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Summary 

For a planar-array antenna with a monopulse feed horn a simple al-

gorithm for the determination of the direction of target echoes is descri-

bed. Antenna pattern measurements of the array indicate that the direction 

sines of a received wavefront can be independently obtained with one 

simple relation between a normalized difference channel output and a 

direction sine. 

The accuracy of the algorithm is determined. 
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1.0 Introduction 

One of the basic tasks of many radar systems is to estimate the direc­

tion of detected targets. In a phased-array radar system the obvious way 

to obtain target direction is by applying some form of monopulse [1). In 

this paper a monopulse system is considered which operates with two dif­

ference channels and one sum channel. 

When, during search, a target is illuminated by the radar's 

transmission beam, echo signals can be obtained via the two difference 

beams and an additional sum reception beam (which is identical to the 

antenna's transmission beam). 

The magnitude and phase of the two difference channel outputs relative to 

those of the sum channel output con.Jey all the relevant information about the 

direction of the echo. The nature and degree of complication of the 

relations between the actual angular target position and the magnitudes 

and phases of the signals received via the three reception channels deter­

mine the feasib i1 ity of the monopulse process. 

The dependence on the scanning direction should be simple. The resulting 

estimation accuracy should be sufficient. 

The purpose of this paper is to demonstrate this feasibility by measure­

ments done with an actual phased-array antenna. 
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2. Phased-array antenna 

The phased-array antenna (CAISSA) used for this investigation has been 

designed and built by the Physics Laboratory of the Netherlands Organization 

for Applied Scientific Research TNO in co-operation with Hollandse Signaal­

apparaten. The latter did part of the production of the phase-shifters and 

constructedthe monopulse feed horn. 

It is a space-fed lens-type planar circular array with 847 active and 325 

dummy elements, illuminated by a h_orn. The non-reciprocal ferrite phase-shift 

elements have a 4 bits phase setting. The 3-dB beamwidth of the pencil beam 

in broadside is approximately 4 degrees. The multi-mode feed horn provides 

one sum channel, used for transmission and reception, and two orthogonal 

difference channels for reception. 

The antenna covers a frequency band from 5400-5900 MHz and has a useful 

scan angle of 60 degrees. The directivity in broadside is 33dB, the highest 

sidelobes are smaller than 5dB. 

3. Beamforming [2] 

When a target is to be illuminated the individual phase-shifters in the 

array are set such that the almost spherical waves arriving from the horn 

during transmission are transformed into plane waves directed towards the 

target (fig. la). This is realised by a phase correction over the aperture, 

consisting of a fixed part (near-spherical to planar) and a target direction 

~epende~ part.· In fig. 1 the wavefronts are shown in a hotizontal section 

through broadside parallel to the H-component of the linearly polarized 

field. On reception the reverse process takes place. 

If target direction and transmission beam direction are not identical, the con­

verging spherical waves will deyiate from the horn axis. The relative 

magnitude and phase of the received signals in difference channel and 

sum channel determine the difference between supposed and actual target direc-
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tion. In fig. 1 this is shown for one angular dimension. If the actual 

target direction is varied around the supposed target direction within the 

main beam the magnitude of the sum channel output (L)will vary slightly around 

a maximum value, while that of the difference channel (~H) will vary consi­

derably. The magnitude of the difference channel will be zero if the suppo­

sed and actual target directions coincide. The phase of the difference sig­

nal relative to that of the sum channel changes by 180° when the actual tar­

get direction moves over the supposed direction. The same applies to the other 

difference channel (~E channel) in the plane perpendicular to that of fig. 1. 

The sum- and difference antenna patterns are mainly determined by the 

illumination of the array by the horn. The desired illumination of the array 

for the difference channels (on reception only) is synmetrical in magnitude, 

with no illumination on the symmetry axes separating left and right part for 

the ~H channe 1 and upper and 1 ower pa rt for the l£ channe 1 • 

The corresponding array halves have opposite phases after the correction from 

near-sperical to planar. The horn was designed such that the maxima of its 

difference patterns are close to the 3dB contour of its sum pattern. 

Since the design goals have only be realized upto a certain degree and the 

radiation patterns of the horn had only been· measured in the E and H planes, 

there was not enough information available to compute the sum and difference 

patterns of the complete antenna. Moreover the effect of the array lens can 

only be approximated in such a computation. Therefore it was decided to mea­

sure a set of sum and difference patterns of the antenna directly. With these 

measurements the performance of any angle measurement procedure can be determi­

ned. 

