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(57) ABSTRACT 

In a system according to the proposed technique (see figure), 
the signal received by each element of the array antenna 
would be subjected to downconversion, and spread- 
spectrum demodulation and correlation as necessary; this 
processing wodd be performed separately from, and simul- 
taneously with, similar processing of signals received by the 
other antenna elements. For the GPS implementation, foi- 
lowing downconversion to baseband, the signals would be 
digitized, and all subsequent processing would be digital. In &e.*& pr"ptfss, .psicb! c h m  would be removed and 
each signal would be correlated with a locally generated 
model pseudo random-noise code, all following normal GPS 
procedure. As part of this procedure, accumulated values 
would be added in software and the resulting signals would 
be phase-shifted in software by the amounts necessary to 
synthesize the desired antenna directional gain p m  of 
peaks and nulls. The principal advantage of this technique 
over the conventional radio-fquency-cornbining technique 
is that the parallel digital baseband processing of the signals 
from the various antenna elements would be a reldvely 
inexpensive ana iiexi'Die means for Exploiting the inherent 
multiple-peaWrnultiple-null aiming capability of a phased- 
array antenna. In the original intended GPS application, the 
peaks and nulls could be directed independently for each 
GPS signal being tracked by the GPS receiver. This will 
improve the SNR simultaneously for each GPS signal being 
tracked while steering multiple nulls toward sources of 
interference. The technique could also be applied to other 
code-division multiple-access communication systems. 

22 Claims, 7 Drawing Sheets 
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to the incoming signals, which is a valuable data product for 
user platforms such as air& and satellites. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. LA-IC is a schematic diagram of a first embodiment 
of a phased array GPS receiver. 

rici. 2 is a schematic diagram of a portion of the phased 
array GPS receiver of FIG. lA-1C showing the conversion 
of a digital signal to in-phase and quadrature components 
using a number controlled oscillator. 
RG. 3 is a graph iiiustraang the Fourier transform of the 

downconverted signal in the GPS receiver of FIG. 1A-1C. 
FIG. 4 illustrates the crosscorrelation function of the 

15 spread spectrum pseudo-random code as a function of delay 
between the received satellite code and the code generated 
by the GPS receiver. 

FIG. 5 is a schematic diagram of a second embodiment of 
a phased array GPS receiver, in which the phase delay 

20 elements are synthesized as index shifts in the number 
controller oscillators. 

FIG, 6 is a schematic diagram of a portion of the phased 
anay GPS receiver of FIG. 5 showing the conversion of a 
digital signal to in-phase and quadrature components using 

25 the number controlled oscillator whose indices are shifted in 
accordance with the respective phase delays. 

FIG. 7 is a diagram of the number controlled oscillator of 
FIG. 6. 

10 

30 DETAILED DESCRIPTION 

The present invention provides a way of both improving 
the signal-to-noise ratio and of reducing interference from 
jamming and multipath distortion in a GPS receiver by 

35 employing a phased m y  of antennas producing digitally- 
sampled signals whose outputs are phase shifted and added 
together. Tfrc ~ 7 a y  of antennas may be along a s * m t  line 
or a square or may be a more general shape, and the 
antenna-to-antenna spacing D is, typically, a half wave- 

40 length or more, but is not contained to have regular spacing 
or to be coplanar. The phase delay imposed between a pair 
of elements to align the antenna's beam direction toward a 
satellite at an angle CP relative to the a m y  is: 

D ms 9. 
45 

Where is the angle between the vector separating the 
elements and the vector h m  the antenna to the signal 

Adding the outputs of the separate antenna elements 
SO together improves the signal-to-noise ratio because the noise 

adds incoherently while the signal adds coherently. Adding 
the outputs of the separate RF detectors together reduces the 
multipath distortion because the phase differences between 
the multipath components at the separate antennas can be 

The main problem in trying to implement such a phased 
array GPS receiver using conventional means is that each of 
the many antennas in the phased array requires an adjustable 
or tunable phase delay element, so that the entire m y  

60 would require many such elements capable of operating at 
the GPS frequencies of 1.6 and 1.2 GHz. Such elements are 
prohibitively expensive and are incapable of fine adjust- 
ments in phase delay, and moreover would tend to introduce 
unknown phase shift errors. Moreover, such elements d d  

65 not rapidly switch between different phase delays for rapid 
acquisition of successive ones of a group of GPS satellites. 
In order to Compensate for such a shortcoming, the signals 

source. 

