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SUMMARY

In deriving the characteristics of a synthetic aperture radar which is carried
in a high speed vehlcle there are a number of coinstraints as well as a number
of degrees of frecdom among the parameter values which may. be selected for the
radar system. It is the purpose of this paper to show how these constraints
and the available degrees of freedom affect the swath width, resolution, area
converage rate, average power, system complexity, and system parameters of the

radar.

The organization of this paper is as follows: The radar range equation includ-
ing processing gains for pulse compressicn and <ynthetic apercure ‘gencration is
the starting poinf. System geometry considerations are introduced. For simpli-
city flat earth geometry is used, although it is realized this is not a good
model lor satellite borne radars. Next the constraints are introduced. These
include those needed to avoid ambiguities in both range and azimuth, those need~
ed to acheive the desired resolution, and those needed to achieve the desired
swath width. .

It is found, if only a single channel radar system is used, that the number of
degrees of freedom needed are not available. There are a variety of ways in
which these added channels can be introduced. They may be multiple along track

beams, or a combination of along track and along range beams.
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The multiple along track channel case is analyzed in Section 1.0. It is re-
ferred to as Case I. The multiple along range case is analyzed in Sect’on

2.0. It is referred to as Case II.

1.0 TECHNICAL DISCUSSION OF MULTIPLE ALONG-TRACK CHANNELS

Section 1.0 considers the case of a synthetic aperture radar in which multiple

channels in the along track direction are intrroduced.

The corresponding analysis for multiple beans in che along track range Firection

is given in Section 2.0.

Much of the analysis of Sections 1.1 to 1.7 is analogous to that used by the

author in two papers analyzing the properties of synthetic aperture sonars. 1,2

1.1 PRELIMINARY SIGNAL TO NOISE RATIO COMBINATIONS

The signal to noise ratio a2t the output of a single channel radar usin’; both

pulse compressio and synthetic aperture generation is given as
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In equatrion (1), the first factor gives the usual radar range signal to noise
ratio expressio . the second factor gives the improvement ia signal to noise
ratio due to pulse compression, while the third factor gives the improvement in

signal to no.se ratio due to synthetic aperture generation.

It is useful to introduce he folilowing relations iato equation (1)
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Combination of cquations (1) and (Z) gives
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At this point parameter values in equation (3) are unconstrained. The

nature of the constvaints is introduced in subsequent sections. When

the constraints have been determined, they will be introduced into equation

3.

The definition of quantities used in
of termms. Equations 1,2, and 3 have

in reference 3,

1.2 SYSTEM CLOMETRY

The geometry used is shown in Figure

is done for simplicity cniy.

all equatjons is given in a glossary

been previously derived by the author

1 for the flat earth case. This

In Figure 1, the followinp relations apply. The quantities h, &, and W are
assuted to be the indevendent variables.
d =h cotn
s
nin ¥ ! d
= ;,-h" rld W)t
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sinl A - (“)
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cost /2
W= (R = R = —
( max mln) cos (0 - 1E/2)
Figure 2 gives a plot of w’(Rm - R 1n)'
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Figure 2. Plot of w/(Rmax - Rmin
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1.3 RANGE SWATH SELECTION, RNCE AMBIGUITY AVOI IANCE, AND RANGE RESOLUTION

For the geometry of Figure 1, one first selects W, the desired swath width
on the ground. Together with h, and &, this determines all the geometric

parameters in Fipure 1 using equations 4.

From the last of equations 4, the quantity W is related to (R -R . ).
max min
The unambiguous rauge, Ru, mav he chosen to have any value greater than

- R i.e.
max min’ ’

n
)
n

(R - R .
u max min

8 (5)

To prevent eclipsing one necqs also

\
2 .
¢ max = 1T (%)
Y
2 R > (M -1 T+
¢ min = {
J
where M i3 an inteper.
These relations are illustrated in Flpure 3.
The quantitliaes Ru. T, and prf are related by the expressions
R =.(_‘_T.=x < )
u 22 prf (7)

One additional requirement is necessary to aveid range ambipuities; namclv:
potentfally ambiguous ranges must receive limited illumination by tailorivg
the elevation pattern of the beam so that O is given by the third of
equations 4 and, hence, H, the vertical antenna aperture, is given by

= ) 8
H \’05 (8

* V=95




|
N
I
+
h

—~—
=
L

—t
A
—
—

T

T

$
)
3
3
X
]
]
0

Fi 3. R i
igure elations among Rmax’ Rmin' T, prf, and Ty

1 |

e o ey
\

™~
~V/D

Figure 4. Doppler freauency shift for a moving antenna,




- B Se—— — - LT ~' T =
. T s e X
B R ; - ~. (/u‘ \ ~
S I SRS LT BT n T Y~ s Tt i tree o B s = 3 R

Having selzcted the values for ¥, Ru and A, the quantities Ru’ T, prf and

H are now determined.

