceis
¥

Mgg = Mgs(l )dl =s T*

0
wheres =5.67" 10 % W/ m?:K* (Stefan-Boltzman constant).

The wavelength (or frequency) of maximum radiation for a BB of temperature T is
given by Wien's displacement law

| e T =2897.6" 10°° m>K

Only afew materials approach the characteristics of a blackbody. Most materials emit
energy according to ascaled version of Planck’s Law. These are called gray bodies
and the scale factor is the emissivity

M(1)
Mgg(l)

Kirchhoff’'s Law states that at every wavelength the emissivity equals the absorptivity

e(l )=

e=a

24
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Radiometers (3)

Since conservation of energy requires that

absorbed + reflected + transmitted =1
it followsthat good reflectors are poor emitters; good absorbers are good emitters,
Blackbody and gray body radiation is diffuse, that is constant with angle. The noise

power radiated by a blackbody is k TB where B is the bandwidth of the detector. The
power radiated by a gray body relative to that of ablackbody is

_Fe _Ts
kTB T

e

where Tg isthe brightness temperature. This difference in noise powers can be
measured, and the emissivities determined. Emissivitiy can be used to infer the
material characteristics.
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Applications of radiometers.

Environmental:

Military Applications:

Astronomy:

M easure soil moisture

Flood mapping

Snow and ice cover mapping

Ocean surface windspeed

Atmospheric temperature and humidity profile

Target detection and identification
Surveillance

Mapping

Planetary mapping

Solar emissions

Mapping galactic objects
Cosmological background radiation
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Radiometers (5)

Block diagram of the Dicke radiometer:

©<CONTROL VOLTAGE FEEDBACK - OUTPUT VOLTAGE g
NOISE CONTROL
SOURCE SYNCHRONOUS
DEMODULATOR N
|
SWITCH —
T SWITCH IFFILTER |
ref RFAMP  MIXER IFAMP A
ANTENNA —>—:/_ | > | |
> ' |
TB T |
DETECTOR
| LO |
L SQUARE | [
WAVE GEN
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Harmonic Radar (1)

A harmonic radar transmits a frequency f, (the fundamental) but receives a harmonic
frequency (f,,2f,,31;, etc.). The harmonic frequencies are generated naturally by

man-made objects with metal junctions. The harmonic can aso be generated using a
transponder circuit on the target.

f 2 f 3f, -
Ao 2o |3
Advantages:

1. Natural clutter sources are linear. They scatter waves at the same frequency as
the incident wave. Therefore atarget return at a harmonic is not obscured by
clutter.

2. Man-made objects generate harmonic scattered fields. Odd numbered harmonics
arise from metal junctions on the target. The third harmonic is the strongest.

Disadvantages.

1. Energy conversion from the fundamental to harmonicsisvery low. Higher
conversion efficiencies can be obtained with cooperative targets using a
nonlinear circuit device like adiode.

2. Dual frequency hardware required.

3. Thereceived field variesas R p 1/ R* wherea >4.
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Harmonic Radar (2)

The harmonic radar range equation for the third harmonic is

_(RG)*G I 5y,
I‘ (4p)a+2 R2a +2

where:
a » 2.5 isanonlinearity parameter that determined experimentally
(it varies dightly from target to target)
R,G are transmit quantities at the fundamental frequency ( f,)
| 3,G; arereceive quantities at the third harmonic frequency (3 ;)
S , Isthe harmonic scattering pseudo cross section

(typical values are -60 to -90 dB for W £1 W/m?2)

Usnga » 2.5 the received power varies as
PulR

Therefore the detection ranges are very small, but foliage penetration is good for
short ranges.
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Harmonic Radar Tracking of Bees

Dipole and Dipole Vo J

diode circuit ¢ and
~<— "o diode
x attached
— » 2f, toabee

(From Nature, Jan. 1996, p. 30)

PPI traces for conventional and harmonic radars (I , =3.2 cm)
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Synthetic Aperture Radar (SAR)

A scene (background plus targets) isimaged by plotting the received power as a
function of ground coordinates. The resolution cell sizeis a picture element or

pixel:

down range resolution (Dx) is determined by the pulse width
cross range resolution (Dy) is determined by the antenna beamwidth

A Y
TARGET o
TRANSMIT/ " Actual grid is polar, but
RECEIVE ©) approaches arectangular
ANTENNA g \7( T grid for large range.
< % >
o | I/ / X
RN
RESOLUTION CELL
I Dy

DOWNRANGE Dx

Very narrow antenna beams are required for fine cross range resolution. The resulting
antenna sizeis very large and may not be practical. Returns from alarge antenna can
be synthesized using the returns from a small antenna at sequential locations along a
flight path. Thisisthe basis of synthetic aperture radar (SAR).
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SAR (2)

Va (time)

AIRCRAFT

FLIGHT Py

Typical side-looking airborne SAR geometry

SAR OPERATING MODES: RANGE

STRIP MODE
SPOTLIGHT MODE
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Comparison of array factors for conventional and synthetic apertures:

Conventional Array

\

SCATTERING ELEMENT

Synthetic Aperture

/

Rl
A t, t A t Vi
1 2 N
AF AFs
E = e KRn*R) E = K(R*R)
m=1 )
AF= A 4 & KRR =B ¢ IRn2 AF= A ey
n=1m=1 ?mzl @ ) m=1 )
SQUARE SUM OF
OF SUM SQUARES
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Comparison of Array Factors

Plot of array factors for conventional and synthetic apertures of the same length:

] 7
© Tl |
§-15- ;\ﬂ \/Q EN CONXERIEIQE\C()NAL
2 el
o Al A AT
< ol " han HI H \/ [ad—"" ARRAY
= NN U] \/
il [l

-4 ] . !
120 130 140 150 160 170 180
PATTERN ANGLE (DEG)

Beamwidth of the conventional array: qg » | /L where L » Nd (disthe element
gpacing and N the number of array elements)

Beamwidth of the synthetic array: qg » | /(2L¢) where L » topva = dopsNe (tops iSthe
observation time, N. the number of samples, and d,,5 the distance between
samples)
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lmage Resolution

Two closely spaced targets are resolved if two distinct scattering sources can be
distinguished.

Resolved targets Unresolved targets
APPROXIMATE BEAM FOOTPRINT
ANTENNA MQEEL IN THE OBJECT PLANE
ﬂ c\ ﬂ
TWO POINT
SCATTERERS |
q IN THE SCENE |

For the conventional array the cross range resolution is
Dy=Rgg» Rl /L
For the synthetic array the cross range resolution is
Dy =Rgg » Rl /(2L.)

Note that the last result, which is based on AF., assumes that the wave scattered from
apoint source in the scene is a plane wave when sampled by the SAR.
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Unfocused SAR (1)

If Dmax iStoo large then AF. becomes distorted (the beam broadens). Therefore the
maximum L. is commonly determined by the condition 2kDo £p /2

D 7

e + SARFLIGHT
PATH
1/
LS
R -1
SAMPLING
POINTS

SCATTERED /
WAVEFRONT wd
(SPHERICAL) \ A

LY

r

2k(\/R2 F(Lo/2)2- R):ZkR{\/1+ 12/ 4R - 1} 2kR([1+ L2 /8RP)] - B £p /2

FIRST TWO TERMS
OF BINOMIAL
EXPANSION
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Unfocused SAR (2)

Solvefor L and call thisvaue Lgy
o _ 1 /'
Lem =VRI P qu_2~\/RI - 2\R

which gives a cross range resolution of
1

Dym = Rdgm = Eﬁ

Thisisthe resolution limit for unfocused SAR (i.e., the phase error introduced by

the spherical wavefront is not corrected). Note that the resolution does not depend

on the actual antenna characteristics, only range and frequency. The actual optimum
valueis dightly different that Ly, depending on the antenna beamwidths and aperture
distribution. A good estimateis 1.22Lqy,.

A
I : GAIN
| |
RESOLUTION LIMIT | | BEAMWIDTH
BASED ON p/2 —
|
PHASE ERROR
\l | qu
T T - LS




Naval Postgraduate School Microwave Devices & Radar Distance Learning

Focused SAR

Focused SAR corrects for the path difference in the signal processing. Theresult isan
effective beamwidth determined by the total length of the synthetic array, L =Rl /L.

The corresponding resolution is

B
Dy =R =Ry =7

which isindependent of R and | , and depends only on the actual size of the antenna.

The smaller the antenna used by the radar,
the better the resolution because:

1. awide beam keeps each scatterer in
view longer, and

2. focusing (i.e., adding corrections)
removes the range dependence.

The synthetic aperture length L. islimited
by the time that a point scatterer remainsin

STATIONARY the beam footprint.
POINT
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Example

SAR isused to image clutter

B=20MHz, q.=20" (g =70"), h;=800km, | =23cm, L=12m
The down range resolution is
t=1/B
8l —
__ o (3" 10 )(1/2(2 10 ):22m

2 Cc0sg 2c03(70°)

The cross range resolution for a conventional antennais
F 103

Dy = Rqg = h, | _800" 10 0'023:1.63km

cos(q.) Lo cos(20°) 12
For an unfocused SAR (p / 2 condition)

VR (0.023)800 " 10%/cos(20°) ;
2 2 -

Dym = Om
For afocused SAR

Dy=L/2=6m
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Cross Range Processing (1)

The cross range coordinate can be obtained in several ways. Three common approaches
are:

1. Side-by-side (sequential) processing: As each new time sample is collected, the oldest
time sampleisdiscarded. A new beam footprint is generated that is slightly translated
In the along-track direction. A small footprint must be generated to resolve closealy
spaced scatterers. A massive amount of data must be processed for each time step.
Cross range resolution islimited. Early SARs used this method.

The properties of the doppler shift of a point on the ground as a function of time can be
used to resolve scatterers in the cross range coordinate:

2. Chirp structure of the return: The return from a scatterer on the ground has a chirp
structure. A matched filter can be designed to exploit the chirp structure and improve
the resolution across the beam footprint.