55 made to cancel one another when added together. 

DIGITALLY SYNTHESIZED PHASED 
AYTENNA FOR MULTIBEAM GLOBAL 

~ S I T I O N I N G  

ORIGm' OF THE INVEhTON 

The invention descxi i  hereunder was made in the 
perfnnnnnrP nf Y Y ~  -LY 2 ?!.2SZAx zii~ii~i, miti is suoject 
to the provisions of Public Law 96-517 (35 U.S.C. 202) in 
which the Contractor has elected not to retain title. 

BACKGROUND OF THE INVENTION 

This technique uses precision digital techniques within a 
radio receiver to control the phasing of a phased-amy 
antenna to aim the peaks of the antenna radiation partern 
toward desired signal sources while aiming the nulls of the 
panem toward interfering signal sources. The technique was 
conceived for use in a Global Positioning System (GPS) 
receiver, for which the desired signal sources would be GPS 
satellites and typical interference sources would be terres- 
trial objects that cause jamming or d t i p a t h  propagation. 
Although conceived for GPS, the technique could also be 
used to optimize reception in spread-spectrum cellular- 
telephone and military communication systems. 

SL-Y OF THE DISCLOSURE 

During reception of radio signals in a conventional 
phased-amy antenna system, received signals at their origi- 
nal carrier frequencies are phase-shifted, then combined by 
analog circuitry. The combination signal is then subjecled to 
downconversion and demodulation. 

In a system according to the proposed technique (see 
figure), the signal received by each element of the array 
antenna would be subjected to downconversion, and spread- 
spectrum demodulation and correlation as necessary; this 
processiog wcnl2& performed separately fraiii, arid izd- 
taneously with, similar processing of signals received by the 
other antenna elements. For the GPS implementation, fol- 
lowing downconversion to baseband, the signals would be 
digitized, and all subsequent processing would be digital. In 
the digital process, residual carriers would be removed and 
each signal would be correlated with a locally generated 
model pseudorandurn-noise code, all following nonnal GPS 
procedure. As part of this procedure, accumulated values 
would be added in software and the resulting signals would 
be phase-shifted in software by the amounts necessary to 
synthesize the desired antenna directional gain pattern of 
peaks and nulls. The principal advantage of this technique 
over the conventional radio-frequency-combining technique 
is that the parallel digital baseband processing of the signals 
from the various antenna elements would be a relatively 
inexpensive and flexible means for exploiting the inherent 
multiple-pealdmultiple-null aiming capability of a phased- 
array antenna In the original intended GPS application, the 
peaks and nulls could be directed independently for each 
GPS signal being tracked by the GPS receiver. This will 
improve the S N R  simultaneously for each GPS signal being 
tracked while steering multiple nulls toward sources of 
interference. The technique could also be applied to other 
code-division multiple-access communication systems. 

Since the array phasing is accomplished under the control 
of the powerful processor operating the receiver, it can 
generate the appropriate phase shifts to steer an array even 
when the elements are not arranged in a regular pattern. 
They need not be co-planar. A byproduct of this technique is 
determination of the attitude angle of the array with respect 
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from the various antennas would need to be routcd to 
respective sets of phase delay elements (one set for each 
satellite) and the various RF detectors would be ganged from 
one set of phase delay elements to the next in order to 
acquire the signals from the various GPS satellites in rapid 
succession. 01 cuuise, such an approach would only 
increase the number of the expensive 1.6 and 1.2 GHz phasc 
delay elements, and therefore is not practical. 