Range res:lution, Gr' of course depends on the radar bandwidth B in accord-
ance with the relations

_c .
r 2B 2 9)

1.4 AZIMUTH AMBIGUITY AVOIDANCE

It can be shoumn easily that given an antenna with horizontal aperture D,
moving with veleocity V in a direction parallel to D generates a Doppler
frequency shifte, fd’ given by

d D 110)

at its three db beam width points. This is illustrated in Figure 4.

Since the radar systems of concern are sampled data systems, one needs to
sample the signals in the antenna bheam at a rate at least twice the value

given by equaticn (1G). Hence

>
Y= 1 (11)

Recall however, that prf has been set by choice of Ru. Also V is a pa:ameter
whose value 1is set by primarily non-radar consideration. Thus equation

(11) is really a constraint on the value of D - namely:

b= 2V =AW
prcf c u

nv
£
ol

R (12)
In writing the second form of equation (12), use was made of equation (7).
A useful relation is obtained by solving equatidn (12) for RuV. This
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quantity is the area rate mapped in the slant range plane. If A represents .

this quantity, one has

>e
n
=
-
[
o
[}

C
Zy z P (13)

Thus the area which can be mapped per second is determined only by D und Y.
Choice of the value of D according to equation (12) prevents azimuth ambig-
uities if the sidelobe levels o the antenna are properly kept below some

acceptable level.

1.5 ACHIEVEMENT OF ALCNG TRACK RESOLUTION

From equations 1. or i3 one noces that the value of D is set by the selection
of swath width, or by the area rate desired. In some cases the value of D
resulting from these ccnsiderations may be greater than 251, where 6a is

«

desircd aloag track resolution.

In such cases, the use of a single beam cannot acnieve the desired resol-
ution, because the width of the segment illuminated by the radar is too’

4
short. Huowever, there 1s no reason vhy cne cannot use multiple beums.
What cne needs to do §s illuminate a segment whose length is at least that

nceded to achieve the synthetic aperture length one nceds.

The length of synthetic aperture nceded (non-squint case) is given by

L., =22
SAR ~ 28 (14)

4

Given an antenna aperture of horizontal aperture, D, cne can form n beams
using a technique such as that used In 2 Butler Matrix so that the same
aperture is used to form the r beams. Jin this case the segmec flluminated

at range R is

1 D © (15)
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One needs to choose n so that
L. s oL
sS4 1
< i
a=1 (16) |

The multiple beam configuratien is {llustrated {n Figure 5.
Combination of cquations 14, 15, and 16 pgives
D
n e |-

2&!\\.

al CE SN
Equation (17) gives the number of beams necessarv.  In equation 17, zhe
symbol [xlCF is to be interpreted as the smallest integer greater than or

cqual to x.

The tfirst of cvqaatioas (6) with the cqual sign chosen can ba evitten as

Thus M may be interpreted as the rumber of pulies simultancously in transit

during radar opertion.

Use of oquations 12 and 18 in equation 17 gives

VIR
B
Q ¢ § /

(19

Thus the product of the number of beams by number of pulses under way

simultancously {5 pleen by the rvipht hand stde of equation 19,

The quantity of inmdx/c is the time required for a vadar signal to traverse
the path {rom vadar to tarpet aud then back to the tarpet. Multiplication
of this time by V gives the distance traversed by the radar during this
roeand-trip {nterval, This distance divided by 51 fives the product 1 M

needed except for the factors Yy and a which relate to an oversampling
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factor and over illumination factor respectively.

1.6 SIGNAL TO NOISE RATIO WITH CONSTRAINTS
In writing the equations leading to equation (3) a single radiated beam was

assumed so that Pave in this equation is the average power in a single

radiated beam. Since n beams are required, with n given by equation (17),
the total average power, P is given by solving -equation 3 for Pave'

One has

Total’
and then multiplying thls quantity by n.

s
Pave ( N)

3 2
8m R k TN eE Ga v

206 A (20)
‘ N\
and - 3. 2
. 2\‘ 8n R kTy 02 8 D
Total =\ N/ 2 200 6
L Do A o
1 ‘( (21)
A 3 2
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From equations 13 and 18 scveral cquivalent expressions for V/D may be

obtained: namely

X (22)

Combinaticn of equations 21 and 22 gives

S
PTotal (ﬁ

) lmR’kTV erz c M

aoy N Rmax (23)

