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Abstract: This paper deals with the minimum detection range versus maximum signal to noise ratio (SNR) for several 

choices parameters like (peak power percent, radar cross section (RCS), antenna gain, coherently pulses, and duty cycle) by 

using MATALAB simulation program, these programs have been developed to make them easy for any user of evaluating the 

radar range and SNR equations and make them so faster and more convenient. After enter the input these parameters, the 

programs will calculate the detection range and SNR of a radar system and view the result as graphically. 
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1. Introduction 

Radar is an instrument that radiates electromagnetic 

wave in the space, which detects and locates of objects. 

Today, it is widely used for velocity estimation, imaging, 

and many other functions. The principle of radar operates 

likes to sound wave reflection. If any wave sound incident 

on the object (target) (like rocky canyon and cave), it will 

be reflected and heard, this sound wave reflecting is called 

echo. If sound speed is known, we can estimate the distance 

and direction of the objects [2, 3, 5, 14, 10].  

Radar systems are composed of a transmitter that radi-

ates electromagnetic waves of a particular waveform and a 

receiver that detects the echo returned from the target. Only 

a small portion of the transmitted energy is re-radiated back 

to the radar. These echoes will processed by the radar re-

ceiver to extract target information such as (range, speed, 

direction, position and others). The range to the target is 

evaluated from the travelling time of the wave. The direc-

tion of the target is determined by the arrival angle of the 

echoed wave. The relative velocity of the target is deter-

mined from the Doppler shift of the returned signal [8, 14, 

18, 20]. 

Radar can be classified in terms of ground based, air 

borne and ship based radar systems. Also can be classified 

into numerous categories based on the specific radar char-

acteristics, such as the frequency band, antenna type, and 

waveforms utilized, also classified by the types of wave-

forms or operating frequency [9, 14, 20]. 

The goal of this paper includes a discussion of several 

forms of the radar equations, and one of the equations of 

radar theory is the radar range equation, including those 

most often used in predicting radar performance.  In this 

paper, we use MATLAB simulation program to represent-

ing the radar range equation, and plotting it versus with the 

signal to noise ratio (SNR) for several choices of parame-

ters (like radar cross section  – RCS , and peak transmit 

power – t
P ), and their effecting on the detection range and 

SNR performance. Also refers to low pulse repetition fre-

quency (PRF), and high PRF. 

2. Range 

The distance of the target (object) is determined by trav-

eling of electromagnetic waves at speed of light, 

( )sec/103 8 mc ×= . The target’s range ( )R , is computed by 

measuring the time delay t∆ , it takes a pulse to travel two 

way path between the radar and the target, as following[2, 3, 

6, 8, 14, 18]: 

2

.ct
R

∆=         (1) 
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The factor of (1/2) is needed for two way time delay. If 

the respective travel time t∆  is known, the distance 

between a target and the radar can be calculated by using 

this equation. In general, most functions of radar are time 

dependent. The time synchronization between the transmi

ter and receiver of a radar is required for range measur

ment. Radar radiate each pulse during transmit time 

or pulse width τ , and wait for returning echoes during 

listening or rest time, and then radiate the next pulse, as 

illustrated in figure (1). The time between the beginning of 

one pulse and the start of next pulse is called pulse repet

tion time ( )PRT , and is equal to inverse of pulse repetition 

frequency ( )PRF as follows: 

PRT
PRF

1=  

The radar transmitting duty cycle (factor) 

fined as a ratio Td
t

/τ= . The radar average transmitted 

power is: 

ttave
dPP ×=   

Where (Pt) indicate to the radar peak transmitted power. 

The pulse energy is: 

avetp
PPE == τ

Figure 1. Transmitted and received pulse

3. Theoretical Minimum Detection 

Range and Maximum SNR

The radar range equation is not derived from first princ

ple, but it has been developed from several steps. The total 

peak power (watts) developed by the radar 

is applied to the antenna system. Consider the antenna had 

an isotropic or omnidirectional radiation pattern (one that 

radiates energy equally in directions), the power density 

( )
D

P  (Watt per square meter) at a distance 

from the radiating antenna would be the total power divi

ed by the surface area of a sphere of radius 

14, 8]. 
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Where (Pt) indicate to the radar peak transmitted power. 

r
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ave
f

P
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Transmitted and received pulse. 