3. Doppler processing of the return: The “doppler history” of individual points on the
ground can be used to resolve scatterers with doppler filter banks.
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Cross Range Processing (2)

Consider an airborne SAR illuminating a stationary point target on the ground. For the
geometry shown, the doppler as afunction of timeisgiven by (note: g >0® x <0)

_2v,sng _ 2v,(x/R) _ - 24t

f
a7 | IR
. L .o M _ - 41ov2 Nt :
Thisisachirp signa with > = R 4. A chirpfilter can be used on receive to resolve
scatterersin crossrange. If theradar isin wy _ IR
. : . Dt = = q
motion, then there will be atiming error mi2 22

a
Note that if motion compensation is used,

then fq4 will be the uncompensated doppler

(i.e., range error) in the matched filter
response due to the radar’ s velocity. The
radar motion can be compensated for by
subtracting out the known doppler (using frequency. | -
the estimated ground speed). However, if

the point target isin motion, its doppler —_’)”‘
will cause the target to be displaced in the
image from its actual location. InaSAR
image this resultsin cars not on roads,
ships displaced from wakes, and so forth.
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Cross Range Processing (3)

Doppler Frequency

hy =20 km,| =1m,g=30", v, =300 m/s

The doppler shift of a stationary point on the ground has a unique time history as the beam
footprint passes by, as shown in the example below for four scatterers. If the processing time
Islimited to the linear region, the curves can be “de-ramped” (dope removed) and Fourier
transformed to obtain the frequency components.

2 T 2
15 1
15F
LINEAR
REGION DOPPLER LAST POINT
| FILTER TO ENTER
1 1} BANDWIDTH FOOTPRINT .
FIRST POINT J /
TOENTER - At T L S R R
05 FOOTPRINT 2 05F Df
5 B R
0 LAST POINT I oF
TOENTER 5 g
FOOTPRINT °
0.5} ;t 05 B
ol R R
_1 -
Ak FIRST POINT
TO ENTER
151 FOOTPRINT
: P LINEAR .
15 REGION ”
2 . , . . .
-300 -200 -100 0 100 200 300 -2 L L L L
Time (sec) -100 - O( ) 100
ime (sec
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Motion Compensation

The radar platform has motion variations that can cause blurring and displacement of objectsin
the image. Motion compensation involves estimating the displacement from the along track
direction and deviations from a constant velocity and correcting for them in the processing.
Several levels of correction may be required:

- The antenna may have to be stabilized or re-steered

- Timing must be re-adjusted if the radar travels off of the ideal flight line by more than
the range resolution

- If phase information is used in processing, then phase errors due to cross track and
vertical random motion must be held to lessthan | /10

Motion Compeansated

TRANSMITTER |« PULSER [¢~- "
1
* !
TRIGGER,
CIRCULATOR|  yomomooecceee,
: | TIMING &
I MOTION 1
TO | COMPENSATION |7 FREQUENCY
ANTENNA [ : |
LNA [—» 1Q
DETECTOR
v 9

TODATA e—

PROCESSOR o | AP VIDEO

AMP

A

3 Meter Resolution @ ey
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Radar Mapping

Key features:
1. Radar provides its own illumination; operatesin all conditions
2. Large area coverage in a short time
3. Surface features obtained in spite of vegetation and clouds
4. Operates at relatively low grazing angles
5. Images aplan view

Resol ution requirements:

FEATURES CELL SIZE
Coastlines, large cities, outlines of mountains 500 feet
Major highways, variations in fields 60 — 100 feet
Road map (city streets, large buildings, airfields 30 — 50 feet
Houses, small buildings 5—10feet
Vehicles and aircraft 1-—5feet
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SAR Image
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Echo intensity plotted versus down range and cross range coordinates

X-29
TARGET

STEPPED FREQUENCY IMAGE

48
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SAR Range Equation

Start with standard RRE:

_ RAZS Ng
4pl °kT.B,R*
Substitute the following:

nB LS I—sfp
tobs=tlot=7 = P ng=

fr Vg V,
P

R =ﬁ“, tB,»1 and s =s°A.=s "DxDy
p

to obtain

_ PayASS “DxDy(Lsfp/Va) _ Py AZS DXDY typs

NR
4p| *kT¢B,RY f, 4p| *kT R

For pulse width limited illumination and focused SAR, Dx =

L
dDy=—
2C0sg and Dy 2
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SAR Problems (1)

1. Speckle — occurs when returns from diffuse surfaces are added coherently.

Large returns can add constructively
or destructively

2. Motion effects— for satellite based SAR, earth's rotation can be important.
3. Range curvature — the illuminated strip can be curved rather than straight.
4. Changing atmospheric conditions — rain, moisture, dust, etc.

PULSES"ON"

5. Ambiquities if more than one pulse
in a surface swath

-t -
FOOTPRINT
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SAR Problems (2)

6. Layover — occurs when an object’ stop isin acloser range bin than the object’ s bottom.
The object appearsto be “laid over” on its side in the image.

RADAR

WAVE FRONT

/

BASE

7. Shadows — appear dark in the image due to lack of illumination of the shadowed area.
8. Multipath — can lead to multiple copies of the same object in the image, or
displacement of object in the image.
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Inverse Synthetic Aperture Radar (ISAR)

Generdly, ISAR refers to the case where the cross range information is obtained from
target dopper. Consider arotating target at range R.

CENTER OF
ROTATION

T radisec

RADA
] R

A typical point on the target rotates a radius d about the center of rotation. Using the

law of cosines
2d cosf
> =R%+d?- 2dRcos(p-f) P r» R\/1+ » R+ d cosf
R>>d
| y
PATH OF ROTATING
RADAR POINT, ANGULAR
LOCATION d »~ VELOCITY w,
Vs f
- X
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ISAR (2)

The scattered field from the rotating point is

Es u ejvvte— j2kr _ ELWt X ] 2kR xg~ | 2kd cod
CARRIER DELAY DOPPLER SHIFT
TOCENTER FROM ROTATION

Doppler frequency
Wy =2p fy = %(- 2kd cos(f ) :g in(f t)
and the cross range coordinate
fq :Edsinf P y:ﬁ
I — 2f

=y

which can be found becausef isknown. A similar situation appliesif the target is
stationary and the radar circles the target.
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ISAR (3)

| SAR has been applied to targets with linear motion. The geometry is similar to that of the
airborne SAR on a straight flight path, but the locations of the radar and target are
reversed. Over the observation time, Ty, & Synthetic beam, qg, isformed. The array
factor isthe same as for airborne SAR.

- The cross range resolution at range R is

RADAR (FIXED
3( : Dy = Rgp
- The observation distance is used to determine the
BN beamwidth (rather than the synthetic [ength)
/,, dB ) \\\ gg » | /(2dgps)
TARGET - Cross range resolution can be improved by
. MOTION increasing the observation (integration) time
- +—> Va _
[P ) Iy Dy =R /(2v,3Tops)
< >
Cobs - The radar does not have control of the target’s

flight characteristics.
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ISAR (4)

USS Crocket |ISAR Image

(From NRL web ste: http://radar-www.nrl.navy.mil/Areas/| SAR/)
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HF Radars (1)

- Radars that operate in the high frequency (HF) band are also called over the horizon
(OTH) radars. Advantages.
1. Long range target detection
2. Low altitude target detection
3. Operates in target scattering resonance region (i.e., detection of low observable
targets)
4. Low probability of intercept

- Major applications: Protection of land mass from attack (ships and aircraft)

- Atmospheric propagation mechanisms:
1. Sky wave: the interaction of HF waves and the Earth's ionosphere, which is the upper
atmosphere (heights 3 80 km)
2. Ground wave: over the horizon diffraction

- Comparison of operational ranges.
Conventional microwave: 200 km
HF ground wave: 200 to 400km
HF sky wave: 1000 to 4000 km
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HF Radars (2)

Atmospheric propagation issues.

1. The properties of the ionosphere are constantly changing with:
time of day, time of year, solar activity

2. lonospheric reflections appear to originate at multiple reflective layers at
different heights. This often causes multipath fading.

3. lonospheric reflections are strongly dependent on frequency and antenna
"launch" angle. A wide range of frequencies must be used.

4. Efficient operation requires knowledge of the current state of the
lonosphere.

% VIRTUAL REFLECTION
POINT

|ONOSPHERE / \
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HF Radar (3)

Other HF radar issues:

External noise sources are greater than internally generated noise. They include

1. atmospheric (lightning)
2. Cosmic
3. man made (radio, ignition, etc.)

The ionosphere is dispersive and hence there are limits on the information
bandwidth.

Clutter is strong. Sources include the earth, auroral ionization and meteor
lonization.

|lonospheric reflection allows a specific area of the earth’ s surface to be
Illuminated by only alimited band of frequencies.

Multipath fading can be severe. 1onospheric paths have high attenuation.

Conclusion: the sky wave path can be made reliable if one iswilling to pay the
Cost.

