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1. Introduction

Recommendation 337 describes the primary factors which determine frequency separation between chan-
nels. These factors take into -consideration the receiver selectivity and the transmit.cr emission spectrum.

selectivity and the transmitter emission spectrum. In order to address technical issues relating to radar spectrum
utilization, it would be useful to have available a means of calculating the radar emission spectrum based on radar
technical characteristics. A method of easily relating spectral bounds to radar technical parameters is required.
Various techniques have been developed to perform this type of anaiysis. The methods presented in this Report
develop, through straightforward calculations, a straight line first-order approximation of the spectral boundaries
of a trapezoidal radar pulse and a linear frequency modulated (FM), “chirped”, radar pulse. The techniques
outlined below are based on five major pulse characteristics which affect the radio spectrum emission characteris-
tics of pulsed radars. These are the pulse amplitude, pulse duration, pulse rise time and fajl time, and frequency
modulation of the RF carrier during the pulse (chirping).

2. Calculation of radar emission spectrum

To precisely calculate the emission spectrum of a radar, the time domain waveform is transformed into the
frequency domain through a Fourier transform. The theoretical radar pulse is an ideal rectangular pulse whose
time and frequency domain representations are shown in Figs. 1a and 1b.

As a practical matter, a rectangular pulse cannot be obtained. The leading and trailing edges of the pulse
will have a finite slope because of practical circuit design considerations. This results in a trapezoidal pulse shape
(Fig. 2a). The Fourier transform of the square of the amplitude of the waveform yields the energy-density
spectrum of the pulse. The spectrum takes the form shown by the solid curve in Fig. 2b.

In EMC analysis, it is appropriate as well as convenient to represent the spectrum by a bound, such as the
dotted curve in Fig. 2b. It is common practice to normalize the graph of the spectral density by dividing by the
peak value pt® (where p: peak pulse power level (W), and t: pulse duration between half ampljtude points (s))
and express the ratio in decibels (dB). This normalizing process yields the relative energy density in dB.
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o taken in preparmg the algorrthm [Newhousea.v.

The energy-densxty spectrum is ‘ge
i decxbels to obtain’ the relatlve energy densrt

fo«fd‘QI:m

: where Q is” deﬁned m Table 1 and B is del"ned in Flg 4

. The vathematlcal descrrptton of the frequercy spectrum of a FM pulse entalls the use’ “of Fresnel mtegrals

‘of the integral is very ted:ous and ‘must be performed with a high’ degree. of precision to obtain

L meantr f’ul results; Even when a ‘computer:is used the required precision: may not be attamed unless specxal care is
1973} To ‘overcome thrs d lty, an ap i

p
; ipresented above For the FM pulse therp
“product of fr <% /% the. spectrum approximation: reduces o th
pulse. Second, when the pmduct Bt > 2/1, the proce 1
calculations. “The ' proccdurc ‘for calculating the ‘spectrum ”bo
) [Newhouse, 1982] and shown in Fxg 1. Step 1(A) is‘used when the pulse riseti
Step 1(B) is used when the pulse nsetxme .not equal to the falitime (B, % 87).

: Srep I(A) Il' the pulse is symmemcal B, =8 and Br > Z/n: calculate the crmcal frequencres A j;, A /._3,", :
A ﬂ,, A ﬁ, 3s shown by equauens (4a) (4b) (4c) and (4d) Ty : '

Baneathitl i @
Bfye =2 (@)
where; | ‘ ; S , L S 5
B = Sy 4- fi from Fig. 4; and

o= fo= U ¥ f2 . 3 _ ,
The spectrum is. now symmetncal about ﬁ., so. the same plot can be used l‘or posmve and negatw ,halves,
ey j; i . “

, Step I(B) When the pulsc is asymmetncal (8 = 5;) and B‘t > 2/7t ntlcal frequencxes may bc calcula,tedf :
3 usmg the followmg equanens : i A ,

Afy = ii[g] S

T-}.Ty

/ 1 ﬁ 1174 ‘1:'1;/,2 " 1 e 1
ke [z] SE R

[5( + 5,] o B ( 7 )

When thc spectrum is asymmetncal posxtwe and egatlve halves must be plotted separatcly, because‘ o
fo# foas shown in equanon (3) e :
For positive Af

5, + 85, (6a)
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For'negative Af: o

8+8,
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8h-= 1 545 [ :

8 + 38, M M«f:l_,(f‘k'llcﬂﬁ5>l/n) , , H( )
- \,2(5’”_*_5!)% . ~’ i ; - Sl

| (vhen B3 < 1)

For M N and Q values used here, see Table I.
‘ Step 2:: Draw hne 1 horizontally through 0dB (Fxgs 7 and 8)

Step 3:. If Afyis less than l/(n&) use Fxg 7-and" draw lme 2 wuh a'slope of -20 dB/decade stamng on '
line'l at Af. , .

