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[57] ABSTRACT 
Incoming radio frequency signals from one or more 

remote transmitters, that may be changing or “hop 
ping” in frequency, are received at two closely spaced 
antennas. A pair of Chirp-Z transform processors are 
respectively coupled to said antennas. The transform 
processors are operated in synchronism and produce a 
pair of sampled comb ?lter output responses, each of 
which comprises a multiple of frequency “bins” distrib 
uted over a given spectrum. The bins are read out of the 
Chirp-Z processors in a synchronous sequential order, 
and each bin is represented by a pair of signals in phase 
quadrature. The phase quadrature signals of corre 
sponding bins are multiplied in a predetermined manner 
and the products thereof are selectively added and sub 
tracted to provide a predetermined function (tan (1)) of 
the phase difference (<l>) between the signals incident on 
the pair of antennas. This predetermined function is 
coupled to a processor that calculates a trigonometric 
function (sin— 1) thereof which is indicative of the angle 
of-arrival of the incident wave(s). 

5 Claims, 2 Drawing Figures 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more specific information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 

2| f 

R; 
"iii-P CHIRP-Z 

'1 

,23 
CLOCK 

22 
R2 

“la-P CHIRP-Z 

32 
| 

ADC 
29 

33 

am" (A TANLl Ri) -->0UT 

'28 3! 
ADC 

R 



U. S. S.I.Reg. Jun. 2, 1987 Sheetl of2 H292 

TRANSMITTER 

RECEIVER NO.| 

RECEIVER NO. 2 1 



U. S. S.I.Reg. Jun. 2,1987 

CHIRP-Z 

SIN " (A TAN"l RL) 

Sheet 2 of 2 H292 

r32 
ADC 

1 r 33 
—>OUT 



H292 
1 

APPARATUS FOR THE DETECTION OF 
ANGLES-OF-ARRIVAL OF RADIO FREQUENCY 

SIGNALS 

The invention described herein may be manufactured 
used, and licensed by or for the Government for go 
vernmental purposes without the payment to us of any 
royalties thereon. 

TECHNICAL FIELD 

The present invention relates to the detection of an 
gles-of-arrival (AOA) of a wide spectrum of radio fre 
quency signals by the use of Chirp-Z transform circuits 
utilizing high speed charge-coupled devices. 

BACKGROUND OF THE INVENTION 

Various techniques exist in the prior art for ?nding 
the direction (AOA) of a radio frequency source. The 
most well known of these is probably what might be 
termed standard heterodyning techniques. In accor 
dance with these techniques a heterodyne receiver is 
tuned for peak output, and may also provide a readout 
of the frequency in question.1 Direction ?nding can be 
accomplished through the use of a highly directional 
antenna. Such techniques are very time comsuming and 
clearly not possible in instances where the signal source 
is “hopping” or changing rapidly in frequency. 
A more sophisticated prior art technique might be 

categorized as the Bragg cell acousto-optic technique. 
In this technique a laser beam is reflected from the 
surface of a surface acoustic wave device carrying an 
acoustic representation of the signal of interest and the 
angle of re?ection, called the Bragg angle, is measured. 
This angle of reflection varies as a function of frequency 
and, if desired, can be used for frequency determination. 
The angle-of-arrival at the antennae of such a system is 
determined by measuring the time the incoming signal 
arrives at each antenna. In order to make this measure 
ment with any signi?cant degree of resolution the an 
tennae must be separated by a substantial distance, 
thereby precluding the use of an airborne measurement 
platform and otherwise limiting the effective applica 
tion and use of this technique. In addition, several mea 
surements of a given signal are needed since an integra 
tion is performed over several cycles when this tech 
nique is used. 
The U.S. Pat No. 4,443,801 to D. R. Klose et al., 