It will be noted that equation {23), evaluated at maximum range,

predicts that the average power required varies as the square of maximum

range.
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1.7 ANTENNA CONSIDERATIONS

"It has been shown in Section 1.2 that

W sing

sin 8, =
E . Rmax (24)

and that

cos BE/Z

W= (R - R
max min) cos (8 _92/2) (25)

I1f it is assumed that BE is sufficiently small so that

N )
_sin OE ~ GE (26)

then combinatior of cquations 4,8, and 26 gives

H = max
W sin 8 (27)

One may rewrite equation 25 as follows:

Bw - 8 cos (OE/Z)
u (Rmax - Rmin) cos (6 - eE/Z) (28)

o =

Substitution of W from equation 28 irto equation 27 gives
. g~ €
H = [_-X Rm.'!x] [—.LOS ( E/Z) ]
L sir 8 Ru 3 cos (65/2)

The area, A, of the antenna van be obtained by multiplying equation 20 by

R ax| cos (0 ~ 35/2) v (30)
cos (05/2) c

(29)

equation 12. The result 1is
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Since B S1 and Y : 1, equation 30 shows that there is a minimum antenna

area required.

One also recalls with respect to antenna requirements that D is given by

equation 12 and that the number-of beams required is given by equation 17.

2.0 THE MULTIPLE RANCE CHANNEL CASE

In section 3 the case in which the multiple channels are in the-range

coordinate is analyzed.

One starts by considering a single elevation channel with the value of e;
at first unspecified. As the analysis proceeds, one will need to provide

multiple elevation channels.

Quantitites whose values differ in Case II from their values in Case I

are designatc.] by use of a prime on the appropriate symbol.

2.1 PRELIMINARY SIGNAL TO NOISE RATIO FOR CASE II

Equation (1) for the single beam case applies to the multiple range channel

case. Equations (2) also apply. TFor this case one gets

(5) o fave © w2 @92
N ' 2
81 R® k Ty 6V A (31)

2.2 'SYSTEM GEOMETRY

The system geometry in Figure 1 applies also for Case I1 as do also

equations (4) ex:ept that the elevation angle, GQ. will eventually be div-

ided into a number of elevation channels which wiil span different range

intervals. (See Figure 6).

One assumes for this case that h, and Rmax’ are independent variables.

The third quantity to solve the geometry is specified later.
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2.3 ACHEIVEMENT oF ALONG TRACK RESOLUTION
Glven a desireq resolution, 63, the required value for D ig given4 by

D= 2 q ¢
a

ag1 (32)

2.4 AVOIDANCE OF ALONG TRACK AMBIGUITIES AND ACHILVEMENT OF LESIRED

SWATH WIDTH
\ .
Equation 11 applies to Case II. Hovever, in this case, D has been specified

by equation 32 so that' equation 11 becomes a specification on prf. This, nf

course, also specifies T and R; = namely:

‘= -—1,..
£~ .
pr (33)
R' = C\ = _C“_ D = 36“3.
u 2 prf” 4y 4yv
>Comparison vl equation 17 with equation 32 shows that
D=np° (34)
Hence .
R = p R
u u
(34)
and W=nu
Thus n beams in elevation are needed to span thedesired swath width W,
Equation 27 1s valid for Case II. Combination of th!s equation with
equation 35 gives
A R a A n
H*= .—Max - Lax
W' sin 9° " Y sin v~
(36)
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Figure 5, Use of multinle beams to illuminate the svnthetic
arerture length,

_ ' pa] = W - wuq1

Figure 6. Partition of ¢ into range channels eé .
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As an approximation, let 68 be considered as being approximately equal to 6°.
Comparison of (36) with equation 27 gives

R =n ¥ (37)

-

Choice of éa specifies D”, and R ~. Choice of QE (or. W) specifies n.

Choice of system geometry specifies H.

It will be noted from equations 52, 53, and 54, that for Case II, the
" value of H” is n times the value of 1t for Case I, but that D" 18 1/n

the valve of D such that the antennz areas remain constant.

The numer of channels n for Case I and IT are equal. In Case I, the
chacnels are in the along track direction; in Case II, they are in the

along range direction.

For both Cases I and 1I, there is a minimum antenna <rea required. This
area is proportional to wavelength, )\, maximum range, Rmax’ and
satellite épeed V. It also depends on geometric factors as shown ian

equation 49.
- The total average power required i. _.e same for both Cuses I and II.

From equation 47, one notes that the total average power, 1’ required

PTota
varies directly as the square of OE, and directly as M, directly with the

noise temperature TN’ inversely as the torget cross seztion O.