55



Naval Postgraduate School

Microwave Devices & Radar

Typical HF OTH Radar Parameters

PARAMETER

TYPICAL VALUES

range
range resolution
range accuracy

angle resolution

angle accuracy
Doppler resolution

operating frequency
peak output power
PRF

pulse width
antennagans

azimuth (horizontal) beamwidth
elevation (vertica) beamwidth
azimuth/elevation beam steering

dwdl time

1000 to 4000 km
2 km to 40 km
2 kmto 20 km

0.5 to severa degrees (ionosphere limits angle resolution to some fraction of a
degree)
approximately 12 km at 1500 km

aslittle as 0.1 Hz (about 1.5 knots)

4 MHz to 40 MHz, dectronically tuned
20 kw to 1 Mw

CW to 50 Hz

10 nrsto 200 rs

15 dBi to 30 dBi (transmit and receive antennas are usudly different and
multiple beams are used on receive

0.5 to 20 degrees (often narrow receive, wide transmit)

10 to 60 degrees (vertical aperturesis costly)

20 to 150 degrees/0 to 30 degrees

ten seconds or more
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Typical HF Clutter and Target Spectrum

Example:
Target Speed Doppler Shift (Hz)
(relative velocity) a 3MHz a 30 MHz
9 m/s (20 mph) 0.18 1.8
90 m/s (200 mph) 1.8 18
50
40[ i
o | CLUTTER |
© | 4
y 30
w |
= TARGET
2 20f T
10 T
0 25 5.0 75 10.0 125 15.0 17.5 20.0

FREQUENCY, HZ
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HF Coastal Radar (CODAR)

‘Characterislic ‘Value

‘Operating frequency ‘27.65 MHz Surf ace current map

‘Transmitted power ‘30 W

‘Working range (35 PSU salinity) ‘up to 50 km _ l’!'! St Vi
Length of sea surface wave (Bragg) 542 m ' Wy Reses e
‘Depth over which current is averaged ‘r—O.S m

‘Range resolution ‘03 km, 0.6 km, 1.2 km

‘Azimuthal resolution (Direction Finding) ‘1 degree

‘Azimutha] resolution (Beam Forming) ‘+f—3 degrees

‘Integration time ‘9 minutes, 18 minutes o
‘Aocuracy of radial component ‘1m2~cmf’s elsus
‘Aocuracy of current field ‘1...5~cmfs

T 3
c
[
l) .
c
r
a
t
u
r
C

n

Kilometers

-

University of Hamburg WERA HF radar
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Relocatable Over the Horizon Radar (ROTHR)

The Navy radar was originally designed for wide area ocean surveillance for fleet
defense

Since 1989 it has been used by the Coast Guard and Customs for the detection of drug
running

Operates in the 2 to 30 MHz frequency band

Vertical and down range backscatter sounders are used to continuously monitor the
lonosphere

U.S. Air Force OTH-B
Transmitting Array

U.S. Navy ROTHR

2,6-km Recelving Array

I A T
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HF Radar Example (CONUS-B)

The CONUS-B radar has the following parameters:
R=61dBW, G =23dB,G =28dB, |; =3dB
two-way path gain factor, (Ft)2 =(F, )2 =3 dB, other system losses, 15 dB
noise power at the receiver, kT.B,, = - 164 dBW

(a) What frequency should the radar use to detect atarget with awingspan of 15 m and
what isthe target’ s approximate RCS?

Assume horizontal polarization and model the wing as a shorted half-wave dipole to find
the first resonant frequency (see the plot in the discussion of chaff):

| /2=15m b f =10 MHz b s /12 »0.75 P s » 675m° = 28.5 dB
(b) If INRin =25 dB, will the target be detected at 2000 km?

Compute the SNR. It isconvenient to use dB quantitiesin this case:
SNR = PthGrI,+(1/4p)3 KTsBy + (R F)* +1/(RtR) *S +12 - L =310dB
%,_J

—_ -~

115 -33 - 164 -6 - 252 28 5 295 15

Since SNR > 25 dB the target will be detected. Note that the target RCS at resonance
(see UWB lectures) can be 5-10 dB higher than at other frequencies, thus operating at
resonance makes detection possible.
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Stepped Freguency Radar (1)

In a stepped frequency radar the carrier frequency of each pulsein thetrainis
increased

A 1. o+ DX fo+2Df  fo+(N- 1)Df

\

1 2 3 N

Receiver (instantaneous) bandwidth, Bingant =1/t :

Controlled by the individual pulse
Determines the A/D sampling rate
tDf £1

Effective bandwidth, By = NDf :

Controlled by the frequency excursion across the burst
Determines the range resolution
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Stepped Freguency Radar (2)

Characteristics of stepped frequency radars:

1.
2.

| nstantaneous bandwidth is controlled by the pulse width Bjgat =1/t
Range resolution is given by
C C
R= =
2NDf  2Bgg

that is determined by the effective bandwidth, Bgs = NDf

The effective bandwidth can be increased semi-independently of the
Instantaneous bandwidth (the constraintist Df £1)

It is possible to have alarge effective bandwidth (and high range resol ution)
with low instantaneous bandwidth

Low instantaneous bandwidth allows alower A/D sampling rate than a
conventional radar (high frequency A/Ds are not commercialy available).
Narrowband microwave hardware is ssmpler and less expensive.
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Stepped Freguency Radar (3)

Block diagram:
« fcn = feoho * Tsao * fsynn
fe, >——| DUPLEXER = POWER l=—| PULSER
—
f f
dado STALO ddo
fstaio + fsyn f ¢ y
SNy | FREQ STEP coho * 'syny
f SYNTH 1
coho fsynn
IF AMP foo
[ m| SYNCH |
DETECTOR CoHO

fo @

SIGNAL +iO = €.
PROCESSER In+1Gh A“eXp@J
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Stepped Freguency Radar (4)

Mathematical expression for phase shift:

cos] 2p (f. +nDf)t]

cos[2p(f. +nDf)(t- tR)] —%—» LPE —= COSF

F.,=20(f. +nDf)tg
= 2p(f; +nDH) ="
where R, = Ry +Vv,nTy,. Therefore,

F 0= 291 +1DN) 2 (R, +vynTy)

4p 1R, +2p Df 2R +2p v, fo - +2p Df 2vrnTpn_|_
P p P
¢ Tp C C T, ¢
PHASE SHIFT —— DOPPLER N
HEACN; T P
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Stepped Freguency Radar (5)

Doppler spreading, shifting and attenuation:
- Single target, different radial velocities
- Target range is unchanged
- SNR=13dB, PRF =20KHz, f. =10 GHz, N =512, Df =1 MHz

30— —
Om
f.ll
| 100 m
of [| 200 nvsec
1 | [ 300 misec
= | | \ :
n | |1 [ ! / 0
: | I Y4 5 1000
10§ | | -
| |
| | | |
|
111
! |
| { [ |
| 1 | | [ 1 ! \ )
| - | [ ) '.
e | | — | R 1 | | i L i i
20 A0 60 Bo 100 120 140

Relative range{meter)
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Stepped Freguency Radar (6)

Doppler spreading and shifting can be used to separate targets from clutter:
- SNR=11dB, PRF=20KHz, CNR=35dB
- f. =10 GHz, N =512, Df =1MHz, v, =500 m/s

- If an estimate of the target velocity is available, velocity compensation

can be applied

50
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lmaging of Moving Targets

Objectiveisto find the reflectivity density function r (x,y) from the frequency signature
S(f,1):

_ ¥ ¥ o
S(f ,t) —e J4pfR(t)/ c (\) (\j. (X, y)e J4p[XfX(t)+yfy(t)]dXdy
-¥-¥

where the spatial frequencies are defined as
fe(t) = —cos[f )] ad fy(t)= —s nff (t)]

Stepped frequency imaging:

1. M bursts are transmitted, each containing N narrowband pulses
2. The center frequency f,, of each successive pulseisincreased by

afrequency step of Df
3. Total bandwidth = N Df
4. Cross range resolution determined by number of bursts, M

67



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Stepped Frequency Imaging (1)

TARGET P
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Stepped Frequency Imaging (2)

Form atwo-dimensional matrix of measurement data S( f,, thm)

fA
1 2 M
‘ | B B ] “
AL AL
1 1—} — I U
oI : | |
N ROWS — _ o b ,
PULSES) | nan |
R - i i
N1 i f b
o 1 2 M Y
M COLUMNS (BURSTS) l\éiﬁx_iUl\ﬁE\l\_FlglliT
N BY M
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Stepped Frequency Imaging (3)

Distance Learning

Time-frequency transform for Doppler processing

. . . M . M .
! u ! u | —§u
fiisik | A
i y P NI y P NI : y
1 1 MOTION 1 1 1 ' 1
COMPENSATION
f b tywy wp t ——b
MEASUREMENT 1-D INVERSE 1-D FAST
DATA MATRIX FOURIER FOURIER
N BY M TRANSFORM TRANSFORM

1. Range processing: N-point 1-D inverse Fourier transform (1-DIFT) for
each of the M recelved frequency signatures. M range profiles result, each
with N range cells.

2. Cross range (Doppler) processing: for each range cell, the M range profiles
are atime history that can be | and Q sampled and fast Fourier transformed.
The result isan M- point Doppler spectrum or Doppler profile.

3. Combinethe M range cell data and the M Doppler datato form atwo-
dimensional image.
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Ultra-Wide Band Radar (1)

Ultra-wideband radar (UWB) refers to a class of radars with alarge relative bandwidth.
They include:

1. pulse compression radar
2. stepped frequency radar
3. impulse (monocycle) radar

I|mpulse radars have all the advantages of conventional short pulse radars. In addition,
claims have aso been made in the categories of (1) improved radar performance, and
(2) ability to defeat stealth. We examine the validity of the claims (ref: Proceedings of
the First Los Alamos Symposium on UWB Radar, Bruce Noel, editor):

Clam: Penetrates absorbers because of molecular resonances.
Validity: True, but the effect appears to be weak.

Clam: Defeatstarget shaping techniques.
Validity: Trueat low frequencies, but above certain frequencies shaping is wideband.

Clam: Excitestarget "aspect-independent” resonances.
Validity: True, but weak resonances,; not exploitable at present.

Clam: Defeats RCS cancelation schemes.
Validity: True, but so do conventional wideband radars.
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Ultra-Wide Band Radar (2)

Distance Learning

Clam:

Validity:

Clam:

Validity:

Clam:

Validity:

Clam:;

Validity:

Clam:;

Validity:

Clam:

Validity:

Reduced clutter because it operates in the pulsewidth limited condition.
True, but negated by changes in clutter statistics, which vary rapidly with
frequency.

Defeats multipath.
True, but multipath is often an advantage.

Overcomes the 1/ R? spreading loss by "extending" the near field.
True, but not exploitable at moderate to long ranges of interest for search
radars.

Low probability of intercept (LPI).
Truein general, but not necessarily for long range radars.

Resistance to jamming (short pulse implies narrow range gates and therefore
not susceptible to CW jamming).
True

Target identification capability.
True, but need matched filters derived from all target signature features.
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Ultra-Wide Band Radar (3)

Many of our assumptions used to model radar systems and components no longer
arevalid. For instance,

propagation characteristics,

target RCS,

antennagain, and

radar device characteristics,
are not independent of frequency because the bandwidth is so large. The frequency
dependence of the system parameters must be included:

_R(H)G(f)s (F)As ()
(4p R%)?