issued Apr. 17, 1984, discloses apparatus which per 
forms high resolution angle-of-arrival measurements on 
multiple signals of different frequency. The invention 
disclosed therein is of particular utility when the signal 
source, or sources, is “hopping” in frequency. The 
Klose et al patent utilizes a pair of SAW Chirp-Z trans 
form circuits for determining the phase difference be 
tween radio frequency signals received at two closely 
spaced (é to 2 wavelengths) antennae. The Klose et al 
patent allows one to detect a class of frequency hopping 
signals that hop over an extremely broad bandwidth, 
but it necessitates the use of a relatively coarse detection 
channel or “bin” width. The concept of the Klose et al 
patent is not suitable if the receiver apparatus is required 
to cover a large number of frequency bins (e.g.§256) 
over a broad spectrum in which the spectrum samples 
for bins for each hop are required to be of very narrow 
bandwidth. 
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SUMMARY OF THE INVENTION 

It is a primary object of the present invention to de 
tect and measure precisely the angle-of-arrival (AOA) 
of a wide spectrum of radio frequency signals whether 
the same are emanating from a single hopping source or 
from a large number of sources. 
A related object of the invention is to provide angle 

of-arrival apparatus that has the ability of sampling a 
large number of times over a given spectum, with the 
spectrum samples or bin widths of each hop bin being of 
very narrow bandwidth. 
These and other objects are attained in accordance 

with the present invention wherein incoming radio 
frequency signals from one or more remote transmit 
ters, that may be hopping in frequency, are received at 
two closely spaced antennas. Each of the received sig 
nals is respectively coupled to one of a pair of chirp~Z 
transform processors. The chirp-Z processors are oper 
ated in synchronism and provide a pair of sampled 
comb ?lter output responses, each of which comprises a 
multiple of spectrum samples or frequency bins distrib 
uted over a predetermined spectrum. The bins are read 
out of the processors in a sequential order, and in syn» 
chronism, and each bin is represented by a pair of sig 
nals (R,I) in-phase and quadrature components. The 
in-phase and quadrature signals of synchronous bins 
contain the requisite phase difference information for 
angle-of-arrival determination(s). The phase quadrature 
signals of corresponding bins are multiplied in a prede 
termined manner and the products thereof are selec 
tively added and subtracted to provide a predetermined 
function (tan<1>) of the relative phase shift ((1)) between 
the separately received signals. This predetermined 
function is coupled to a processor that calculates a trig 
onometric function (sin—1) thereof, which is indicative 
of the angle~of~arrival of the incident wave(s). 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be more fully appreciated from 
the following detailed description when the same is 
considered in connection with the accompanying draw 
ings in which: 

FIG. 1 illustrates the angle-of-arrival angle sensing 
concept used by the present invention; and 
FIG. 2 is a schematic block diagram of angle-of 

arrival apparatus in accordance with the present inven 
tion. 

1 

DETAILED DESCRIPTION 

For purposes of illustration it is assumed herein that 
the incoming radio frequency signals emanate from a 
single source or transmitter 10, as shown in FIG. 1, and 
that the signal source is hopping in frequency, for exam 
ple, over a frequency band from 20 to 30 megahertz. 
However, as will be further explained hereinafter, the 
system of the invention could, in practice, be more 
elaborate than the simple arrangement shown in FIG. 1, 
and further it is capabIe of precisely determining the 
AOA’s of a large number of signal transmissions which 
may, or may not, be frequency hopping. The two re 
ceivers 11 and 12 of FIG. 1 are separated only a short 
distance apart, typically less than % of the shortest wave 
length of the incoming RF signal(s). The angle of inter 
est (i.e. the AOA) is the angle qb with respect to the 
boresight 13. The equality of the two angles designated 
4) in FIG. 1 is readily apparent from simple trigonome 
try principles. With a transmitter in the indicated loca 
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tion, the angle qb can be found by simply detecting the 
phase difference (<D) of the incident waves on the two 
receivers. 