The dependence of average power with range is as range cubed. . However, at
maximum range it varies as the senare of runge. .15 laiter behavicr . duz
to the fact that an-enna arra must Le mace proportiunal to Rmax'
The analysis above has been based un ¢ flat earth approximation only for
the simplicity of a first anzclysis. 1t is realized that the accual

geometry needs to be ronsidered. This will be done at a later date.
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2.5 SIGNAL TQ NOISE RATIO WITH CONSIRAIM™" ¥OR CASE 1I

Equation (31) «<ives the signal te noise " for Case IT in the absence

of constraints., The impurtant constraints for Case 11 are given by
equations 34 and 37. If one forms the product BH'D”, one gets using

these equations
P . D
iD= (n W) (;) =HD . ’38)

Use of equaticn 38 in equation 31 shows that

~ N '
S - 5
N Case II N Case 1 (39

Thus the signal tonoiseratio for Case TT is identicual to that for Case I.

For Case 11, one u=zads the same avera,c power as feor Case I.

In Case I, n beams are used in the along track case and D is given by

eqqation 12, For Case 1T n beams aleong the range direction are used.

In Case I, the vaiae of D is n timpes ereater than the valve cf D7,

In Case 1T, the value of H is n times larger than H.

In beth cases the area of the antenna has the same value, - namely: that

given by cquation 30.

3.0 SUMMARY JF RESLLTS

The major results of these analvses are the constraints on parazeter values.

and the eilfrzts of these coastroaia*= o ditermining the average power

required.

For Case I, the primory resluts are Lhese given Ly equationms 7, 12, °13,

-

14, 17, 18, 19, 27, =9, apd 39. These are rereated on the next page.
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For Case IT the primary results are given by equations 32, 33, 34; 37, 38,

and 39. These are repeated below

D=2r15“ (50)
a s
c b
=S L _ p = A
Ru 2prf” 4wV 2yv (51)
D’ = D/n (52)
H° - nH (53)
H'D  =HD=A (54)

B (8
N/TL = \N/ T (55)

For Case I, it will be noted that Ru and Sa are chosen independently. For
Case I choice of Ru leads to the specification of prf, D, and A. Choice of
Ga then leads to a specification of LSAR and n,

Choice of R 4 and the system goometry Jeads to the specification of M, H,
and A.

All of these constraints lead to the expression for total average power

required.

For Case II.RmQ . & . and 0E (or its equivalents such as W) are chosen in-
NN ) J

dependently,,
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GLOSSARY OI' TERMS

>

rec Area of Receiving Antenna

Area mapped per second in slant range plane

= >

Receiver Bandwidth

Spced of propagation of radar signals
llorizontal antenna aperture

See Figure )

Flevation angle (sce Figure 1)

- m a o 0

d Doppler frequency shift (sce eq. 10) .-

(2]

Gain of Transmitting antenna

Vertical Antenna aperture
Altitude of radar above earth

Boltzmann's constant

|l

2

Length of synthetic aperture

[

Length of {lluminated segment

=

Number of pulses under way (sce eq. 6 and 18)

=

. Noise power in radar recciver

dumver of radar channels

=]

Peak transmitter power (one channel)

Pav’ Average trunsmitter power (one channel)
[

Total average transmitter pover (n channels
PTotal £ paver ( )

. -Radar Range

min Minimum Radar Range

max Maximum Radar Range

=

Unambiguous Radar Range

Signal Power at Radar Output
Interpulse period
Recelver Noise temperature

Speed of translation of radar

T < 13 =3 »n

Swath width

) v-9-19
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GLOSSARY OF TERMS (cont'd)

a Constant (sce eq. 16)

8 constant {see eq. 5)

Y Constant (see ¢q. 11)

Ga Synthetic Aperture Resolution

Gr Range Resolution

A Radar wavelength

o] Target cross-sectional area

Ty Durat fon of uncompressed pulse

T Duration of compressed pulse
Elevation Angle (see Figure 1)

OE Elevation Beamwidth (see Figure 1)

SPECTAL SYVBOL

L x ]&E §ign1fies smallest integer greater than or equal to x.
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CAPTIONS FOR FIGURES

Figure 1. Geometry (Flat Earth Approximation)
Figure 2. Plot of WI(Rmax - Rmin) vs GE
Figure 3. Relations among Rmax’ Rmin’ T, prf, and Ty
igure 4, Doppler Frequency Shift For a Moving Antenna
Figure 5. Use of Multiple Beams to Illuminate the Synthetic Aperture
Length.
Figure 6. Partition of GE, into Range Channels OB.
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