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Radar Equation Revisited: Energy Matters

. : 2

Generalized radar equation for Ae .

one or more scatterers, distributed P, = / Pt A /\2R4 77(33) dV;
over a volume:

Assume volume is filled
with identical, isotropic
scatters

The “soft target” Radar Equation

Notice! P,». X P[ T Units of energy (W x sec = Joules)
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Range Resolution / SNR Coupling

For a given noise level, then, more energy on |
target means better SNR. P x P T

Longer pulses have more energy.
BUT they have worse range resolution:

FIGURE 20-4 =
SR = C_T Individual responses
2 from two point
targets separated by
the Rayleigh
resolution.

Amplitude

Individual matched filter response for Rayleigh
separation between peak and first null (-6 dB
mainlobe width)

Time Delay

How do we solve this problem?
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Bandwidth of a pulsed signal

Spectrum of simple rectangular pulse has sinc shape, with sidelobes half the width
of the central lobe and continuously diminishing in amplitude above and below
main lobe

FREQUENCY —*

A 1 microsecond pulse has a null-
to-null bandwidth of the central

lobe =2 MHz _ 2
“null to null” bandwidth Bnn =

T
—| |t

Two possible bandwidth measures:

“3dB” bandwidth B3dB = l

Unless otherwise specified, assume
bandwidth refers to 3 dB bandwidth




Bandwidth 1s inversely proportional to pulse length

FREQUENCY FREQUENCY

Shorter pulse (—) Larger bandwidth

(good range resolution,
worse SNR performance) 5




Breaking range resolution / energy coupling

Can we increase bandwidth (better range resolution) WITHOUT decreasing
pulse length (keep good SNR)? If we can, we could have the best situation.

|deas?
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Breaking range resolution / energy coupling

Can we increase bandwidth (better range resolution) WITHOUT decreasing
pulse length (keep good SNR)? If we can, we could have the best situation.

The key:

Use a long total waveform (high energy) but modulate the waveform as we send
it (increases bandwidth).

Possibilities: Ve
Amplitude code (uncommon) sl e+ ==+ -
Phase code

(e.g. binary or polyphase) os -} 1
(e.g. linear frequency ramp g4

or “Chil’p”) _(11:2 U .

05 0.5
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Reassembling the Energy: Matched Filter

We send a modulated pulse of total duration T = Nt. The modulation

spreads out the total energy in the pulse across more frequencies than
the overall pulse envelope if it was not coded.

How should we process the echo to find the modulated sequence, and

pile up all the energy we sent in a range cell the size of an individual ‘chip’
or phase transition (This is our goal)?

Baud
Nz—ch.i.p / <
+ + + - — + -
e
Tchip
<€ >
Envelope (energy) Emile Baudot

1845-1903



Detection of signal in “white Gaussian noise’
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Exponential pulse buried in random noise. Sine the signal and noise overlap
in both time and frequency domains, the best way to separate them is not

obvious.



Most important constraint is to match the bandwidth of signal
you are looking for
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FIGURE 17-8
Example of optimal filters. In (a). three filter kernels are shown. each of which 1s optimal in some sense. The
corresponding frequency responses are shown i (b). The moving average filter 1s designed to have a
rectangular pulse for a filter kernel. In comparison. the filter kernel of the matched filter looks like the signal
being detected. The Wiener filter 1s designed in the frequency domain, based on the relative amounts of signal
and noise present at each frequency.
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The Matched Filter

6.

SIGNAL

NOISE

RECEIVER
BANDWIDTH

i |“1|

FREQUENCY ——»

i

L |I|.

Noise in receiver output is proporfionol to bandwidth of receiver.
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. Signako-noise ratio may be maximized by narrowing the

passband of the IF amplifier to the point where only the bulk of

the signal energy is passed.

The matched filter is a filter whose impulse response,
or transfer function, is determined by a given signal,
in a way that will result in the maximum attainable
signal-to-noise ratio at the filter output when both
the signal and white noise are passed through it.

The optimum bandwidth of the filter, B,
turns out to be very nearly equal to the
bandwidth of the transmitted code
sequence.

Its impulse response is the coded
sequence you sent!

Note: noise doesn’t have the coded
sequence you sent (it’s random) so it
doesn’t correlate with the transmitted
code - and won’t add up coherently!

N z-chip

N N N I Target echo

Tchip

T a1 Matched filter
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Typically Used Modulation Patterns

Amplitude domain phase code (Barker code): Cross-section with better
spatial resolution. Spectral ambiguities though, induced by code properties.