In FIG. 1, the difference in distances (d) is given by: 

where D is the distance between the receivers 11 and 
12. This difference in distances (d) causes an apparent 
phase shift <I> between the received signals, which is 
given by: 

sind) 
A 111 = an -;1\— = 677D 

where 7t is the wavelength of the signal, or 

¢= “VD sind) 

where v=3>< l08 m/sec, the velocity of light and m is 
the radian frequency. 
The receivers 11 and 12 serve to detect not only the 

existence of a spectral line (frequency) but its phase as 
well. Or rather, they serve in the detection of the phase 
difference by which the same frequency is shifted be 
tween the two receivers. 
Turning now to FIG. 2, the received signals are des 

ignated 1N1, and IN;. The received signals are initially 
down-converted to some intermediate frequency and, 
together, they bear the phase difference which is neces 
sary to provide AOA indications. Each of the IN sig 
nals is delivered to a respective Chirp-Z transform cir 
cuit or processing module 21 or 22. Each of the Chirp-Z 
transform processors is comprised of high speed charge 
coupled devices. The Chirp-Z transform circuits are 
similar and are described in great detail in an article 
entitled “Applications of High Speed Charge Transfer 
Devices” by B. T. French (a co-inventor of the present 
invention), The Fifth International Conference on 
CCDs, September 1979, pages 279-279n. 
For completeness of the present disclosure the Chirp 

Z transform algorithm, carried out by the Chirp-Z 
transform system shown in FIG. 3 of the cited French 
article, will be briefly described. The sliding Chip-Z 
transform is de?ned for a sampled input X(n) as: 

We get: Y(k) = e! I; 

Where No is arbitrary and is selected as N,,=(N— l)/2 
to yield a symmetrical CCD design. The terms in front 
of the summation sign yield a constant and a frequency 
dependent phase terms that drop out of the phase differ 
ence calculations, hence can be safely ignored. The 
term 
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4 
represents the familiar prechirp multiplication. Denot 
ing: 

which represents the convolution of the (complex) sig 
nals 

Which completes the operational description of the 
transform algorithm. 
The following description is for the purpose of pro 

viding a more functional, and perhaps more understand 
able, explanation of the Chirp-Z transformation opera 
tion. The processors 21 and 22 effectively sample the 
two input signals IN; and IN; in a synchronous manner. 
This synchronous sampling is guaranteed by the use of 
a common sampling clock 23. The clock 23 may com 
prise a multi-stage binary counter that counts to a given 
count and then recycles, and it does this in a repetitive 
fashion. Each of the two Chirp-Z processors 21 and 22 
collects a subset of sampled input data points and ma 
nipulates these data sample points to generate a comb 
?lter structure and output response. The output of each 
Chirp-Z processor is a sequential representation of the 
sampled comb ?lter output responses. Each comb ?lter 
output response is represented as a complex quadrature 
signal R1 and I1 or R2 and 12, as appropriate to processor 
21 or 22. Thus, in effect, the output of 21 or 22 is a 
sample output of the response of a comb ?lter bank to 
the input signal. The bins or spectrum samples of the 
comb ?lter are read out in a sequential order, and in 
synchronism between processors 21 and 22. For each 
bin there is a complex signal representation in sample 
form; that is, each bin has an R and I associated with it. 
The term bin or frequency bin is used in this art to 
represent a small frequency window or frequency chan 
nel. The complex representation of the output of each 
frequency bin (i.e., R and I) is a representation of the 

received signal in which phase information is present. 
The processors 21 and 22 are read out in synchronism so 
that any time a given frequency bin is read out of one 
processor the corresponding frequency bin is also read 
out of the other processor. Thus,_we are able to effec 
tively “compare” the complex output signal representa 
tions of these frequency bins to eventually derive AOA 
information. 
Each processor channelizes a given width, intercept 

window into n detection frequency bins. The output of 
the processors 21 and 22 is a sequential or commutative 
read out of each one of these bins. The commutation 
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process is cyclical in that over a given period of time we 
go through the read out of bin 1, bin 2, bin 3, etcpand 
then we come back to bin 1 after a given interval. The 
bins are read out at a clock rate which is typically 15 to 
20 megahertz. The Chirp-Z transform processors 21 
and 22 can be designed to cover essentially any desired 
frequency band. Also, the processors can be designed to 
provide a desired number of bins (e.g;.Z_256) and each 
bin can comprise a very limited channel or bandwidth, 
such as 10 kilohertz or even less. 
The two input sequences: 

yield two output sequences: 