P

|mportant points:
1. The waveform out of the transmitter is not necessarily the waveform that is
radiated by the antenna. The antenna removes the DC and some low frequency
components. Theradiated signal isthe time derivative of theinput signal.
2. The waveform reflected by the target is not necessarily the waveform incident
on thetarget.
3. Thewaveform at the receive antennaterminalsis not necessarily the waveform
at the antenna aperture.

To extract target information requires a substantial amount of processing.
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Ultra-Wide Band Radar (4)

Distance Learning

Wideband model of the radar, target, and environment:

TRANSMITTER

—>

TRANSMITTED HELD

X(1)=P(f)

Y(f) =P (f)

RECEIVER

-

excitation waveform:

TRANSMIT
ANTENNA_J HA(f) y s(f) } He()
&) ANTENNA SCATTERER €|  CLUTTER
COUPLING
G (f) ¢ ¢
RECEIVE
ANTENNA [ O
RECEIVED HELD

clutter environment:
antenna coupling:

noise;

X(t) «  X(f)
he(t) « He(f)

ha(t) « Ha(f)
n(t) « N(f)

74

transmit antenna:  g;(t) « Gi(f)
or (1) « G (f)
s(t) « s(f)
y(t) « Y(F)

Thetarget’ s scattered field can be determined from Y( ) if al of the other transfer
functions are known. If they are not known they must be assumed.

receive antenna:
target:
recelved signal:
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Ultra-Wide Band Radar (5)

In generd: 1. Antennaradiation requires acceleration of charge.
2. Theradiated signal is the time derivative of the input signal.

From the definition of magnetic vector potential, B=nH =N" A. Take the derivative
with respect to time
Al &

1 <0
m—H==—(N" A) =N~ <
fit ‘Ht( T
Substitute this into Maxwell's first equation:
S B T5_ & & 50
N"E=-m—H=-N A<
fit gﬁ %
implies
g=14
1t
But the magnetic vector potential is proportional to current. Asan example, for aline
current
( R/c)
Alt,R) = d¢
4I0 |_ R

=
Therefore E 1 % and the radiated field strength depends on the acceleration of charge.
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Ultra-Wide Band Radar (6)

UWB waveforms: gaussian pulse

1. has the minimum time-bandwidth product of all waveforms
2. spectrum has a dc component; therefore it cannot be radiated
3. used analytically because it is mathematically convenient

Truncated gaussian pulse Frequency spectrum
1 T T T T 1 T T T T
09 | :C;:, 0.9
a 0.8 } § 0.8
E o o
3% o7} ; 07
% i 2 06
x 06 x °
F > I(—)
B O o5l o 05
Z o
N D 04t
Jp 0 oo
) w
= i N 03}
X 0.3 N
(ONG) Z
z 02 | % 02}
01| % 01t
0_2 OI " :1 5 ' 5 10 % 0.2 0.4 06 0.8 1
TIME, t (ns) FREQUENCY (GHz)
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Ultra-Wide Band Radar (7)

UWB waveforms: single cycle sinusoid

1. its frequency spectrum has no dc component and therefore it can

be radiated

2. relatively convenient mathematically
3. hard to achieve with hardware

r SINGLE CYCLE SINUSOID
0.5
0 0.1 TIME, ns -
1 1
0.8
SPECTRUM
p f(j S(f) os6f
2 0.4
0.2}
O 1 1 1 1 1 l 1 >
0 5 10 15 20 25 30 35 40 45 50

FREQUENCY, GHz
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Ultra-Wide Band Radar (8)

amplitude

Double gaussian derivative:  qt)= {?1-
e

amplitude

-0.5

Double gaussian:

0.5

-1

double gaussian waveform

0

2 4
time (ns)

6

1

0.5}
0
e double gaussian
derivative waveform
_1 1 1
0 2 4
time (ns)

() = Age” At To) g alt-to)”
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RCS Consderations

- Target illumination and matched filtering:
- For very short pulses the entire target may not be illuminated simultaneoudly.
Therefore the time response (shape) depends on angle.
» Thetime response differs with each target. The basis of matched filter design
no longer holds.
- Target resonances.
- Resonances are a characteristic of conducting structures
- Standing waves are set up on the structure when its dimension is approximately an
integer multiple of ahalf wavelength
» The standing waves result in enhanced RCS relative to that at non-resonant
frequencies
* |n general, atarget has many resonant frequencies due to its component parts (for
example, aircraft: wings, fuselage, vertical tail, etc.)
= Applications:
1. Detection: given a specific target to be detected, use a knowledge of its
resonant frequencies to take advantage of the enhanced RCS
2. ldentification (ID): when atarget is detected, examine its resonant
frequenciesto classify it
» Nonconducting (lossy) structures also have resonances, but the RCS enhancement
Isnot as strong asit isfor asimilar conducting structure
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Time Domain Scattering

Scattered E-Field (mV/m)

Double gaussian incident wave

Thin wire target
Normal incidence Oblique incidence (60 degrees)
8 J| v p— - ——T o | = "'_';’*':‘f - TDIE — FDIE |
| 1" |
E° |

“ : = { | ||
2 _" | : 1 —— - :..._'..._,_.. ) { b S, S S

[ | A A : s 1R h‘-j
e - _\1 I_]_I."T;J. am _"'?1,1_?;'#%'—:— — E ol | |

[
°0 05 . 15 2 25 3 "0 5 5 2 25 3
Time (nsec) Time (nsec)

(From Morgan and Walsh, IEEE AP-39, no. 8)
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F-111 Resonant Frequencies

¢ PREDICTED EIGENMODE COMPUTED RCS
H - POLARIZATION REFERENCE =34 dB
0 zxx
Ee% 392‘(@5

5 &3 f jge 59639%656665??5666(

10
RCS, dB

15 é
20
75
0 5 10 15 20 25 0

FREQUENCY, MHZ
(From Prof. Jovan Lebaric, Naval Postgraduate School)
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Currentson aF-111 at its First Resonance

# Figure No. 4: CURRENT MAGNITUDE in dB, dB range =20, f =5.0658MHz
File Edit “Window Help
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(From Prof. Jovan Lebaric, Naval Postgraduate School)
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4 Figure No. 8: E_TOTAL MAGNITUDE, Surface Section Removed
File Edit Window Help
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(From Prof. Jovan Lebaric, Naval Postgraduate School)
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Antenna Consderations

1. Referring to the UWB form of the RRE, the antenna gain aperture product
Gt A should be independent of frequency. This cannot be achieved with
a single antenna.

2. Low gain antennas have been used successfully. High gain antennas are
not well understood.

3. Beamwidth depends on the time waveform. Example: pulse radiated

from an array.

V4
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T ~——  WAVEFRONTSDEFINE
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N )‘/
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Brown Bat Ultrasonic Radar (1)

Bats navigate and capture insects by an echo location technique that combines time
and frequency domain operations. It haslead to the imaging technique called
spectrogram correlation and transformation (SCAT).

Freguency range: Sy
15-150 kHz _?:!‘;.;
$HoF— g )
- Sweeps _tWO frequency ,ﬁl « Togetvangs o ‘}
ranges simultaneously: 22 i
50-22 kHz L
100-44 kHz .
Linear FM waveform
(chirp)
Integration time:
330 ns
(From | EEE Spectrum, March 1992, E ' - J e 4
p. 46) 2 . BT L e
§ foomd ke N ey ot .. - ) |af
2 N el T T e, ¥ 1/a
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Brown Bat Ultrasonic Radar (2)

Bat pursuing prey: - Typical target (insect) flutter rate: 10-100 Hz
Hash marks denote positions of chirp emission

(From: 1EEE Spectrum, March 1992, p. 46)
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Doppler Weather Radar (1)

The echo from weather targets (rain, snow, ice, clouds, and winds) can provide
information that can be used to map precipitation and wind velocity.

Reflectivity measurements are used to estimate precipitation rates (echo power isthe
zeroth moment of the Doppler spectrum). Higher moments of the Doppler spectrum
yield additional information:

1. Mean doppler velocity (first moment normalized to the zeroth moment)

Oy vV S(v) dv

0y S(v)dv

gives a good approximation to the radial component of the wind.

2. Spectrum width, s, (square root of the second moment about the first moment of

the normalized spectrum)

V =

2 _ Qy(v- V)’ Sv)dv

\" ¥
Qy S(v)av
IS ameasure of the deviation of the velocities of particles from the average. Itisan
indication of turbulence and shear.

The doppler spectrum’s zero and second moments can be estimated by noncoherent
radars, but only coherent radars can measure the first moment.

87



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Doppler Weather Radar (2)

Radar primarily measures scattering from rain, snow and ice particles. Typica
frequenciesareinthe L, Sand C bands (1 to 8 GHz). The scattering particles arein the
Rayleigh region. The RCS of an individual particleis given by

2
5 m2-1

_P
ST F 20

6 I05 2 ~6
D; :|—4|K| D

where m=n- jn¢=./e, isthe complex index of refraction (e, = e¢- jed isthe complex

dielectric constant) and D the diameter of the particle. Values of K[? arein the range
of 0.91t00.93for 0.01£1 £0.1. Definethetarget reflectivity Z of N particlesin
volume DV :

5 o) 1 N
S °h(DV):a©—4\K\ZZj(DV) where Z=-— & D°
1 | p DViz

1
Il Qo=

S
|
Assume: 1. precipitation particles are homogeneous dielectric spheres
2. al particlesin DV have the same |K[? and D
3. theradar resolution volume DV it is completely filled with particles
4. multiple scattering is neglected

Note: Some Skolnik formulas assume avolume of 1 nT, and therefore DV (or his V) does not appear explicitly in his equations.
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Doppler Weather Radar (3)

Weather radar equation for the average power received from a single particle
3 PtGZI %S i
. 3 2

(4p)° PR

The one-way atmospheric attenuation lossis 1/L; = exp[— ZQR' (@ gas + @ patides )dR]

PUL SE SHAPE, W(R) Theillumination of particleswithin
y\ a pulse volume (resolution volume)
. is not uniform;

DROMETEORS

0Ol

1. there are azimuth and elevation
tapers due to the beam shape \Enorm\
2. thereisarange taper dueto the

pul se shape and receiver frequency
characteristic, W(R)