3. Theoretical Minimum Detection 

NR Equation 

The radar range equation is not derived from first princi-

ple, but it has been developed from several steps. The total 

peak power (watts) developed by the radar transmitter ( )
t

P , 

is applied to the antenna system. Consider the antenna had 

an isotropic or omnidirectional radiation pattern (one that 

radiates energy equally in directions), the power density 

r) at a distance ( )R  (meter) 

from the radiating antenna would be the total power divid-

ed by the surface area of a sphere of radius ( )R [2, 3, 5, 6, 

The power density at range 
(

P

Where 
( )

t
P

is the peak transmitted power and 

the area of sphere of radius 

rectional antenna pattern in or

density in a certain direction, which is usually characterized 

by the gain 
( )G

, and the antenna effective aperture 

they are related by: 

The antenna gain 
( )G

 is directly proportional to ape

ture, and the dimensions of an antenna depend on the gain 

( )G
 and wavelength

( )λ
. The higher the frequency, the 

smaller the antenna, or the higher 

mensions. 

The relationship between the effective of antenna ape

ture 
( )

e
A

 and the physical aperture 

ρ
is indicated to aperture efficiency, when 

gain in transmitting is equal to receipting. When using a 

directive antenna of gain 
(G

given by: 

P
D

When the incident transmitted signal collide on the target, 

the signal will induce time varying currents on the target so 

that the target now becomes a source of radio waves, part 

of which will propagate return at the radar, the power r

flected by the target toward the radar 

the product of the incident power density and the radar 

cross section (RCS), which is symbolized 

get, and is given by: 

=
r

P

By substituting equation (7) in equation (8), we get:

P
r

=
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( )R
 away from the radar: 

24 R

P
P t

D π
=               (5) 

is the peak transmitted power and 
( )24 Rπ

 is 

the area of sphere of radius 
( )R

. Radar systems use a di-

rectional antenna pattern in order to concentrate the power 

density in a certain direction, which is usually characterized 

, and the antenna effective aperture 
( )

e
A

, 

π
λ

4

2
G

A
e

=               (6) 

is directly proportional to aper-

ture, and the dimensions of an antenna depend on the gain 

. The higher the frequency, the 

smaller the antenna, or the higher is its gain by equal di-

The relationship between the effective of antenna aper-

and the physical aperture 
( )A

is: 

 

is indicated to aperture efficiency, when 
1=ρ

, the 

gain in transmitting is equal to receipting. When using a 

)G
, then the power density is 

24 R

GP
t

π
=               (7) 

When the incident transmitted signal collide on the target, 

signal will induce time varying currents on the target so 

that the target now becomes a source of radio waves, part 

of which will propagate return at the radar, the power re-

flected by the target toward the radar 
( )

r
P

 is defined as 

duct of the incident power density and the radar 

cross section (RCS), which is symbolized 
( )σ

 of the tar-

σ×=
D

P                 (8) 

By substituting equation (7) in equation (8), we get: 

24 R

GP
t

π
σ=                (9) 
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When the signal reflected from the target toward the radar 

systems over a distance
( )R

, the power density 
( )

Dr
P

 

return at the radar is: 

24 R

P
P r

Dr π
=       (10) 

By substituting equation (9) in equation (10) we get: 

( ) 42
4 R

GP
P t

Dr π
σ=      (11) 

The total power received ( )S  by antenna receiving of 

effective area of ( )
e

A  from a target at range ( )R : 

eDr
APS ×=       (12) 

From equations (6, 11, 12) we get: 

( ) 43

22

4 R

GP
S t

π
σλ=      (13) 

The received power ( )S , can be written in terms of sig-

nal-to-noise ratio (SNR), and thermal noise power 

( )BFkT
0 , where ( )k  is Boltzmann’s constant and is equal 

to ?3 101.38 × , ( )
0

T  is the noise temperature of the radar, 

( )B  is the noise bandwidth of the radar receiver, and noise 

figure ( )F . Substituting in to equation (13), we get: 

( )
min00min

SNRBFkTS =     (14) 

From equations (13) and (14) we get: 

( ) ( )

4/1

min0

3

22

max

4








=

SNRBFkT

GP
R t

π
σλ

  (15) 

Or equivalently: 

( ) ( ) 4

0

3

22

min

4 BFRkT

GP
SNR t

π
σλ=    (16) 

Where ( )
min

SNR  is the minimum detectable SNR of the 

system. It is an important relationship for radar designers. 

If greater detection range is desired, then significant im-

provements to antenna gain or transmitted power must be 

realized, and the other parameters are often fixed. 

The (SNR) is signal to noise ratio units in decibel (dB), 

when transform the units from system international of units 

(SIU) to dB we use the relationship: 

( )siudB
10

log10=  

And inversion, when transform from (dB) to (SIU) we 

use: 










= 1010

dB

siu  

3.1. Low Pulse Repetition Frequency (PRF) Radar  

Equation 

A low PRF is unambiguous in range but ambiguous in 

Doppler. Radar cannot be unambiguous in range and Dop-

pler at the same time. It always depends on the (maximum 

range, atmospheric signal attenuation, transmitter power, etc) 

whether using a given PRF yields ambiguous ranges or not. 