Set of codes, each one a phase pattern (alternating code): measure ACF with
good SNR and high spatial resolution. More complex signal processing /
bookkeeping compared to an uncoded pulse.

Barker codes are a nice
mathematical set for phase

modulation. Decoding

(matched filter) done in

amplitude domain by

[ I
f:lu.',ulul:l'J

multiplying voltages by the

known code pattern.

Maximum compression for S S OSSR

n=13 code. | S AL S Bt R R
' i 2 i Tim R L i T B

Fi6. 0. Range=time diagram for a Barker-codad pulse, which is split into seven
elements with + or — phases. as shown. The contributions of thc 49 cells are
obtained by multiplication, as shown. Only at the central range co these
consistently add up to give a sum of +7 contributions. At the other ranges the sums
are zero or —1. so nearly all the signal comes ‘rom the central range.
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Evaluating Codes: Radar Ambiguity Function

Complex convolution

Matched filter expression x

(equivalent to correlating y(@) = / Xp(a)x™ (@ — t)do

RX signal with a copy of ~ 1 )

TX pattern) Output RX signal TX pattern

Computing this assuming S N T 7 baud Barker code

chip

a perfect returned signal
from a point target tells 8

you what the ambiguities 09| | We want this
are in range when the -
target is not moving (zero % 06 /

Doppler). 09| / \

It's the autocorrelation /
function of the TX pattern! 01 /\m W/\Y/\
We don’t want these
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Evaluating Codes: Radar Ambiguity Function

Matched filter results B : B .
when target has a A(t, Ja) = l/x(“) exp (j27 fa) x™ (o — 1) do
Doppler shift T T

Output

RX signal TX pattern
(now with Doppler)

Evaluate in a 2D sense
over range AND Doppler
= Radar Ambiguity

Function. Ideal radar

ambiguity function:
Delta function in
range and Doppler
at (0, 0).

Shows the code’s
response to range and
Doppler in places other
than where you want to
be looking.

Doppler(tT)

This (Barker code)
IS not one of those!
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Image processing analogy: Blurring kernel

Gaussian blurring kernel

1 *215!
G(x‘y) — e_ 2o <

Qmo?

« Three pixel radius

@ Ten pixel radius

ISR 2016 Workshop: Sodankyla 2014-07-25 to 2014-07-29 (Wikipedia / CC)
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Barker Codes

T

Ambiguity

.JIIII'I'I'

(Hemselman, 2003 EISCAT School)

Barker Codes
+4++—+

R N T
+4++———F——4-—
++++4+——++—+—+

|

Figure 8.5

Contour plor

The

(&)
7 Barker signal: (a) 3-D view. | figure 8.6
Fig. 85.

ambiguity function of a lengt

-28 -1.4 0.0
Delay

A zero-Doppler cut of the ambiguity function of the Barker signal in
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Alternating Codes: Avoiding Code Induced Ambiguities

Barker code was one modulation pattern repeated identically for each pulse (and
decoded in the voltage domain).

What if we used a set of codes, each with a different sidelobe pattern?

What if, further, we arranged these codes mathematically so that when we
decoded them, formed their ACFs, and added the ACFs all together, we could
cancel all the range sidelobes except for the central peak?

Codes which do this: alternating codes (Lehtinen and Haggstrom, 1987).

The penalty is more bookkeeping: we need to match filter each individual code,
save its statistical ACFs separately, and then add together all the ACF estimates
at the very end. Sidelobe cancellation occurs in the second moment (power)
domain — some ranges in ambiguity function give positive contribution for
iIndividual codes, some give negative contributions.
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Alternating Codes

(coded long Alternating Codes and Coded LL.ong Pulse
pulses use a

similar idea,
but
cancellation
happens in a
statistical
rather than
deterministic e
sense.) T RN T h e

Gy Oy O 03 04 Qs G35 Q7

Fig. 3. The actual alternating codes of eight elementary
pulses satisfying the strong condition.

Fig. 4. The range ambiguity functions of the 16 codes in
Figure 3 for lag 2. At the bottom, the decoded six peaks
(Hcinsclman. 2003 EISCA'T SChOOl) are shown. The signs of summation for cach of the six
’ decoded peaks are shown in the six columns on the right
of the range ambiguity functions.