\ ) Assume that the weight functions
BEAM SHAPE, | Eporm (01.f ) are amaximum at the center of the
cell, range R,
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Doppler Weather Radar (4)

Weather radar equation becomes
_ 4 y
_ PtGSI Zﬁgsi‘Enorm‘ W (R|)9

(4p)° = LR 2

¢
Replace the summation with an integral and assume that the contributions to the integral
from outside of the resolution cell are negligible

RGA h ¥ P 2
(4p)°LERS o

=0

norm\ sing dq df

|5r

DV
where L, is the average atmospheric loss factor at range R,. Assume a square gaussian

shaped beam of the form G(g,f ) = Gy|Enorm @) ? Where

_ 2
‘Enorm(q f )‘ :exp{-4ln(2)(q2/q§ +f Z/CIEZ;)}
and the HPBW in both principal planesisqg. The antenna beam integral becomes

2
20 | 4 _ P9
g@zp‘Enorm‘ snqdgqdf _8|n(82)
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Doppler Weather Radar (5)

The range illumination not only depends on the pulse shape, but also the receiver
frequency characteristic. In generd

¥

sl _1oct

W dR =——

(c)) (R) L2
where 1/ L, isthe receiver loss factor due to finite bandwidth. For arectangular pulse
and a gaussian frequency characteristic with Bgt » 1 thelossis 2.3 dB. (In meteorological
applications it is customary to use the 6 dB bandwidth of the receiver, Bs.) Theradar
eguation becomes:

RGI *hpag o

P =
" (4p)°R2LAL,8In2 2
2
The signal-to-noise ratio is proportional to B Unlike point targets, the maximum
r 26

SNR does not necessarily occur for Bgt » 1. The optimum SNR consists of a matched
gaussian filter and pulse that together yield the desired resolution.

Note: Skolnik hasan additiona p/4 in the clutter volume for an dliptical beam cross section, as opposed to the square beam cross section that we used.
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|mplementation and Interpretation of Data (1)

1. Spectral broadening is approximately gaussian with avariance

Sy =S<+SpHsg+sy

where the sourcesare: shear, s <2
antenna modulation, s %
different particle fall rates, s ﬁ

turbulence, s t2

Large spectral widths (3 5 m/s) are associated with turbulent gusts (3 6 m/s).

2. Requirement for echo coherency: want large Ty, for large R, but small Ty, is desired
so that the returns from pulse to pulse are correlated. Typical guideline

I cl
—32psy, P —3 2ps
2T, ! 4R, Y

3. A single doppler radar can map the field of radial velocity. Two nearly orthogonal
radars can reconstruct the two-dimensional wind field in the planes containing the
radials.
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|mplementation and Interpretation of Data (2)

4. When the assumptions about the scattering particles are not valid then an effective
radar reflectivity can be used. (It isthe equivalent Z for spherical water drops that
would give the same echo power as the measured reflectivity.)

, .. 2 4
e~ 2
p5|KW|

where K, denotes water. The units of dBZ are sometimes used

&z, mm®/m30

dBZ —10|Oglog 1 mm6/ m3 o
Typical values:
Ze Precipitation Rate (mm/hr)
dBZ 1 10
rain 23 39
snow 26 48
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|mplementation and | nterpretation of Data (3)

5. The echo sample voltage from N. scatterers at time t,, is of the form
s .
Vita) 1 & A(R (tn) exp{i 2kR (tn)}
|=

where A dependson s, |Enorm @i, f )\4 and Bgt . The power averaged over one cycleis

PV =3 8 & A eofjaR,- R}
e
P (tn) %2 2+;:S & Ao e{i kR, - R}

%/—/
INCOHERENT _ P'd
SCATTER COHERENT SCATTER

The second term is negligible for spatially incoherent scatter, but is significant for
scattering from particles that have their positions correlated. An exampleis Bragg
scatter from spatially correlated refractivity fluctuations. Bragg scatter is usually
negligible for precipitation backscatter, but not clear air echoes (Angel echoes).
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Implementation and I nterpretation of Data (4)

Sample PPI displays for wind velocity variations (from Brown & Wood)

Uniform direction, linear variation with height Uniform speed, linear direction change with height
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|mplementation and | nterpretation of Data (5)

Weather images (from Brown & \Wood)

Tornadoes are often located at the end of hook- Tornado vortex signature (TVS): central pixels near the
shaped echoes on the Southwest side of storms beam axis indicate exceptionally strong winds

T [ Storm Relative Velocity Image
IM=ZM SAM-IR=DBLZM WAI=RE-CNTR SK-mdI=$X SNI-[gMI=FULL UNZM rqit=UNZM

|_uas  [IEFFPRNY) veeads ] wsect i Raviata f ) asaotate |

= Gracemont

=  GADIO

® % = Ftichh /) Vashiga o W
=0 e P

- \L - Andalarku
n

T
. =

~ [
Verden )

= Stecker

= Coment
= Eoone
- Apache\ = fyril ,_
‘r-"' n

nF Fletcher
—

= RushSpgs

= Sterling
= FedicinePapk

In..
= ]{SI
ERek] =01 =2 =190 =140 | -8B =3
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Clear Air Echoes and Bragg Scattering

Bragg scatter occurs when the round trip path length difference between periodic
scattering elementsis an integer multiple of 2p

Z

A DIRECTIONS OF
MAXIMUM SCATTERING
(ROUND TRIP PATH
LENGTH DIFFERENCE

A MULTIPLEOF 2p)

\\ :
q RN 2kdsin(gp)=2pn

Periodic variationsin the index of refraction occur naturally (locally periodic turbulence
and waves, insect swarms, birds, etc.) Echoes from these sources are called Angel
returns. Another example iswing tip vortices from an aircraft.

/ ~nl /2
g

0
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Weather Radar Example

Radar with beamwidth of 0.02 radians tracks a 0.1 square meter target at 50 km. Find
the signal to clutter ratioif h =1.6" 10 8 m?/m> andt = 0.2 ns

RGZ %hpq3

Clutter return: C=PR = 3255
(4p °*RLEL, 8In2 2
P2 2
Target return: P = t?" 482
(4p)”R7LGL,

Assume all losses are the same for the target and clutter. Therefore, the power ratio

becomes

P _ s,16In2

g3pcthR?

—

LR=

~0l|

.. (02)36)In2 \
p(0.022)3" 108 )0.2" 10" }1.6" 10" 8 50000
SCR=0.368=- 4.3dB

LR=
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Monolithic Microwave Integrated Circuits

. Monolithic Microwave Integrated Circuits (MMIC): All active and passive
circuit elements, components, and interconnections are formed into the
bulk or onto the surface, of a semi-insulating substrate by some deposition
method (epitaxy, ion implantation, sputtering, evaporation, or diffusion)

. Technology developed in late 70s and 80s is now common manufacturing
technique

Potential low cost

Improved reliability and reproducibility

Compact and lightweight

Broadband

Design flexibility and multiple functions on a chip

. Advantages.

- Disadvantages: Unfavorable device/chip arearatios
Circuit tuning not possible
Troubleshooting a problem
Coupling/EMC problems

Difficulty in integrating high power sources

UUUUU TUUUTUTU
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Tile Concept

Low profile, conformal
RADIATOR

FEED LINE

GROUND

PLANE
7
/ OTHER
Z DEVICE
LAYERS

From paper by Gouker, Ddide and
Duffy, IEEE Transon MTT, vol 44,
no. 11, Nov. 1996
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Module Concept

- Independent control of each element

e SIS/

ol SIS
g IS/ ://: ’fﬁ.’/’;.// =
=\

7

r FEED LINE

MODULE (PHASE
SHIFTER, LNA, ETC)

\)

S
-

NS
AN
\

%

A
A
AN

From Hughes Aircraft Co.
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MMIC Single Chip Radar (1)

. Transmitter:

- Phase modul ation:

. Recealver:

- Power supply:

Temperature range:

Frequency
FM mod BW
Output power

Phase Accuracy
Amp balance
Mod rate
Switching speed

3dB BW
Noise figure

5.136 GHz
50 MHz
+17 dBm

BPSK

+ 2°

+ 05 dB
50 MHz
3 nsec

50 MHz
30 dB, max

5VDC, 400 mA

-55"to 75°

Reference: “A MMIC Radar Chip for Usein Air-to-Air Missile Fuzing Applications,” M Polman, et a, 1996 MTT International

Symposium Digest, vol. 1, p. 253, 1996.
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MMIC Single Chip Radar (2)
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Reference: “A MMIC Radar Chip for Usein Air-to-Air Missle Fuzing Applications” M Polman, et d, 1996 MTT International
Symposium Digest, vol. 1, p. 253, 1996.
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MMIC FMCW Single Chip Radar (1)

. Transmitter:

- MPA (Power amplifier):

- LNA:

- Coupler:

- Mixer:

Frequency
FM mod BW (Df )
Output power

Gain
1 dB compression point
Saturation power

Gain
Noise figure

Coupling coefficient
| solation
Return loss

Conversion gain
Noise figure
| F frequency

94 GHz
1 GHz

5mW

6 dB
/to8dB
12to 13 dB

18to 20 dB
6to7dB

10dB
20 dB
20 dB

9dB
7.5dB
1.5 GHz

Reference: “ Single Chip Coplanar 94-GHz FMCW Radar Sensors,” W. Haydl, et d, IEEE Microwave and Guided Wave L etters,

vol. 9, no. 2, February 1999.
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MMIC FMCW Single Chip Radar (2)

Reference: “Single Chip Coplanar 94-GHz FMCW Radar Sensors,” W. Haydl, et d, IEEE Microwave and Guided Wave Letters,
vol. 9, no. 2, February 1999.