4. Angle estimation procedure 

The direction of a target is obtained by estimating the difference in 

direction (two dimensions) between the direction in which a sum beam is radiated 
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(u,v) and the actual target direction (ut, vt). 

This difference in direction is obtained by computing the quotients of the 

L\H 
echo magnitudes in each difference channel and the sum channel, i.e. L and 

6 E --y-- and processing on them according to: 

OU = f u (L\H L\E ) 
u,v,freq E'E 

( 1 ) 

ov v (L\H L\E ) = 9u,v,freq r: L ' 

so that the estimated target direction is given by 

" u + ou ut = 
(2) 

/\ v + ov vt = 

The sign of ou (and ov) is positive if E and L\H (and 6E) have the same phase. 

This approach is similar to that discussed by Brennan [4], where squinted 

beams without normalization by a sum channel output are used. 

The functions f u f and g v f depend on the choice of the angu-u,v, req u,v, req 

lar co-ordinates and on the illumination of the array by the horn. By using 

phased-array co-ordinates (see para 5) the dependence on the scan direction 

(u, v) should vanish. 

The applied illumination is such that it was expected that the following sim-

pler relations might be obtanied: 

OU = f ( ~H ) 

ov = f ( AE ) 
E 

(3) 
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These relations give rise to a much simpler angle estimation algorithm than 

those of (1): 

1- the estimation is independent for both dimensions 

2- the same processing is used for both dimensions 

3- the processing is independent of scan direction 

4- the processing is independent of frequency 

From the measurements it will be shown that indeed the simpler relations are 

valid with sufficient accuracy, 

5. Phased-array co-ordinate system [3,2] 

The appropriate co-ordinate system to be used is the phased-array co-or-

dinate system or sine space, in which the direction is characterized by two 

direction sines. In this system antenna patterns are independent of the 

scan direction. 

The co-ordinates are R the distance from antenna to target, and u=sin A 

and v= sin B. Any direction of observation can be characterized by the angles 

A and B or by sin A and sin B, where A and Bare the angles between the line 

antenna-target and its~ projections on the YZ-and XZ-planes (see fig.2). 

The antenna is placed in the XY-plane with ·its centre in the point (0,0,0) 

(XYZ is a rectangular Cartesian co-ordinate system). 

When a sphere with unit radius is constructed, centred at the origin, the 

line from antenna centre towards the target intersects this sphere in P, with 

d • • A • B 11 • 2A . 2s' co-or 1nates x= sin , y= sin , z= vl-s1n -sin . 

By varying the angle A for constant values of BP describes circles 

of constant sin B. In a similar way circles of constant sin A are obtained. 

The circles of one type do not intersect all circles of the other type and, 

if they do, the angle of intersection can have any value. Thus the phased-

array co-ordinate system is not orthogonal. The angleµ between two inter-

secting circles is related to A and B by: 
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µ = arccos (tg A tg B) (4) 

(see appendix) 

The radiation pattern of any array antenna can be expressed by the sum-

mation of the contributions of all elements over the aperture of the array. 

The electric field far away from a planar array antenna in the direction 

(A,B) can be expressed as [5, sec 2.1]: 

F(A,B) = J J E(x,y) exp jk(x sin A+·y sinB) dxdy (5) 
x y 

Where E(x ,y) is the tangential electric field over the whole aperture and 

k = 2~ where A is the free space wavelength. An aperture distribution re­

quired for scanning in the direction (A ,B ) is: s s 

E(x,y)=M(x,y)exp -jk(x sin A + 'Y sin B ) (6) s s 

where M(x,y) is an amplitude taper over the aperture (real function of x andy). 

T~us the electric field far away from the anterina in the ~irection (A,B), when 

a beam is formed in the direction (A , B ), is: 
s s 

F(A,B)= J J M(x,y)exp-jk{x(sin A-sin A )+y(sin B-sin B )}dxdy (7) s s x y 

The modulus of F(A,B) has a maximum for A= A , B=B if M(~,Y) is non-negative s s 

over the whole aperture, as is the case for a sum pattern. Any illumination 

M(x,y) will give rise to a broadside pattern (sin A =sin B =o) .which will just s s 

be shifted over (sin As,sin Bs) whena phase factor exp [-j 2~<x sin As+y sin Bs)] 

is applied. This means that any procedure to estimate echo directions for 

targets close to broadside can be used as well for targets in other directions. 
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6. Measuring antenna radiation patterns 

In order to measure antenna patta-ns the complete antenna was placed in 

a double ~artesian suspension(see fig. 3). With this facility antenna patterns 

in all sections through the main beam axis can be measured by using the array 

antenna for transmission and measuring the field by a fixed measuring hIDrn 

in the far field of the array. 