In reality, a single pulse with a single return can't really be 

trusted as a reliable radar detection, for this reason radars 

usually send multiple pulses )(
p

n , and we can defined 

)(
p

n  as follows[1, 7, 14, 8]: 

rip fTn =       (17) 

Where ( )
i

T  is the time that a target is illuminated by the 

beams, )(
p

n  is number of pulses that collides the target, 

and ( )
r

f is the PRF. For a low PRF, the signal pulse radar 

equation is: 

( ) ( ) BFLkTR

GP
SNR

e

t

43

22

1

4

1

π
σλ ×=    (18) 

And for (n) pulses we get: 

( ) ( ) BFLkTR

nGP
SNR

e

pt

np 43

22

4π
σλ ×

=    (19) 

Now , substitute equation (17) in equation (19) we get: 

( ) ( ) BFLkTR

fTGP
SNR

e

rit

np 43

22

4π
σλ ×=    (20) 

3.2. High Pulse Repetition Frequency (PRF) Radar 

Equation 

High PRF radars are ambiguous in range, but is unam-

biguous in radial velocity. Thus when the receiver selects 

the central line, the spectrum is identical to the CW case. A 

high PRF gives greater range to the beam by putting more 

energy into each pulse. But, because multiple pulses will 

have emitted before one has returned from a long distance 

target, the range information cannot gives directly, for this 

reason we could computed from Doppler information. We 

consider high PRF radar that uses a periodic train of very 

short pulses. The pulse width is ( )τ  and the period is (T). 

This pulse train can be represented by using an exponential 

Fourier series. The central power spectrum line (DC com-

ponents) for this series contains most of the signal’s power. 

For a peak transmitted power ( )
t

p , the average power in the 

central line is ( )2

t
d , compare with the average power of 

the transmitted waveform of ( )
tt

dp . Thus, the signal pulse 

radar equation for a high PRF radar (in terms of DC spec-

tral power line) is[1, 4, 7, 10, 14, 19, 8, 11]: 

( )
re

tt

BFLdkTR

dGP
SNR

43

222

4

 

π
σλ=     (21) 

Where, in this case, one can no longer ignore the receive 

duty factor since its value is comparable to the transmit 

duty factor. In fact, ( )
rtr

fdd τ=≈ , it follows that: 
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( ) FLkTR

GTfP
SNR

e

irt

43

22

4π
σλτ=     (22) 

and finally 

( ) FLkTR

GTP
SNR

e

iave

43

22

4π
σλ=     (23) 

Where rave
fP τ= , and i

TB /1=  note the product iave
TP  

is a “kind of energy” product, which indicates that high 

PRF radars can enhance the detection performance. 

4. Results and Discussion 

To convert from the SIU to dB, should use first the 

MATLAB function “pow2db” and/or function “db2pow” 

when to convert from dB to SIU.  

Figure (2) represents the equations (15 and 16), which 

are programmed by MATLAB simulation, observation of 

these plots shows the detection range versus SNR or (SNR 

versus detection range) for several choices like peak trans-

mit power, antenna gain, and RCS. Can be seen that the 

detection range decreases exponentially with SNR increas-

es, at approximately SNR= < 25dB, we observe that the 

curve lines are separated and spaced between them which is 

very clear and significant, but at SNR > = 25dB these curve 

lines, which represents the detection range be approaching 

each other and there is a little different. Also we found that 

the peak power has a little effect on improving the detec-

tion range or SNR when compared with other radar param-

eters such as RCS and antenna gain, because the transmit-

ted and received signal power is proportional to the fourth 

power of the range while in communication systems is 

proportional to square power of the range, that means the 

radar’s received energy drops with the fourth power of the 

distance. In this case, the radar needs high power often in 

MWatt to be effective at long range [16], for this reason, it 

greats difficulty in designing radar systems particularly at 

long range. To reduce the signal power in the radar we 

could use another parameters such as antenna gain, RCS, 

noise figure … etc. 

Figures (3-8) shows the detection range/SNR versus the 

three various choices of peak power, antenna gain and RCS, 

when we plotted the range versus antenna gain for three 

choices (values) of peak transmit power and RCS, we 

found that the range increases exponentially with the an-

tenna gain increases, at approximately gain <= 40 dB we 

observe that the curve lines be approaching each other and 

there is a little different, but at gain>= 40 dB these curve 

lines are separated and spaced between them which is very 

clear and significant, while the SNR increases linearly with 

the gain increases. As for the rest graphics, we observed 

that they follow a linearly behavior. From these graphics 

were found that the peak transmit power has a little effect if 

compared with the gain and RCS, to reduce the peak power 

of the broadcast excessive by increasing in gain which is 

accompanied by a decrease in bandwidth, and is achieved 

by increasing the antenna size relative to the wavelength, 

and also depends on RCS of the target, where they are di-

rectly proportional with the peak power, or using high fre-

quencies, therefore we observe that many of radars have 

operating at frequencies from a few MHz to the UV region 

of the spectrum[10]. 
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Figure 2. Detection range versus SNR and/or SNR versus Range for se