I Afyis equal to or greater than 1/(1':5) sklp thxs step and use Fxg 8 for the next step
Step 4: Draw line 3 with a slope of - —~40 dB/dccade stamng on line 1 at Afyin Fig. 7 or F\g 8.
Step 5+ Locaté point “a” or “a“’ at 6.dB down from 0 dB at Aj; or Aj; in Fxg 7 or Fxg 8 respecnvely
Step 6: Locate point b" or “prm at Aﬁ, or Afty on line 2 in Fxg 7 or on line 3 in F:g 8 respectwcly

Step 7: Draw line 4 or line 4 through pomts a” and "b" in Flg 7 or through pomts a'” and “b”' in
Fig.'8. ,

" TABLE I — M, N and.Q values for equations (3), (6) and (7)

i : ~ Positive frequency. Negative ffr.quency
. Constants. shift shift

N 8+ 5;

) +1 R T

Spectrum bounds: For the sntuatmn where Al < 1/(1:8), the spectrum is bounded by a_curve: as described
by lines 1, 4, 2 and 3 in-Fig. 7. If A j}, > 1/(1:6). the spectrum would be: bounded by a curve as described by .-
lmes 1, 4 and 3 in Fig. 8. : '

The peak encrgy densny level (pd) correspondmg to the 0 dB level in ans 7 or 8 is calculated as follows:

Cpa= (Pfo/ﬁ) Joules/Hz o } : 8

where: .
o B: frequency deviation durin-g pulse (Hz),
: pulse w:dth at the base of the. pulse (s)-

" The techniques presented above are imethods to calculate a ﬁrst order approxnmatxon of a pulsed radar
emission spectrum. The bounds obtained wuh these techmques are within one dB of ‘the peaks of the main lobe
and major side lobes of thc pulsed emission spectrum envelope. These techniques are a reasonable approximation
of the emission spectrum boundary up to a value of Af eorrespondmg toa spectral power density between 60 and.
70 dB below the peak energy level. In this region, noise and distortion generated in the ‘high' power output stages :
create a noise flaor which deim:aaiec thasepnectriim bounds for larser values of A/ :



g =

b e | i it e i

11
I
b
8
|
|
||

Relative energy density (dB)

o~ --——-——‘-—-—-—-

<t Afy A, Af,Af,v 1/=8

Frequency deviation-A f from carrier f,
. (Ioganthmm scalc) :

FIGURE 7 — Spectrum bounds for a linear FM pulse when A f, < N

X
b
I
il

Retalive Cncfgy dcnsity (dB)

F reqncncy devxauon Af from cartier j;
(loganthmxc seale)

FIGURE 8 — 'S'pe‘c‘trumrbounds‘ for a linear F M pulse when Af ‘,; _18.

3. Sample calculations of fadar emission’spectrh;ri'envelgpe‘ a

Example |, = kTrape'oidal pulse .

ST = 6 x 10785
8, T 0.2 x 10“5
: 5/ e 0,35 % 10-6 g
' Slep 1: Calculate cnucal frequéncies A j} and A f usmg equanons (1a) and (Ib).k

T o 1|:(6 107 6)

[ +1 T M B O
575 7 702 03] "o X0

= xT6x10-59025 x 10=61172

53 1 kHz

= 259.9 kHz
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. ~Step 2: In F|g 9, draw hne 1 honzontally through 0 dB on the ordmate representmg the peak energy level
: Slep 3 Startmg on lme l at A/i draw line 2 with a s]opc of —20 dB/decade :
Step 4: Stamng on line I at Af; draw line 3 wnh a slope ol‘ =40 dB/decade

The spectrum bounds are descnbed by lmes 1, 2 and 3 To determme the’ accuracy of thlS approxlmatlon
technique, the emission spectrum envelope was calculated. The calculated spectrum is plotted on: Flg 9 usmg the
symbol *-"to des:gnate representative points.on the spectral power densxty function..

; The peak energy dens;ty level correspondmg to the 0 dB pomt is calculated as fcllows
Assume: peak power(p) = l x lO" W, and £
from equation (2)

Pa. = (pth)
o= (1 x 109) (6 X lO“")' ‘
S =136 2R e DR Joules/Hz. .