The suspension system has been designed such that for any scan direction 

first the antenna is tilted over an angle n until the beam axis is horizontal 

and then rotated around a vertical axis (angle X) in order to measure a 1.on­

gitudinal section of the two dimensional antenna pattern through the main 

beam axis. The same procedure can be used after rotation of the array around 

its broadside axis to get another section through the main beam axis. 

Measurements of sum and difference patterns suitable for the determina­

tion of the monopulse characteristics should be made preferably along 1 ines 

of constant sin B. This would mean that the measuring horn should be verti-

. cally translated over r sin B, where r denotes the distance from array centre 

to measuring horn. This however could not be accomplished at the present faci-

1 i ty :' 

An approximation to the required conditions was obtained by tilting the anten­

na over small angles (l:.n). When the boresight axis is not horizontal a small 

divergence will occur between the actual section and the required sin B= con~ 

stant section. 

If AX indicates the angle over which the array is rotated around a vertical 

axis starting from the position in which the boresight axisl ies in a vertical 

plane through the measuring horn and An is the angle in this plane between 

boresight axis and the horizontal line from array centre to measuring horn, 

the error in sin B is: 

f; = s in An ( 1 - cos AX) (8) 
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(see appendix) 

For the development of a mo~opulse algorithm antenna pattern measurements 

are required which are restricted to the solid angle within the 3dB contour 

of the main beam. For a beam in broadside this contour is a circle with a 

radius of 2 degrees. The beam widening during scanning requires that the 

solid angle to be covered has to be larger. Measurements were carried out 

by varying 6X continuously from -4° till +4° for discrete values of 6n 

( 0 0 0 0) . -3 ,-2,5 ,-2 , ... +3 . The maximum error in the sin B co-ordinate according 

to (8) is 0.00013 corresponding to an angle error of 0.007° for a broadside 

beam. 

Within the range of 6n and 6X mentioned (where 6n = 6x = 0 indicates bore-

sight or main beam axis), maps of the sum and both difference radiation patterns 

were recorded. This was accomplished at three radar frequencies: 5500,5650 

and 5800 MHz and for eight different scan directions: (A ,B )= (Q,O), (0,30), 
s s 

(0,45), (30,0), (45,0), (30,30), (30,45) and (45,30). 

The position of the measuring horn relative to the antenna can be adjusted 

by varying n and X· The corresponding phased-array co-ordinates are related to 

n and x by: 

sin A= sin X J (9) 
sin B= sin n cos 

Radiation patterns as a function of n and x can be transformed to functions of 

sin A and sin B with the help of (9). 

If the beam is scanned in both dimensions i.e. (A ,B) = (30,30), (30,45) s s 

and (45,30) a rotation of the array around the Z-axis is necessary in order 

to perform measurements along 1 ines of constant sin B. The necessary rotation 

p is given by: 

sin A sin B 
p =- arctg ___ s ____ s 

cos 2s 
( 10) 

s 
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The corresponding mechanically adjustable angles are: 

T1 = arctg {sin (cp-p) tg 8} 

x = arcsin{cos (cp-p)sin 8} J ( 11 ) 

~in B 
where cp = arctg s 

sin A s ( 12) 

8 = arcsin ~1n +sin I . 2A . 2B
1 

s s 

are the angular co-ordinates of the boresight axis (see fig. 2). The relations 

(8) - (12) are derived in the appendix. 

The angular estimation algorithm is based on the measurements obtaine9 

from more than 700 recorded antenna patterns.Fig. 4 shows an example of recor-

dings of the sum and difference channels for five sections of ci broadside ma,in 

beam at one radar frequency. The mechanical scanning was done in the antenna's 

H-plane so that zero response is obtained in the L\H channel for X = o. 