The invention avoids all such problems in a phased array 
antenna for a GPS receiver by first either down-converting 
or sub-sampling the incoming signals from each of the 
phased array antennas, converting the resulting sub-sampled 
or downconverted signals to digital signals, and then pro- 
cessing the digital signals using a digital synthesis of the 
phase delay elements. 

In one aspect of the invention, a phase locked loop 
tracking the residual carrier phase of the chosen satellite is 
used as corrective feedback to fine tune the phase delay 
between adjacent antenna elements. In such a feedback 
control loop, the arrayed signal is maximized by slewing the 
phase shifts in order to finely adjust the antenna beam 
direction to the chosen satellite. 

The digital synthesis of the phased array can be many 
orders of magnitude more precise than an analog version 
involving analog phase delay elements, according to the 
number of bits used to represent the phase model. The digital 
synthesis can be carried out in various equivalent ways. One 
way is to digitally multiply the sampled signal from each 
element by a phase factor (e'@) within the processor, where 
60 is the phase delay to be imposed on the corresponding 
antenna. Another way is to shift the index of a number 
controlled oscillator, by an amount corresponding to 0, 
which removes the residual carrier and converts the digital 
signal to in-phase and quadrature components. 

Referring now to FIG. 1A-lC, a global positioning 
receiver has a phased array 100 of individual antennas 1014 
101b, lOlc, 101d. etczlying (for example) dong a straighf 
line and spaced apart uniformly by a distance. D between 
adjacent antennas. The beam direction of the array 100 is 
steered to a selected one of a set of satellites 105 in 
accordance with the angle CD of the selected satellite relative 
to the axis of the antenna array 100. This is accomplished by 
introducing a uniform difference 6 0  between the phases O,, 
O,, e,, O,, etc., of the outputs of adjacent antennas of the 
array 100 according to the equation 

6Q=D cos @ 

How this phase difference is introduced is described later in 
this specification. 

While the embodiment of FIG. 1A-1C is shown with only 
four antennas in the phased array 100, it is understood that 
the number of antennas is typically much greater, particu- 
larly if the phased array 100 is a two or three dimensioned 
array rather than the linear array illustrated in FIG. 1A-1C. 
Signal processing channels 102, 104,106, 108, etc., process 
the RF signals received by respective ones of the individual 
antennas lola, 101b, lolc, 1016, etc. Each of the signal 
processing channels is identical in structure, and a typical 
one of the signal processing channels (e.g., the signal 
processing channel 102 for the antenna 1Ola) will now be 
described for processing GPS signals. 

The RF signal received by the antenna lOla is downcon- 
verted to an IF frequency by mixing it in a mixer 110 with 
the output of a local oscillator 115. The IF signals are then 
sampled by an analog-to-digital converter 120 to produced 
a digital signal. The received signal is a spread spectrum 
signal containing a pseudo-random code at a frequency f. In 

4 
one implementation, the pseudo-random code frequency f 
was about 10 MHz and the local oscillator frequency was 
about 308 or 240 kHz below the 1.57542 or 1.22760 GHz, 
respectively, carrier frequency of the received signal, while 

5 the sampling frequency of the analog-to-digital converter 
was at the Nyquist frequency (i.e., 20 MHz in each of two 
(Real and Imaginary) quadrature channels) of the pseudo- 
random code main-lobe bandwidth (i.e., 20 MHz). 

Alternatively, rather than downconverting the received 
10 RF signal, the received RF signal may be filtered through a 

20 MHz bandpass filter (not shown)centered at the carrier 
frequency of 1.57542 GHz and then harmonically sub- 
sampled by the analog-to-digital converter 120. The sub- 
sampling frequency is the Nyquist frequency of the known 

15 frequency deviation in the received signal. This frequency 
deviation is, in the case of a typical GPS satclIite signal, the 
10 MHz frequency deviation created by the spread spectrum 
pseudo-random code contained in the signal. Therefore, the 
sub-harmonic sampling frequency of thc analog-to-digital 

20 converter 120 is 2x10 MHz=20 MHz. 
The parallel Real and Imaginary digital signals produced 

at the output of the analog-to-digital converter 120 are each 
converted to a quadrature signal, consisting of an in-phase 
component and a quadrature component, by combining the 

25 digital signal in a multiplier 135 with sine and cosine signals 
from a number controlled oscillator 130. 