X101) 
X201) 0,1,...N-l 

where we are interested in the phase difference between 
Y1 (k) and Y2 (k) for speci?ed values of k, but in any 
case k is the same for both. 
The Chirp-Z outputs R1, I1, or R2, 1; are the real and 

imaginary parts of the spectral lines Y1 (k) and Y2(k). 
Using the trigonometric identity: 

tan 1.112 — tan 111] 

m" ‘l = “W1 — W = W 

which is what the circuitry (i.e., multipliers 24-27, 
adder 28 and subtractor 29) following the Chirp-Z pro 
cessors calculates. Multiplier 24 multiplies R1 and I1, 
multiplier 25 multiplies I1 and R2, and the latter is sub 
tracted from R112 in subtractor 29. Multiplier 26 multi 
plies R1 and R2, multiplier 27 multiplies I1 and I2, and 
the latter is added to R1.R2 in adder 28. To repeat, this 
latter circuitry simply carries out the mathematical 
expression: 

R112 — 11132 

R1R2 + 1112 ' 

R1 and R2 are the in-phase components of the spectral 
lines and I1 and bare the quadrature components. That 
is, R1 and I1, and R2 and 12, are phase quadrature com 
ponents of the spectral lines Y1 (k) and Y2 (k). The 
complex quadrature vector representations R and I 
contain the requisite phase difference information for 
AOA determination(s). 
The output signals from adder 28 and subtractor 29 

are respectively coupled to analog~to-digital converters 
31 and 32. The A-to-D converters can be of conven 
tional design and serve to convert the input analog 
signals (I and R) to 6-8 bit digital signals, for example. 
The converters are necessary since the ADA calcula 
tion to be explained hereinafter is best done digitally. 
The next, and last, step is the calculation of the appar 

ent angle (1) (i.e., AOA) according to the expression: 

15 

35 

45 

55 

60 

65 

6 

(1) 

cl) = sin“1 [Atan‘I where 

A=21rf,-,,. D 

where f,-,, is the input frequency to the processor and D 
is the distance between the receivers in meters. 
The composite vector representations R and I are 

coupled, via the A-to-D converters, to the arc sine 
processor 33. The third input to processor 33 is a (digi‘ 
tal) frequency word (fin), which basically tells the pro 
cessor the effective frequency of the incoming signal. 
This latter signal is derived from either of the chirp-Z 
processors 21 or 22. More precisely, the digital fre 
quency signal (fin) represents the middle of a particular 
frequency bin at a given instant in time, which implic 
itly represents the substantially frequency of the incom 
ing signal. The processor 33 takes these three input 
digital words and computes the angle 4) in accordance 
with the algorithmic expression of equation (1), above. 
The are sine processor 33 can be implemented in 

several different ways. A main frame, host.computer, or 
a dedicated microprocessor, can be used to carry out a 
software algorithmic computation of the angle 4) in 
accordance with the equation (1), above. This is a rela» 
tively straightforward programming task. Alterna 
tively, and for very fast real time operation, the compu 
tation can be carried out by means of a microprocessor 
and look up table(s) whose row/column matrix(es) are 
the R and I vectors. The result of the look-up operation 
is followed by a relatively simple processing function to 
provide the desired answer (¢). 

Alternatively, if the value of A in equation (1) above 
is a constant, the computation of d) can be performed by 
one division and a tabIe lookup. Further, if |I| > ]R] 
we can use ' 

With such a simple operation we could do away with 
the four multipliers and two algebraic summers and do 
the computation in accordance with the expression: 