The accuracy of the results depends on the accuracie~ bf the adjusted va-

1 ues of n and of the recorded va I ues of X , wh i eh a re res pee t i ve I y .o. 1 and 

0.05 degree. By interchanging the E-and H-planes (by rotating the array around 

its broadside axis over 90 degrees) the accuracies of n and ·x could be chec-

ked against one another. 

7. Resu Its 

The ratios ~E and ~H, obtained on a grid of (AsJ:nr A,Asin B) lines, 

are determined for all measured points in a rectangle circumscribing the 

AH main beam's 3dB countour. Fig.5 presents an example for y- with the beam 

scanned to A =B =30° at a frequency of 5650 MHz. From this figure it is seen 
s ~ 

that ~H is not completely independent of Asin B since there is a discrepancy 

between the values in the same column, which increases towards the edges. 
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This discrepancy is however small enough to warrant the simple relation 

As in 

In the further results the dependence of A~ on Asin B, and ~Eon L\sin A 

could therefore be discarded. Fig. 6a and b show the measured quotients for 

AH AE all scan directions at one frequency for ~and I:"" patterns. 

The same is done in fig. 7a and b for the three frequencies combined. 

In these graphs a curve is fitted through the obtained points while using 

a mean square error criterium. The analytical expression of these fitted 

curves is quite similar. This means that ones lngle algorithm can be used 

to relate tthe d:Hfer.ence:-sum quotients with the corresponding direction sine 

regardless of scan direction, radar frequency and whether it concerns the 

AE or L\H-channel. The resulting mean relation obtained from the fit shown in 

fig. 8 is 

quotient= 2618 (L\sin x) 3 + 21.9 (bsin X) (13) 

where L\sin X is either sin A- sin A or sin B- sin B . The inverse rela~ 
s s 

tion obtained in a similar way via curve fitting is: 

Asin X = -0.011 quotient 3 + 0.048 quotient (14) 

which is the relation put forward in (3). 

In .fig. 9a and b the maximal deviations between actual and estimated 

sin A and sin Bare shown. The range of the vertical axis is from -0.1 upto 

0.1 beamwidth (- ~O sin 4° upto ~O sin 4°). 

The larger spread of the results further away from the beam centre is due 

to the small interdependence between both difference channels. 
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The results for sin A estimation appear to be better than those for sin B 

estimation. This is due to the larger inaccuracy in adjusting and measuring 

the tilt angle n in comparison to the mechanical scan angleX. When the 

antenna is rotated over 90 degrees around its broadside axis the reverse 

is true: sin A estimates are inferior to sin B estimates. This indicates 

that part of the deviations are due to mechanical inaccura~ies and ~hat the 

better results are valid for both sin A and sin B estimates. 

The accuracy of the estimates is better than 0.05 beamwidth within the 

3dB beamwidth contour and better than 0.02 beamwidth within the contour 

halfway between the 3dB contour and boresight. 

8. Conclusions 

For a space-fed pencil beam phased-array antenna, equipped with suita-

ble sum and difference channels, simple monopulse processing can provide ac-

curate estimates of angle of arrival of target echoes. 

This process contains the following steps: 

- scan the beam to a direction (sin A , sin B) such that the target s s 

will be inside the main beam. 

determine magnitudes and relative signs of the echo signals in both 

difference channels and the sum channel. 

- normalize the difference channel magnitudesby the sum channel magnitude 

AH AE ( y- and y- ) . 

Compute Cn A = sin A + f (~H ) 
s :L 

~ B • sin =sin + f (AE ) 6s :L 

Where f is a polynomial of the third degree. 

The indicated angle estimation procedure is simple since: 

- it is independent of the scan direction (by using phased-array co-or-

dinates). 
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- the estimation algorithms for both dimensions are identical and 

independent. 

- it is independent of the frequency over a bandwidth of more than 

5 per cent. 

The obtained accuracy is better then0.05 beamwidth over the whole 3dB solid 

angle of the main beam and better than 0.02 beamwidth over the central 

quarter thereof. 
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Appendix 

A short derivation is given of the relations quoted in the paper. A 

number of them is known from 1 iterature. For consistency they are included. 

Spherical co-ordinates (8,~) or phased-array co~ordinates(sin A,sinB) 

can be used to indicate any direction relative to the array's Cartesian co­

ordinate system (X,Y,Z), where X is the central antenna row, Y the central 
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antenna column, and Z the broadside direction. Assume a unit sphere around 

the array centre 0. As can be seen in fig. 10 the following relations hold 

when P is any point on the unit sphere. 