Coded Long Pulses use quasi-random codes to cancel range sidelobes. Sulzer, 1986
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EISCAT VHF Coding Use (2016-07-26)

3.2.3 manda 3.2.1 beata
Version 4.0 Version 20
Raw data available Yes Raw data available -
Plasma line - Plasma line Yes
Transmitter frequency 223.4 MHz Transmitter frequency 223.2 MHz
Integration time 4.8s Integration time 5.0s manda VHF beata VHF bella VHF tau7 VHF
Code Alternating, 61 bit, 128 subc Code Alternating, 32 bit, 64 subcycles T T T T
Baud Iength 2.4 S Baud length 20 us 2000 12000} 12000} 12000
Sampling rate 1.2us Sampling rate 10 us (0.4 us plasma line)
Subcycle length 1.5ms Subcycle length 5.58 ms 1800} {1800} {1800} {1800}
Duty cycle 0.098 DUty Cy0|e 0.115
1600F 11600} 411600} 41600}
1400} {1400} 11400} {1400}

' 1200f {1200} {1200} 1200}
X,
Q
Table 3: EISCAT VHF radar standard experiments. The top three experiments §1ooo 1000 1000 1000
have tri-static support. i ] i | i i
Code | Baud | Sampling Range Time Plasma | Raw 500 800 800 800
Name length | length rate span resolution line data sook 1 600l 1 600l sook
[bit] [us] [us] [km] [s]
manda 61 2.4 1.2 19-209 4.8 - Yes 400} 4 400} 4 400} 400f
beata 32 20 20 52-663 5.0 Yes -
bella 30 45 45 63—-1344 3.6 Yes - 200 { 200} {1 200} 200 / -
tau7 16 96 12 50-2001 5.0 - - _/
arc_dlayer 64 2 2 60-139 5.0 - - °o=__of5 T % o1 % o 1 % o
taut 16 72 24 104-2061 5.0 - - Efficiency Efficiency Efficiency Efficiency

Figure 2: Overview of the ranges covered at the EISCAT VHF radar by
experiments used in the common programmes.
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EISCAT Svalbard Coding Use (2016-07-26)

3.3.2 folke
Version 1.0
Antenna SRS 32 T, GRO=Part=dmii
Raw data available -
Plasma line Yes-ter42-my (H\V fail)
Transmitter frequency 500.2 MHz, 499.7 MHz and 501.0 MHz
Integration time 6.45 manda ESR ipy ESR beata ESR tau7 ESR folke ESR
Code Alternating, 16 bit, 32 subcycles 2000  J2000f = J2000f = {2000} = {2000}
Baud length 60 us
Sampling rate 20 ps (0.667 ps plasma line) 1800¢ 1% 18T 1% 1%
Subcycle length 2 x8.04ms (32m) + 3.92ms (42m) = 20.0ms 1600k 11600l 11600l 11600l 11600l
Duty cycle 0.192 (32m) + 0.048 (42m) = 0.240
1400} 411400} 411400} 411400} 411400}
Table 4: EISCAT ESR radar standard experiments. 'E 1200 11200F 11200F ' 1200\ 11200F
Code | Baud | Sampling | Range Time Plasma | Raw =
Name | length | length rate span resolution line data e 1000 11000r 11000r 11000r 11000
[ort] lus] lus] ) 5] i 800} 1 soof 1 soof 1 soof 1 soof
manda 64 4 2 23-361 4.0 - Yes
ipy 30 30 15 28-509 6.0 Yes | Yes sool 1 600l 1 ook sool { 0ol
beata 30 50 25 45-645 6.0 Yes Yes .
tau7 16 120 5 39-1351 6.0 Yes - 400} { 400} 400} 400} { 400}
foke | 16 | 60 20 | 43-1014 | 64 : : g /
(dual) 16 60 20 43-555 6.4 Yes - 200 1 2901 200F 200F 1 2901
arc_slice 64 6 6 85481 0.5 - -
tau0 16 60 20 53-1297 6.4 - - % o5 1 % o5 1 % o5 1 % o5 1 % o5 1
steffe 16 105 15 34—-1021 6.0 Yes _ Efficiency Efficiency Efficiency Efficiency Efficiency
faro 12 28 ;g 21;:;283 2:2 - - Figure 3: Overview of the ranges covered at the EISCAT ESR radar by the
(dual) 16 50 25 47-830 6.4 ] ) experiments used in the common programmes.
hilde 16 96 16 34-917 5.1 - -
(dual) 16 32 16 34-963 5.1 - -
16 60 20 35—-1288 5.1 - Yes
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