MPA MPA TO
oy TRANSMIT 20
oL ANTENA & z
iy 5
u
of E 15 E
TO % z o
RECEIVE i -4
o w
poiiana z § 10 2
E s a
IF Ll '55 5
5 = 5 a
_ | z2 5
Block diagram of a2 94-GHz FMOW sensor MMIC o ! o
D i i i i i I
80 g2 94 o6 o8 100
V€O MPA MPA FREQUENCY (GHz)
E IF signal from o | square em metal trge at 2 m Chelow)
£
i DISTANCE (m)
= o a0 O 1 2 3 4
= &l — B T T T T T T T
{ ]
> 65 | l
4
o 70 L
= 70 -

IF POWER (dBm)

Actual chip sizeis2 by 4 square mm

IF FREQUENCY (MHz)
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Defeating Radar Using Chaff

—V
RGE
AIR O\)\\\Oﬂx
DEFENSE GR

RA[QR & 1\

ATTACK
APPROACH

Chaff floods the radar with false targets.

The radar is aware of the intruder.
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Chaff (1)

Chaff is ameans of clutter enhancement. Common chaff consists of thousands of
thin conductive strips. For a narrowband radar the strips are usually cut to the same
length; one that corresponds to aresonance. The shortest resonant length is about

¢ =0.45] asshown below (the exact value depends on the dipole diameter, d).

15

1k
s /2
O0.5F

O » » »
0.2 0.4 0.6 0.8 1 12

‘11

After the aircraft discharges the chaff, it expands to form acloud. Inthe cloud, the
dipoles are usually modeled as uniformly distributed (uniform density) and randomly
oriented. The dipole scattering pattern, where g is measured from the dipole axis, is

$(9)=S maxSN°(q)
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Chaff (2)

Maximum broadside backscatter for adipoleis
) 058

161 (log(2¢/d) - 1)°
The average RCS over dl anglesis

S max

S =as (.f)snqdgdf =2s

An approximate value good for most calculationsiss » 0.15! 2. For ashort time after
the chaff has been discharged, the RCS of the chaff cloud can be approximated by

S »A;(I-' e—ns_)

where A is cross sectional area of the chaff cloud presented to the radar.

AREA PROJECTED
TO RADAR

CHAFF CLOUD
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Chaff (3)

The number of dipolesin the projected planeisn= N/ A., N being the total number
of elementsin the cloud. After the dipoles are widely dispersed n becomes small and

S¢c»AnNS =NS

Example: Number of resonant dipoles required for an average cloud RCS of S =20
dBsm at a frequency of 2 GHz.

The average RCSfor adipoleiss » 0.15l 2 =0.0034. Therefore the RCS of acloud
of randomly oriented dipoles (which isthe case at latetime) is

S.» NS P N»100/0.0034 = 29412
"Advanced" chaff designs:

1. Multiband chaff: bundles contain multiple resonant lengths
2. Absorbing chaff: resistive material absorbs rather than reflects
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Chaff and Flares

F-16 dispensing chaff and flares (USAF photo)
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Bistatic Radar (1)

Bistatic radars were among the first deployed radars. The German Klein Heidelberg
radar of WW |1 used the British Chain Home radar as a transmitter. Receiverswere
located in Denmark and the Netherlands. It was capable of detecting aB-17 at 280
miles. Bistatic gave way to monostatic because of severa factors:

- excessive complexity

- high costs and other solutions competing for $

- degraded performance relative to a monostatic radar
-- reduced range and angles
-- limited engagement capability
-- degraded range and doppler resolution

- limited data and field tests

- threats insignificant

- monostatic mindset

Unique aspects and challenges of bistatic radar include:
- difficulty in measuring range
- efficient search and dealing with “pulse chasing”
- synchronization of the transmitter and receiver
- adsgnificant advantage against stealth targets: forward scattering
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Bistatic Radar (2)

Hitchhiker radars systems do not have their own transmitters, but use “transmitters of
opportunity” which include
- other radars (military or civilian)
- commercia transmitters (televisions stations, etc.)
may be cooperative or non-cooperative

Echoes from targets are received and processed by the hitchhiker radar

limited ranges and engagement
- degraded performance, especially for non-cooperative transmitters

Special cases.
R >> R, : receiver centered (standoff TX with RX on penetrating aircraft)

R, >> R;: transmitter centered (missile launch alert)
- codite (trip-wire fences; satellite tracking from ground sites)
RECEIVER CENTERED TRANSMITTER CENTERED COSITE

R N R R N
X kRX TXZ RX X U RX
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Bistatic Radar (3)

“Rabbit Ear” Radar

Once upon atime people had rabbit ear antennas on their televisions. Over arelatively
wide area around airports, e.g., LAX or SFO, almost every aircraft takeoff caused
interference with the TV. Thisisthe same situation as a bistatic hitchhiker radar:

- transmitter isthelocal TV station
- recelver isyour TV set
The picture flutter and snow are due mainly to a mix of forward scattering and direct path
sgnals
Bistatic Alert and Cueing (BAC)
- for passive situational awareness (PSA)
- standoff aircraft such asan AWACS is used as an transmitter /illuminator
- multiple dispersed receivers are used

- Important issues include bistatic clutter, ECM and cost
Multistatic Radar

. two or more receivers with common or overlapping spatial coverage

- datais combined at a common location

- usually noncoherent (example: Space Surveillance System)

- when combined coherently, the radar net is equivalent to alarge baseline array
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Bistatic Radar (4)

Naval Postgraduate School
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Bistatic radar range equation:

N[

€ RGG % gRF G, 3

~

(RrRt)maX ) §(4p)3kTan(S/ I\I)min Ll EI

S g = histatic RCS
R, R = transmit and receive path gain factors
L, L, = transmit and receive losses

Radar and target geometry:
z A TARGET

BISTATIC
ANGLE, b

R BASELINE, L
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Bistatic Radar Example

Example: A buoy is dropped in the center of a1 km wide channel to detect passing ships.
A 1 W transmitter on the buoy operates at 1 GHz with a0 dBi antenna. Thereceiver is
located on an aircraft flying directly overhead. Thereceiver MDS is—130 dBW and the
antenna on the aircraft has a 20 dBi gain.

() What is the maximum range of the receive aircraft if the ship RCSis 30 dB? Neglect
losses and multipath.

Assume that the ship is as far from the buoy as possible and that the receive antenna beam
IS pointed directly at the ship

_RGG! s _ (1)(100)(1)(1000)(0.8") _
" @W)PRR (4p)°100)°R’
(b) If the aircraft had a monostatic radar, what would be the required transmitter power?
_ PthI ’s
" (4p)°R*
The increase in transmitter antenna gain in the monostatic case more than makes up for
the monostatic R factor.

10 B¥p R =6735m

=10 p R=045W
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Bistatic Radar (5)

Define the bistatic radar parameter, K, and the bistatic maximum range product, K :
_ RGG/ s gR°R°G,
 (4p)°KTBLL

Constant SNR contours in polar coordinates are Ovals of Cassini

(Ra)?nax:kzz(sm)_ where K

(RrRt)2 :(r2 + L2/4)2 - 1%L coszq

K
S/N =
(r°+ L2/ 4)? - r?L%cos’q

Operating regions.

L > 2+k , two separate ellipses enclosing the transmitter and receiver
L < 2+k , asingle continuous ellipse (semimajor axis b; semiminor axis a)

_ _[2 L _ L
a=(R+R)/2 b—/\/a - (L/2)? e_R+Rr_2a

L = 2vk , lemniscate with a cusp at origin
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Bistatic Radar (6)

Example: constant SNR contours for K = 30 L4 (“Ovals of Cassini”)

Special cases: receiver centered (L > 2vk , R >> R ), transmitter centered (L > 2vk |
R >>R), cosite region (L < 2+k ). The maximum SNR occurs at b = 0 and has avalue

(NR)ax = K/ b*. The minimum SNR occurs at the maximum bistatic angle (along the
baseline perpendicular) and has the value (SNR) i, = K(1+ cos(29n 1(e))Z /(4b4).
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Bistatic Radar (7)

Bistatic radar operation is often limited or constrained by the maximum or minimum
bistatic angle. Contours of constant bistatic angle, b, are circles of radius

, =L/(29nDb)

centered on the basaline hisector at
d, =L/(2tanb)

D

2 1 TX 0 RX 1 2

The dimensions are distance normalized by baseline, L
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Bistatic Radar (8)

Bistatic range cells are defined by elipsoids R + R =2a. Therange cell sizeis

approximately given by
DR _ ct

” cos(b/2) ~ 2cog(b/2)
The maximum error occurs along the perpendicular bisector and is given by

a(a¢- a) _ 12 _ /2
A > gy~ Lere b= (*- (L/2)2)1 and b= ((ag” - (L/2)2)1

DR

ISORANGE ELLIPSOIDS

i

y

L/2
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Bistatic Radar (9)

A family of isorange contours is associated with each Oval of Cassini (contour of
constant (S/ N)yin ). Both equations are satisfied by the same bistatic angle, b,
yielding the equation

, d/2
€ u
(Rt R )max = §L2 +2(R R ) max (1+ cosb )';J
€ K g
|SORANGE CONTOURS TARGET 1

The SNR is different for targets at various locations on an isorange contour.
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Bistatic Radar (10)

Target location can be computed if the time delay of the scattered pulse is referenced to
the transmission delay directly from the transmitter

(R+R)=cDT +L
where DT, isthe time difference between reception of the echo and the direct pulse

Unambiguous range isgiven by (R + R )y = ¢/ f, which describes an ellipse with
semimgor axis of length c/ f,.

Target velocity is computed from the doppler shift, which in the bistatic caseis given
by

d

0 1édR+dF\’r O_ 2\
= b/2
(Rt R’)u e T qtas ] cosd cos(b /2)

I edt
d—R‘ the projection of the target velocity vector onto the transmitter-to-target LOS
TR the projection of the target velocity vector onto the receiver-to-target LOS

Vi = thetarget velocity projected onto the bistatic plane

d = angle between target velocity vector and the bistatic angle bisector
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Bistatic Radar Example

(@) A target is approaching the transmitter at 100 m/s. What is the doppler shift when the target
location on its approach is perpendicular to the receiver line of sight?