This latter calculation can be performed by two divi 
sions and three table lookups from two tables, inter 
spersed with a subtraction and a multiplication (if A is 
not constant). All of these are fast operations which can 
be done by a host computer, a dedicated microproces 
sor, or even by dedicated hardware. 
As will be appreciated by those in the art, additional 

base lines can be used to achieve greater precision, and 
adjacent base lines can, in fact, share a Chirp-Z trans» 
form circuit; i.e., a Chirp-Z processor can be used in 
common between two adjacent base lines. If, as previ 
ously assumed, the ?rst base line is of a distance 
D=n'/2, the second base line can be equal to 3w, the 
fourth base line equal to 4w, or 51!, or 61r...l01r, and so 
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on. The provision of additional base lines increases the 
precision; i.e., the more base lines used the greater the 
degree of precision obtained. As will be further appreci 
ated by those skilled in the art, the actual con?guration 
of the antenna array or direction ?nding antenna array 
is dependent upon the ?nal system application and can 
be either a linear or a non-linear con?guration depend 
ing upon the needs of the actual system. 
For purposes of illustration, it was assumed that the 

incoming radio frequency signal came from a single 
source or transmitter which hopped in frequency. How 
ever, the invention can also be utilized to provide the 
angles-of-arrival of a great many signal sources, assum 
ing each at a different ?xed frequency. For example, 
using Chirp-Z processors having 256 frequency bins, 
the system of the invention could provide angle-of 
arrival indications for 256 different signal sources at the 
same time. 

For further illustrative purposes, assume that the 
typical frequency hopping signal hops at a rate that is no 
faster than once every 256 clock intervals; this still 
represents a very rapid and realistic hopping rate. As 
sume further that in an environment of multiple hop 
ping signals that these occupy, at each instant of time, 
unique frequency bins during the observation interval 
(256 clock pulse periods). Under these conditions multi 
ple hopping signals look, and can be handled, no differ 
ently than multiple non-hopping signals. Thus, during a 
given observation interval, an AOA measurement can 
be made for up to 256 incoming signals. And, by collect 
ing angle measurements from multiple observation win 
dows, and looking for angle consistency, up to 256 
unique frequency hopping signals can be (AOA) re 
solved. Alternately, of course, an appropriate mixture 
of ?xed and hopping signals can also be resolved. 
Without further belaboring the point, it should be 

obvious at this time that the above described arrange 
ment is merely illustrative of the application and of the 
principles of the present invention, and numerous modi 
?cations thereof may be devised by those skilled in the 
art without departing from the spirit and scope of the 
invention. 
What is claimed is: 
1. Apparatus for detecting the angles-of-arrival of a 

wide spectrum of radio frequency signals comprising a 
pair of closely spaced antennas, a pair of Chirp-Z trans 
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8 
form means each respectively coupled to one of said 
spaced antennas, said pair of transform means being 
operated in synchronism and providing a pair of sam 
pled comb ?lter output responses each of which com 
prises a multiple of frequency bins distributed over said 
spectrum, the bins being outputted from said pair of 
transform means in synchronous sequential order, each 
frequency bin being represented by a pair of signals in 
phase quadrature, arithmetric means responsive to said 
phase quadrature signals to form a predetermind func 
tion (tam?) of the phase difference(<1>) between the re 
spective signals received at said spaced antennas, and 
processor means coupled to the output of said arthmet 
ric means for calculating from said predetermined func 
tion the angles-of-arrival of signals incident on said pair 
of antennas. 

2. Apparatus as de?ned in claim 1 wherein the phase 
quadrature signals of synchronous bins contain the req 
uisite phase difference information for angle-of-arrival 
determinations. 

3. Apparatus as de?ned in claim 2 where in said arith 
metric means serves to multiply the phase quadrature 
signals of corresponding sychronous bins in a predeter 
mined manner, with the products thereof selectively 
added and subtracted to provide said predetermined 
function (tan (D). 

4. Apparatus as de?ned in claim 3 wherein the phase 
quadrature signals R1 and I1, R2 and I; from said pair of 
transform means represent the real and imaginary parts 
of the received spectral lines or frequencies, and said 
predetermined function is given by: 

R112 — 11R; 

RlRz + 1112 tanull: 

5. Apparatus as de?ned in claim 4 wherein the angle 
of-arrival (4)) is determined as: 

d) = sin-1 [Atan_l 

where A=27rfm D, and where fin is the input frequency, 
and D is the distance between the antennas in meters. 

* * * * * 