PP = sin A= SP = OQ x y 

PP =sin B = SP =OR 
y x 

e =arcs in~~= arcs in OP
2 

=arcs in / OQ2 +OR 
2

' 

QP 
~ = arc tg OQ~ = arc tg 

sin B 
sin A 

( 11) 

Tilt (n) and rotation of the antenna around the vertical (x), which are 

used to position the beam axis towards the measuring horn,can be interpreted 

as a corresponding movement of the horn relative to a stationary antenna. 

If the horn is positioned in direction P its tilt and rotation are: 

n = L P OS x 

X = L P OP = A x 

So P S = sin B = P O sin n = cos A sin n x :~x 

and thus 

sinA=sinX 

sin B = sin n cos X } (9) 

n and X can be expressed in terms of the polar co-ordinates of the measuring 

horn: 

PXS 
.n =arc tg W 
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thus 

Where SO = cos 8 

sin <P = SP PP = P Q = OP 
y z z 

Tl = arctg (sin <P tg 8) 

pp 
X • x . =arc sin op- = arcs1n RP = arcsin z 

= arsin (cos cp sin 8) 

sin cp = sin 8 

(OP cos et>) z . 

sin ; 

(10) 

If the antenna is rotated around the Z-axis over an angle p, which is done 

in order to keep B constant whilex is varied with Tl fixed, this will change 

cf>. in to cp - p. 

So 

n = arctg {sin (cp-p) tg 8} J ( 11 ) 
X = arcsin cos (cp-p} sin 8} 

The angleµ between intersecting lines of constant sin A and.sin B 

on the unit sphere can be derived from fig. 11. 

The point P has angular co-ordinates A and B. The corresponding circles inter-

sect under an angle µ. The plane which is tangentional to the sphere in P 

intersects the X-Y-Z-axes at distances -.-1-A s In 

from the origin. ~SOT is rectangular so: 

ST = / _____ __,,__ + ---
1 • 2A . 2B . 2B -sin -sin sin 

1 -.-u and sin D 

~SOQ is rectangular with l OSQ=B and OS= ~B 
1 

so OQ= C'OSB 
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~TOQ is rectangular with TO 

so TQ = 1-----
1 . 2A . 2B -sin -sin 

~STQ is rectangular with l STQ = µ so 

2 cos B 

TQ 
µ = arc cos TS = arc cos (tg A tg B) (4) 

When the beam is scanned in both dimensions, the direction in which 

.mechanical scanning takes place during measurements is not parallel to lines 

of constant sin B. In order to remedy this the antenna is rotated over an 

angle p around the Z-axis as shown in fig. 12. 

As before: RP z = sin A 

A- . 2A . 2B 
I 

pp = sin -sin z 

OR ·- sin B 

and RP ·- cos B 

~RPP is similar to~ PUP so z z 

pp 
1-sin2A- . 2B 

UP pp z Sin = = z z RP sin A z 

2 
UR RP + UP cos B = = z z sin A 

The required rotation is equal to L RUO so: 

OR 
p = arctg UR = arctg 

sin A sin B 

cos2B 

and 

( 10) 
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When a broadside beam pattern is to be measured the measuring horn is 

placed along the broadside axis of the array, i.e. the Z-axis. Then several 

sections through the beam patterns are obtained by varying the mechanical 

scan angle X for several values of the tilt angle n. The corresponding paths 

in sine space, which are the projections of the moving point P in fig.13, 

are not lines with constant sin B but are ellipses. 

LOP 1 Q = x so QP 1 = cos x 

p 0 = sin n z 

Instead of the required value of sin B =sin n the recorded value is 

sin rf cos X· 

The corresponding error is: 

£ = sin n ( 1-cos x> 
For scanned beam positions the same situation exists relative to boresight. 

The corresponding error in ~sin B is: 

£ =sin ~n ( 1-cos ~x) (3) 
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Fig la: Transmission towards a target. (seen fro~ above) 

Fig lb: Reception from a target. 
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Fig. 2: Relation between rectangular Cartesian-, 
spherical- and phased-array co-ordinate systems. 
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Fig. 3: Double Cartesian Suspension system. 
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Fis. 12: Rotation around broadside axis. 
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