TGT
R _gi- aR _
=iy =100ms, X =0
> L RX
=26 Ao v _10_ 500,
| &dt  dtQ | 01

(b) The echo from the target arrives DT =200 ns after the direct transmission. The receive

antenna beam is 30 degrees from the baseline. Find the target ranges to the transmitter and
recelver if the baseline is 30 km.

e/ o R?=R?+L2- 2R Lcos(30°)
30° (R+Rr):CDTL +L
X L RX

Solve the two equations for theranges: R =56.23 kmand R =33.76 km

R
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Line-of-Sight Constrained Coverage (1)

Both the transmitter and receiver must have line of sight (LOS) to the
target. Example of overlapping LOS coverage for abistatic radar for a
target height of zero:

TRANSMITTER
LOS

ll RECEIVER
LOS (SLANT RANGE
TO HORIZON)

COMMON
LOS AREA

EARTH'S
SURFACE

GROUND RANGE
TO HORIZON

hy = transmit antenna height
TO EARTH _ _
CENTER h = receive antenna height
RHt » 130. h[ + htgt km h[gt = target he ght
RHF » 130, h +htgt km
L £130/h +h km for direct transmission from TX to RX
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Line-of-Sight Constrained Coverage (2)

Top view of overlapping coverage

COMMON
AREA

Common area: A, =%[R§r(fr - anf r)+R|g|t(ft - Si”ft)]

62 P2 20 62 _ p2 .20

wheref ; =2cos 1{?'%” R +L Uand f, :2cos'1<§|:‘>E|r R+ L U, The equation
2Ryl € 2Ryl

holdsfor L+ Ry, £ Ryt £ L + Ryy or L+ Ryt £ Ry £ L + Ryt (one circle does not

completely overlap the other).
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Bistatic Radar (11)

Detection of atarget requires that the target be in both the transmit and receive beams as
the pulse illuminates the target. Thisisreferred to as beam scan on scan, and it can be

accomplisned in four ways:

1. One high gain beam on transmit and one high gain beam on recelve. Thisrequires
that the receive beam follow the pulse as it propagates through space (pul se chasing)

Requires very fast receive beam
TRANSMIT scanning capability (implies an
BEAM SCAN electronically scanned phased
array)

RECEIVE
BEAM PROPAGATING
"PULSE PULSE

CHASING' /

Time consuming for search

X BASELINE RX
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Bistatic Radar (12)

2. One high gain beam on transmit and multiple high gain beams on receive.

. Complex receive array required

MULTIPLE
RECEIVE

BEAMS Rapid search of large volumes

- Only process range cells illuminated
by the transmit beam

TX RX
3. Floodlight transmit (W = W) with high gain recelve beam
4. High gain transmit beam with floodlight receive beam (W, = W)

The last two approaches are not normally used because
- Mainbeam clutter large
- Angle accuracy low
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Bistatic Footprint and Clutter Area (1)

Simple antenna beam model: 1) constant gain within the HPBW, zero outside, and
2) circular arcs are approximately straight lines. Example of bistatic footprint (for small
grazinganglesand R + R >>L):

COMMON BEAM AREA
IS APPROXIMATELY
A PARALLELOGRAM

(qu Br )(th Bt)

snb

1. Beamwidth limited: (entire shaded area) A; »
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Bistatic Footprint and Clutter Area (2)

_ o N (RrCIBr) __CtRQg
2. Pulsewidth (range) limited: A, DRcos(bIZ) = 2c0(b/2)

|SORANGE DR
CONTOURS

(SEGMENTS OF
ELLIPSES) /

N
Rx

R+R>>L

Bt
/ L
ct

DR
TX 7 2cos(b /2)

129



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Bistatic Radar Cross Section (1)

- Bistatic RCSis characterized by large forward scatter, particularly in the optical region

- The strength of the forward scatter depends on the target size and shape, aspect angle,
frequency, and polarization

. For b » 180" the radar can only detect the presence of atarget between the transmitter
and recelver. Therange isindeterminate (due to eclipsing of the direct pulse by the
scattered pulse) and the doppler is zero

- Babinet’ s principle can be used to compute the forward scatter

Example: A 2mby 5 mrectangular plateat | =1 mand b »180" has aforward scatter

RCS of approximately

4p A2
SgE» F|)2 :1260m2

If the radar can detect 5 m2targets, then the detection threshold is exceeded out the
fourth sidelobe of the sinc pattern (40° from the forward scatter maximum). This
corresponds to a bistatic angle of b » 140°. The forward scatter HPBW is approximately

| /2by!| /5radians(23° by 11°).
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Bistatic Radar Cross Section (2)

Comparison of the bistatic RCS of spheres and disks of the same diameter (f; =0)

Rayleigh region, a=0.025I Optical region, a=2.5I

40
disk
-35 ' 30}
40
20¢
S
. 10t
(qV
»n O
10
65 ] -20
. f - polarization 3 f - polarization
0 50 100 150 0 50 100 150
Bistatic angle, degrees Bistatic angle, degrees
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Bistatic Radar Example Revisited

Example: Returning to the previous example regarding a buoy that is dropped in the center
of the channel to detect passing ships. Compare the transmit power for the bistatic and
monostatic cases if the bistatic RCSis 10 dB higher that the monostatic RCS.

For an altitude (range) of 6735 m the monostatic radar required B, =0.45W assuming that

the monostatic and bistatic cross sections are the same. If the bistatic RCS is increased by
10 dB then the buoy transmitting power can be reduced by 10 dB, or

R=01W

Comments. 1. One advantage of the bistatic radar is that the aircraft position is not
given away

2. Achieving a 10 dB RCS advantage would probably require alimited
engagement geometry that puts the receiver aircraft in the target’s

forward scatter beam. Thiswould be difficult to insure with a ground based
transmitter and an airborne receiver.

3. Thereceiver dynamic range and pulse timing may be a problem
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Bistatic Radar Cross Section (3)

Bistatic RCS of a5l sguare flat plate using the physical optics approximation

120

180 ————

60

20 30
>

270
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Cross Eye Jamming (1)

The cross eye technique uses two jammers to produce alarge phase error across

the radar's antenna aperture:
JAMMER #1 :
< < 180" phase difference
RADAR
24
JAMMER #2
The jammers create two apparent scatterers that are out of phase with the following
results:
Passive Target With Cross Eye
S Channel Max Null
D Channel Null Max

Tolerances required for the microwave network: Phase: ~ 0.3
Amplitude: ~0.05 dB
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Cross Eye Jamming (2)

1. Radar wave arrives at an angle g
2. Path difference between two adjacent elements (1-2 and 3-4) is Dy

3. Path difference between two inner most elements (2-3) is D,
4. Line length between inner-most elementsis L ; between outer most elements L +p

AN
X \,\/ D,

/(\\ \\/
\\ N
N AN

WAVE FRONT

Dy \/ D2

. N
N \\ \
1 (2 3 Y 4
JAMMER #1 JAMMER #2

180°

Signal path to and from radar:

Outer elements: F 4= R+2D;+D, +L+p + R(

TO#1 '

Inner elements: F 23: R+ Dl + D2
N ~ J ;\f—/

TO #2 FROM #3[0

) _
+L+D1+R%’ID Faa+F =0
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ECM for Conical Scanning

Conical scan is susceptibleto ECM. A jammer can sense the radar's modulation and
compensate for it. Therefore the radar believesits antennais "on target” whenin
fact it is not.

A

TARGET RETURN
GENERATED BY

= npnlnonll .

A

JAMMER SIGNAL

plle alflg

TOTAL SIGNAL

It isusually sufficient for the jammer to just change the modulation (level or period)
to spoof the radar.
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Ground Bounce ECM

A jammer illuminates a ground spot. The radar receives areturn from the target and
the ground spot. The radar will track the centroid of the returns, which is an angle
determined by aweighted combination of the two signals. The centroid will bein a

direction closer to the strongest signal. Therefore the jammer signal must overpower
the target return to defeat the radar.

RADAR
TARGET/JAMMER

SURFACE

Ground bounce ECM isusually only applied at low altitudes where a strong
controlled reflection can be generated.
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Suppression of Sidelobe Jammers (1)

Techniquesto defeat sidelobe jammers.

1. antenna sidel obe reduction
2. multi-channel receiver techniques:

a) sidelobe blanking: blank the main receiver channel (i.e., turn it off)

if asignal arrivesviaasidelobe

Turn off the receiver for angles where G, x (@) > G(q)

AUXILIARY ANTENNA
PATTERN FOR

YYYYYYYYYYYYYYY SIDELOBE BLANKING
| TAUX

MAIN ARRAY Gaux () —

COMPARE

MAIN ARRAY PATTERN
G(q) T

JAMMER
DIRECTION

138




Naval Postgraduate School Microwave Devices & Radar Distance Learning

Suppression of Sidelobe Jammers (2)

b) coherent sidelobe cancelers (CSLC): coherently subtract the signal
received via the sidelobes from the main channel signa

A CSLC requires an auxiliary antenna pattern with anull colocated with the
main array beam maximum.

JAMMER
AUXILIARY ANTENNA
TYYTYYYYYYTYYYY YYTY PATTERN FOR DIRECTION
MAIN ARRAY | [_AUX ] SUBTRACTION

+ |

? _ - 5w Gaux (9) ~

MAIN ARRAY PATTERN
G(q)
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CSLC Equations for an Array Antenna

For amplicity neglect the element factor
gy = jammer angle

AF(q,) = main antenna array factor in the direction of the jammer
AUX(q ) = auxiliary antenna pattern in the direction of the jammer

Compute the complex weight:

¥(@y) = AF(@Qy)- W>AUX(qy)° 0

or, assuming that AUX(q;)* O,
W = AF(Q;)
AUX(a;)

If AUX(qj) > AF(qy) then |w [E 1. The array response at an arbitrary angleq is

)= AF(@) - ) o AUX(@)
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CSLC Performance

Example of CLSC performance for a50 element array withd =0.41 . The
auxiliary array has 8 elements with "phase spoiling” to fill in the pattern nulls.

MAIN ARRAY AND AUXILIARY ARRAY RESPONSE FOR
ANTENNA PATTERNS A JAMMER AT 40 DEGREES
30
m m 20t
° °
0 & 10
= =
o o of
o o
- ]!
= =
3- < -20}
L LL
o e
] .30}
-40
0 50 100 150 0 50 100 150

PATTERN ANGLE, DEG ARRAY SCAN ANGLE, DEG
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Adaptive Antennas
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Adaptive antennas are capable of changing their radiation patterns to place nullsin
the direction of jammers. The pattern is controlled by adjusting the relative magnitudes
and phases of the signals to/from the radiating elements. Adaptive antenna mode!:

COMPLEX WEIGHTS

Wh :|Wn|ej|:n

|Wi |/ [Wimax |

SUMMING NETWORK

|:n' I:ref
'

In principle, a N element array can null upto N - 1 jammers, but if the number of

jammers becomes a significant fraction of the total number of elements, then the pattern
degrades significantly.