1‘ afy

-10

=30

Relali‘ve'energy‘ clcnsily ((’jiB)* :

s an " Hodt

=60

107 e s 1072 T e R N [ L

" Af (MH2)

i FIGURE 9 — Relative eﬁei-gy dénsity of a trapezoidal pulse in Example P SR

Exnmp[e 2 - Lmear chirp pulse

To illustrate the procedure for determmmg the approximate bounds on the spectrum of a typlcal chlrp
pulse, the’ followmg example is considered where the pulse parameters are: i

B = 1x 10°Hz, positive deviation
T, = 102 x 107%s

8, = Bp= 1Ux 1075

T =101 x 10745
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Calculanons

aSlep I Dczcrmme lf B > 2/(7tr) nd |f Lhc pulse is symm ncal

L U 1
Ap = 2[ o*‘s BT

-

CAfyy — 2Af,: 1 lO’Hz e

' Now plot thc spectrum bounds as follows and as shown in th 10
- Step 2; Draw line 1 honzontally through 0 dE
Srep 3 Is Aj; > 1/(1:8)"

L/(18) = 105/ = 032 x 10° Hz which is
txon of the spectrum bounds. Proceed to-step 4.’

; ha;pi A ﬁ,. Therleforc line 2 is}hbthS:d in rthe approécima-l ‘

‘«,Step 4 Startmg on. lme tin Fxg 10 at A,f AJS, dtaw lme 3 thh a slopc of 40 dB/decade '
6 dB down at Af Aj;,,. oo ' ‘
4 Srep 6: Smcc Afb* > ;,I /

Step-5: Locate pomt

), t'ar th:s example locate pomt b at A f = A ﬁ,,, on lme 3
i .‘S(ep 7: Draw llne 4 through pimnts aand b ' ‘ :

‘Thc approxlmate bounds of the spectrum are formcd by the solxd lmes 1,4 and 3on Flg 10. Lme 2 is not
used in this particular’ example because Afy > 1/(1:45) The pulse is symmetncal therefore the spectrum is also
symmetrical and. xhe plot can be uscd for either: posmve or ganvc values of Af :

“The peak cnergy densxty leve» orrespondmg to thc 0 dB ‘poir

is calc-ulated ;?15 fqllow;:"ﬁ;

;Assumc peak pcwer ( p) - 1 x lO‘

: kFrom equanon (8)

00 = /Bl e e
; =f(1 x 106)(102 X lG“)/l X 1061
= 10.2"x 10“ : Joules/Hz

yre: cxamplc the spectral power densuy function, calculatcd
'lg, ~9'usmg the symbol *." to desxgna:e repr&scntanve points on

To ‘indicate the accuracy attamed in Lhc
using fast Foutier transform, is also plotted in’
. ’the spectral power densxty function, ... vl

'<_-

, “The - accuracy of bounds. obtamed wuh the methocl descnbcd varies. over. thc spcctrum bemg best for

values of Afof greater than 3B. At this value, the difference between the ap, roximated bound and the theoretical

. bound is less than 1 dB. As A fis increased -further, the theoretical bound tends to approach line 3 a,ympzoucally,,
and the crror rapldly approaches ero In the rcglon ed by lme l the error usually is i the order. of
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e : The Iérgest error occurs in‘the region representcdl’qy line 4(F|g 10). For lorjg, symm:tric‘al pulses: the
apror here -is usually less than 6 dB, but for aaymmetpica_l”pu:l;ﬁs.' especially when 1, is-not much larger than
ceither§, or 8y, the ‘efror may be as:much.as -~ Because tine 4 is used to represent only a-small part of the

sverall spectrum, recognition that an error can xist in this region is sufficient for most spectrum analysis.
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FIGURE 10 - Rélalive energy density of a linear F M moduldléd pulse in Ekxampl'ek 2.0

4. Conclusions

It is important to recognize that the techniques presented above are first-order approximations of pulse
“radar emission -spectrum shapes. However, ‘the techniques summarized in this Report: are of value in: most

spectrum analysis _problems because of the straightforward . calculations involved :for a reasonably - accurate

spectrum approximation, Some examples of spectrum analyses to which these techniques would be -applicable are:
preliminary assessment of radar interference potential as described in Report 654; and radar frequency assignment
_procedures.. These procedures can also be of ‘value 'in” assessing - the spectrum requirements for existing radar

systems. ‘ L L Cae : B Sl

_REFERENCES

USA.

NEWHOUSE, P [February, 1973] ‘Bounds on the ’Sﬁéctrum of a CH'IRP pulse. TEEE Trans. Elecrroniagf' Compt., Vol. EMC-15,

MASON and ZiMMERMAN (1960) Elecrric Circuits, Signafs and Sy;{ems‘: John ;',,:Wilcy"ahd Sons Inc., 237, New York. NY.

NEWHOUSE. P, '5[198'2] A snmphﬁed rﬁethodii'fbr:‘calc‘i:l,ali‘ng the bo,ixhds on the cmission speétra of chirprddar‘s (Reviéed

Edition), ‘Electromagnetic: Compatibility Analysis Center {ECAC), ESD-TR-81-100. US Dept. of-Commerce, National’
Technical Information Service, Springfield, VA 22161, USA. . . ~© oo o