In addition to different Doppler frequencies, for GPS the 
signal of the selected satelIite is distinguished from that of 
the other satellites 105 by correlating the received signal 

30 with the pseudo-random code of the selected satellite (which 
is known as a priori by the GPS receiver). For this purpose, 
a local pseudo-random code generator 150 produces the 
pseudo-random code of the selected satellite. (Of course, the 
same pseudo-random code is selected for the code genera- 

35 tors 150 of all of the signal processing channels 102, 104, 
106, 108 simultaneously, so that all channels acquire the 
same satellite.) The relative phase error between the GFS 
receiver and the selected satellite is determined by taking the 
arctangent of the ratio of the sinelcosine accumulator sums 

40 from 220, 230, and 240. Separate accumulators can be used 
to determine the phase error separately from each antenna 
element, or the relative phase error between antenna ele- 
ments can be calculated according to formula (1).  

In the illustrated embodiment, the early, prompt and late 
45 correlation functions produced from the signals of the dif- 

ferent antennas of the array are multiplied by respective 
phase factors using respective phase angles 0(1), 0(2), 
0(3), 0(4), etc., the difference between successive phase 
angles being determined from the satellite azimuthal angle 

Specifically, the phase delay elements for each of the 
antennas of the phased array 100 that determine antenna 

, beam direction are digitally synthesized within each of the 
signal processing channels 102, 104, 106, 108 by multiply- 

55 in the digital quadrature signal by a respective phase factor 

the particular antenna, and difference 6 0  between phase 
angles OU), 0('j+1) of adjacent antennas being determined 
by the angle 0 of the selected satellite according to the 

60 formula stated above. In the illustrated embodiment of FIG. 
1A-lC, this multiplication is carried out within each of the 
signal processing channels 102, 104, 106, 108 at the output 
of each of the three respective code correlators 181,182,183 
by respective multipliers 191, 192, 193. Each multiplier is 

65 connected to receive the output of a phase angle register 195 
that holds the appropriate value of 0 and to receive the 
output of a respective one of the code correlators 181, 182, 

50 @ according to the formula stated above. 

e". % The phase angle 0 is the phase delay corresponding to 

. 
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183. As a result, the three correlation functions produced by accumulated over a relatively long period before their sums 
the respective code correlators 181, 182, 183 are shifted by are unloaded to the GP processor 300. In the exemplary 
the phase angle 8 by the multipliers 191, 192,193, rcspec- embodiment in which the master clock 400 had a !Yequency 
tively. The phase angle stored in the register 195 is different of 20 MHz, the sums of the three adders we= accumulated 
for each of the signal processing channels 102, 104, 106, 5 over successive 20 millisecond Mods, so that their ourputs 
108, the difference between phase angles 86) and 0(j+1) of were sampled at 5O HZ Thus* *e GP processor 300 updates 
adjacent channels being dekninedaccording to the for- 
mula given above. By r e p l i c e  the digital components 
below the AID l20, the antenna array beam can be simul- 
taneously directed toward each satellite being tracked with 
the full array gain. Nulls can be simultaneously steered 
tn..r.lrrl .Y..-U ...* L.LbL.bL;ug - A m - - -  Juu~c ls  ijanmers or mui t ipa~ j  as 
desired. 

It should be noted that while the embodiment of FIG. 
1A-1C performs the phase angle multiplication on the 
correlation functions produced at the outputs of the code 
correlators 181, 182, 183, such multiplication by the requi- 
site phase factor may be canied out at any other suitable 
stage of the process. For example, the multiplication could 
be carried out within each signal processing channel 102, 
104,106,108 by shifting the phase generated by the NCO 
130, which is supplied to multiplier l35 where the quadra- 
ture signal is produced. 