The performance of an adaptive array depends on the algorithm (procedure used to
determine and set the weights). Under most circumstances the antenna gain is lower
for an adaptive antenna than for a conventional antenna.
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L aser Radar (1)

Naval Postgraduate School

Laser radar (also known as lidar and |adar) operates on the same principle as microwave
radar. Typical wavelengths are 1.06 and 10.6 mm. Atmospheric attenuation is a major
concern at these frequencies. Laser radars are shorter range than microwave radar.

Typical radar/target geometries:

DIVERGING BEAM

LASER/
TRANSMITTER

N
COLLIMATED BEAM  ~ TARGET

NARROW FIELD y -

OF VIEW\/

OF VIEW

RECEIVER/
DETECTOR

143



Naval Postgraduate School Microwave Devices & Radar Distance Learning

L aser Radar (2)

Advantages, disadvantages, and uses of laser radar:
- Small wavelength permits accurate range measurement
- Narrow beams and fields of view allows precise direction (pointing) information
. Narrow beams and fields of view implies poor search capability

. Laser radars are generally used in conjunction with other sensors:
1. With infrared search and tracking (IRST) and thermal imaging systems
to locate threats in volume search
2. Used with microwave radar to improve range and angle information

. Atmospheric effects are very important:
1. Absorption by gas molecules
2. Scattering of light out of the laser beam by particles

3. Path radiance (the atmosphere emits its own energy which appears as
Noi se.

. Typical detection range of ground based system is ~ 10 km; for spaceborne
systemsit is thousands of km due to the absence of atmospheric losses.
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L aser Radar (3)

Consider the case where the target is completely illuminated:

SPOT AREA
P 2
SOLID ANGLE »Z(Rq 5)
Wa
TARGET
LASER
SOURCE as ‘ ﬁ A,S
SPOT
= R -~
2
The laser beam solid angleis W, = A;PST = pj,B
The gain of the transmit opticsis G; = P 62p
A Qa

Thetarget isvery large in terms of wavelength. Therefore, assume that the target only
scatters the laser energy back into the hemisphere containing the radar. Then the

spreading factor is 1/ 2pR2 rather than 1/ 4pR2.
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L aser Radar (4)

Target scattered power back at the receiver:

PG[
R = 4|oR2 R2 e

The area of therecelve opticsis Ay . Assume that the transmit and receive optics are
identical

The half power beamwidth is related to the optics diameter
g =102l /D »1 /D

Introduce the optical efficiency r , and atmospheric attenuation factor. The monostatic
|aser radar equation becomes:

_8RA’s T, 23R
r | 2p3R4
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L aser Radar (5)

Laser cross section isidentical to RCS:
s = lim 4p R ‘—Vié‘
R® ¥ W
|mportant differences:
1. In practice the limiting processis rarely satisfied because | isso small.
2. The laser beam amplitude is not constant over the entire target.
3. Target surfaces are very rough in terms of wavelength. Diffuse scattering dominates.
4. Target surfaces are not perfectly diffuse nor uniform scatterers. The bidirectional
reflectance distribution function (BRDF) characterizes the surface reflectivity as
afunction of position on the target surface, incidence direction, scattering direction,
and polarization. Typical scattering pattern from a diffuse surface:
A

OPPOSITION
EFFECT

SPECULAR

DIFFUSE REFLECTION

d;

SURFACE
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| aser Radar (6)
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Examples of measured BRDFs at 0.633 micrometers

(from J. Stover, Optical Scattering)

White diffuse surfaces Black diffuse surfaces
4. BRE-B1 I [ 1. BOE-82] T
BRDF ! BROF ﬁ
3.58E-81 [ = . 8. BAE-#3 | S—
; White Untinted Polyurethane Enamal i LA
L~ Ho. 37925 on Aluninue L =
300681 ] s S | Black Spectralon WS e
TM‘W“"F"F’“MNWHQT::#W [ b-m'ml ,_N"-
< o Vhite R e
2.58E-81 l —=_Spectralon— - Black Corduroy Cloth . —""~+"
W“—“’TH-’“;\J—:\ s Ml = o S ol b
2.80E-81 *__Flat Vhite hif.lA\_ : § kN
" on Aluminem %

W i ™ Black Flocked Paper
Small receiver aperture " 5,:& e ‘-—._-._._,l,h -,_.r-"“‘“&mf—_"" Il
1.58E- le_resn]ue: speckle. | large receiver aperture I"- 2.BBE-83 _ 1 -:
averages speckle. |- F |
- | | C Martin Black
10881 4 ) | | | 1 Y R SOl N A 1.88E-12] | | . | |
DEGREES B 13 27 48 53 &7 ] DEGREES @ 15 £ 45 ] ™
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L aser Radar (7)
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System block diagram:
CW LASER - & MODULATOR
A T TR
COHERENT BEAM
REFERENCE SPLITTER
e =" oPTICS
PROCESSOR [ DETECTOR FILTER U -

Example of receive optics (Cassegrain reflecting system):

Enclosure Barrel

Filter

Refocusing
Mirror

Detector &

\
Primary A Secondary

Mirror Mirror
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L aser Radar (8)

|mage resolution test pandl (USAF)

LARGE RESOLUTION PAMELS AT SITEC-3

|mage of test panel

L aser radar image of room
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Ground Penetrating Radar (1)

Ground penetrating radar (GPR), also known as subsurface radar, refers to a wide range of
EM techniques designed to locate objects or interfaces buried beneath the Earth’s surface.
Applications that drive the system design include:

Application Depth/range of interest
archeology short to medium

wall thickness and hidden objects in walls* short

unexploded ordinance and mines short to medium

pipes and underground structures medium

ice thickness long

short: d<1/2m

medium: 1/2m<d<25m
long: d > 25 m to hundreds of meters

*Radars for hidden object detection have requirements similar to those of ground penetrating radars.
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Ground Penetrating Radar (2)

In essence, the same techniques as conventional free space radar can be used, but there
are four unique issues to be addressed:

1. Efficient EM coupling into the ground

2. Adequate penetration of the radiation through the ground; ground is lossy,
particularly above 1 GHz

3. Sufficient scattering from targets (dynamic range)

4. Adequate bandwidth with regard to resolution and noise levels

TX RX - Quasi-monostatic geometry shown
Z
AIR 4 ’\/*ﬁ* . . Largereflection from the surface is clutter
< > - Ground loss can be extreme. Examples at
GROUND  d |q/ /4 1GHz:
wet clay 100 dB/m

S fresh water 40 dB/m
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Ground Penetrating Radar (3)

10
The magjor design
i consideration isthe
attenuation in the ground.
=
[}
2
& 10
]
1
=
2 i
gm'1 ;
o ;
S i dry rock
| L Eg E?g:f After figurefrom Under standing Radar
L — - Saltwater _ Systems by Kingsley and Quegan
----- fresh water ]
10-3D — T 3
10 10 10 10

Frequency, MHz
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Ground Penetrating Radar (4)

Horizontal resolution can be obtained in several ways. One method is based on the
recelved power distribution as the radar moves over the target.

AIR *

77777
GROUND d | R

- Thereceived power is

e 4aR

R4

B u

where a isthe one-way voltage
attenuation constant.
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If d and X are known then R=~/d? + x?

can be substituted.

. The attenuation constant is obtained from

L, the “lossin dB per meter” quantity
o= at 1 mdepth 0

E at surface g
= 20Iog(e' 2 ’1)

L =20log

Therefore,

a=- In(lO' L/ZO)
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Ground Penetrating Radar (5)

Example: Return from atarget at x = 0 (d = 2 m) as the radar moves along the ground for
several ground attenuation values.

Mormalized power, dB

A0 -8 B -4 2 a 2 4 5 3 10
Distance along surface, x
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Ground Penetrating Radar (6)

Example: Returns from two equal RCStargets at x = 0 and 2 meters for various ground
loss (d =2 m). Note that higher loss actually improves horizontal resolution. Increasing

the loss per meter

Mormalized power, dB

has the same effect as narrowing the antenna beamwidth.

Solid: 3dB/m Dashed: 10 dB/m

A0 -g sl -4 -2 1] 2 4 B g8 10
Distance along surface,
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Ground Penetrating Radar (7)

Example: Stepped frequency waveform (12 pulses, frequency step size 50 MHz per pulse,
start frequency 500 MHz, PRF 10 MHz, pulse width 0.01 microsecond)

Effoctive BW = 1.3306 GHa recive B = 099007 Ghia The ground loss has reduced the
i effective bandwidth B, by about

25 percent. By the uncertainty

a1
a1

10 10 relation
2 -15 %-15 B(:‘t € 3 p
< | g Since the range resolution is
&2 || | & 2 approximately
c§-30 i | g 30 .‘ C
= g ‘ | DR» —t o
LN ;
® i | the range cell has also been
45 “ ‘ increased by about 25 percent due
B B to the ground loss.
Frequency, GHz Frequency, GHz
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Ground Penetrating Radar (8)

Cross-range can be determined in several ways:

1. narrow antenna beamwidth: Usually not practical because of the low frequencies
required for ground penetration. Small “illumination spot” required for a 2D image.

2. Power distribution variation as the antenna moves over the ground, as illustrated in
chart GPR (6): Performance depends on ground loss, variations in the scattering cross
sections of objects, depth and separation of objects, etc. 2D transversal required for a
2D image.

3. SAR techniques Ground loss limits the synthetic aperture length because it has the
same effect as narrowing the beamwidth (i.e., cannot keep the scatterer in the antenna
field of view). 2D transversal required for a 2D image.

Mobile ground penetrating radar in operation
Overdl, GPR is probably the most
challenging radar application.

GPR system design is specific to the
particular application.
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