eral choices 

Figure 3. Shows the detection range versus gain for three choices of peak 

power percent and RCS 

Figure 4. Shows the detection range versus peak power percent for three 

choices of gain and RCS 

et al.:  Radar Theoretical Study: Minimum Detection Range and Maximum Signal to 

Noise Ratio (SNR) Equation by using MATLAB Simulation Program 

Detection range versus SNR and/or SNR versus Range for sev-

 

Shows the detection range versus gain for three choices of peak 

 

peak power percent for three 

Figure 5. Shows the detection range versus RCS for three choices of gain 

and peak power percent 

Figure 6. Shows the maximum SNR versus gain for three choices of RCS 

and peak power percent 

Radar Theoretical Study: Minimum Detection Range and Maximum Signal to  

Noise Ratio (SNR) Equation by using MATLAB Simulation Program   

 

Shows the detection range versus RCS for three choices of gain 

 

Shows the maximum SNR versus gain for three choices of RCS 
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Figure 7. Shows the maximum SNR versus peak power percent for three 

choices of gain and RCS 

 

Figure 8. Shows the maximum SNR versus RCS for three choices of gain 

and peak power percent 

In figure (9) represents the equation (20) which is pro-

grammed by MATLAB simulation, and shows the rela-

tionship between range and SNR for three choices of co-

herently pulses, the detection range is decreasing exponen-

tially with increasing of SNR, while SNR is decreasing 

linearly with increasing of detection range. We observed that 

the short train of pulses have a clear effect on the detection 

range and SNR, whereas the number of pulses is directly 

proportional with detection range/SNR. 

The relationship between pulsed radars and range meas-

urement is how to unambiguously determine the range of the 

target. The radar receiver measures the time between the 

leading edges of the last transmitting pulse and the echo 

pulse. It is possible that an echo will be received from a long 

range target after the transmission of a second transmitting 

pulse. In this case, the radar will determine the wrong time 

interval and therefore the ambiguous range and occurs 

where there are strong targets at a range in excess of the 

pulse repetition time. The pulse repetition time defines a 

maximum unambiguous range. To increase the value of the 

unambiguous range, it is necessary to increase the PRT, and 

this means to reduce PRF. It is very difficult to use radar 

pulse to measurement the far and close targets at the same 

time, for this reason there are long range pulsed radars 

cannot measure range of close target and vice versa. Also the 

loss decreases with increasing numbers of pulses[17, 13] 

In figure (10) shows range or SNR versus number of co-

herently pulses for three choices of RCS, peak power and 

antenna gain. We observed that the detection range increases 

logarithmic with number of coherent pulses. Also there is a 

noticeable change in the detection range increases when one 

of the parameters increases like (RCS, antenna gain and 

peak power). 

 

Figure 9. Shows the detection range versus SNR for three choices of co-

herently pulses 

In figure (11) represents the equation (23) which is pro-

grammed by MATLAB simulation, we plot the detection 

range versus SNR (or SNR versus detection range) for three 

choices of duty cycle, we observed that the detection range 

decreases exponentially with the SNR. The duty cycle is 

defined as the ratio between the pulse duration ( )τ  and the 

period (T) of a rectangular waveform. The pulse width or 

pulse duration of transmitted signal is to ensure that the radar 

emits sufficient energy to allow that the reflected pulse is 

detectable by its receiver. Therefore, it constrains the 

maximum detection range of a target, where the pulse width 

is directly proportional with duty cycle ( )Td
t

/τ= . Reduc-

tion of the bandwidth will lead to reduction in energy con-
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tained and thus leads to reduce the detection range[12, 11].  

 

Figure 10. Shows the range or SNR versus number of coherently pulses for 

several choices of RCS, peak power and antenna gain 

Figure (12) shows the range versus duty cycle for several 

of parameters choices like (RCS, peak power and antenna 

gain). we observed that the detection range increases loga-

rithmic with duty cycle. 

 

Figure 11. Detection Range versus SNR or SNR versus range for three 

choices of duty cycle. 

 

Figure 12. Detection range versus duty cycle for several choices of RCS, 

peak power, and antenna gain 

5. Conclusion 

These programs have been developed to make them so 

easy and faster for all users to determine the detection range 

and signal to noise ratio – SNR for several choices param-

eters as a function of the radar range equations. They used to 

plot curves of detection range versus SNR for several 

choices parameters. Where these programs represents the 

equations (15, 16, 20, 23). 
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