With the introduction of the successive phase delay angles 
0(l),  W2), eo), 8(4), etc., in the respective signal pro- 
cessing channels 102, 104, 106, 108, the digital signals in 
each of the signal processing channels 102,104,106,108 
are in phase, and t h m f m  may be combined. Specifically, 
the “early” correlation functions produced by each of the 
multipliers 191 of the signal processing channels 102,104, 
106, 108 are summed together in an adder 220. The 
“prompt” correlation functions produced by each of the 
multipliers 192 of the signal processing channels 102,104, 
106,108 are summed together in an adder 230. The ‘late” 
correlation functions produced by each of the multiplies 
193 of the signal processing channels 102,104, 106,108 are 
surnmid togcLiler in an aridel 246‘. The adders .GO, B,241) 
thus produce early, prompt and late correlation functions for 
the selected satellite combined in phase from each of the 
antennas in the phased array 100. 

As described above, the sampling frequency of the 
analog-to-digital converters is the Nyquist frequency of the 
pseudo-random code contained in the received signal from 
the satellite, which in one implementation was about 20 
MH2, dictating a sampling frequency of about 40 MHz 
consisting of quadranne channels, each at 20 MHz. In any 
case, the sampling frequency must be well within the 
capability of an ordinary microprocessor, aided by digital 
logic, to carry out the digital operations described above 
with reference to FIG. 1A-IC. Thus, all of the digital 
operations of all of the signal processing channels 102,104, 
106, 108 may be implemented in a single microprocessor 
plus Application Specific Integrated Circuit (ASIC). A mas- 
ter clock 400 in the microprocessor integrated circuit would 
synchronize all of the digital operations to the sampling 
frequency of the analog-to-digital converters of each of the 
signal processing channels 102,104,106,108. These opera- 
tions include the number controlled oscillators WO, the 
multipliers l35, the pseudo-random code generators 150, the 
delay elements 162,164, the code correlators 181,182,183, 
the multipliers 191,192,193, the phase storage registers 195 
of all of the signal processing channels 102, 104,106,108 
as well as the GPS receiver’s satellite select circuit 250. In 
an exemplary implementation, the master clock frequency 
was about 20 MHz. 

In order to gain maximum advantage from the averaging 
function of the three adders 220,230,240, their sums are 

its calcul&ons at a rate of 50 Hz. which is sufficiem; II? tn 

about 7 G’s of acceleration. 
A global positioning processor 300 processes the aver- 

aged early, prompt and late correlation functions in a manner 
lo similar to that of a conventional global positioning system 

rt=rtivpr hvwi~g ody a sing!t z.sexii. Evscvei, ‘uil signd 
to noise d o  and the multipath rejection are inherently 
superior with the phased array 100 of FIG. 1A-IC for the 
reasons described earlier in this specification. An alternate 

15 implementation of the phased array would use analog RF 
phase shifiers. The beam angle resolution and accuracy are 
much greater than they would be were RF phase delay 
components employed to realize the phased a m y  ant en^ 
The drift and lack of calibration of such FtF component 

20 would introduce errors into the antenna array phase center 
well in excess of the few-mm level required by demanding 
applications. In comparison, the embodiment of FIG. 1A-1C 
carries out the phase delays in the digital domain in which 
the resolution is determined by the number of bits of each 

25 sample. For example, in one izplexnrentation the samples 
were 24 bits, so t3m the tbeoreucd resolution was 19 
cnuQ-24, or about 1/1Oo of a micron. 

In accordaece with a further aspect of the invention, the 
amplitudes of the correlation functions are exploited by the 

30 global positioning processor 300 to produce a feedback 
correction signal to the phase angle offset 68 used by the 
satellite selection circuit 250 to determine the phase delays 
0 for each of the signal processing channels. The amplitude 
of the correlation functions (or at least of the prompt 

35 correlation function) is a measure of the accuracy with 
which the beam direction of the phased array 100 is aligned 
with the angle of the satelhte position. Thedore, the phase 
angle offset s8 is corrected so as to maximize the amplitude 
of the correlation function or of a combination of the 

40 correlation functions. In cases where the S N R  allows the 
signals from individual array elements to be directly tracked, 
each element is used to produce the required steering angle 
offset directly from the measured data The antenna array 
attitude is determined as a useful byproduct for either 

FIG. 2 illustrates how the number controlled oscillator 
130 operates to convert the digital signal produced by the 
analog-to-digital c o n v m  120 to a quadrature digital signal 
consisting of two components, an in-phase component (I) 

so and a quadrature component (Q). Specifically, the numbex 
controlled oscillator l30 produces a digital representation of 
a sine wave and a cosine wave, the current digital represen- 
tations of which are stored in a sine register 1% and a 
cosine register 1306. The multiplier 135 of FIG. lA-1C 

55 actually consists of a pair of multipliers 135% 13% shown 
in FIG. 2 which generate the Q and I components by 

- 

4s approach. 

multiplying the current digital sample by the current sine 
and cosine bit values, respectively. Similarly, each of the 
code correlators 181,182,183 actually consists of a pair of 

60 code correlators that multiply the current pseudo-random 
code bits by a respective one of the I and Q components, so 
that the autocorrelation functions thus produced each con- 
sists of an I component and a Q component. Thus, all of the 
digital signal processing after the multiplier l.35 in each 

65 s i g d  processing channel 102,104, 106, 108 is performed 
in quadrature, requiring separate multiply andor addition 
operations for each of the two (I and Q) components. 
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FIG. 3 illustrates a portion of the amplitude of the Fourier selected satellite and the received signal. Once this maxi- 
transform of the received RF signal. The Fourier transform mum has been attained, the phase angle difference 6 0  
peaks in amplitude at the 300 kHz IF frequency established corresponds to an antenna beam direction pointing directly 
by the local oscillator 115. The main lobe of the Fourier at the selected satellite. Alternately, for strong signals an 
transform extends to i10 MHz, corresponding to the +lo 5 estimate of the angle may be formed by measuring the 
MHz frequency spreading produced by the pseudo-random carrier phase on each antenna and inverting equation (1). 
code contained in the received RF signal. While the invention has been described with reference to 

FIG. 4 illustrates the behavior of the amplitude of an embodiments in which digital correlation techniques such as 
autocorrelation function as the delay between the GPS digital spread spectrum signal processes are employed, the 
receiver and the satellite received signal varies. The corre- 10 invention may be implemented with any type of signal. 
lation function peaks when the delay is zero and falls off Thus, the invention may be a digitally synthesized phased 
otherwise. When the delay is zero, then the prompt auto- array antenna that receives any type of signal (e.g., FM or 
correlation function is at the peak value while the early and AM signals) emitted by plural sources and is able to select 
late autocorrelation functions are at lower but equal ampli- one of the sources. While pseudo-random noise code cor- 
tudes. Thus, as referred to previously in this specification, 15 relation techniques were employed in the foregoing embodi- 
pseudo-ranging may be accomplished using only the early ments to provide additional selectivity among the plural 
and late autoconelation functions by computing the differ- sources (Le., among the plural GPS satellites), such addi- 
encc between them. The sign of this difference indicates a tional selectivity may not be needed if the digitally synthe- 
late or early condition while a zero difference indicates a sized phased array antenna by itself provides sufficient 
prompt condition. 20 selectivity. On the other hand, such additional selectivity, if 

FIG. 5 illustrates an embodimeni in which the different needed, may be provided using other techniques, such as 
phase delays for each signal channel 102, 104, 106, 108 are doppler shift techniques that are well-known in the art. Thus, 
implcrnented by delaying each number controlled oscillator the invention is not confined to use with plural GPS 
130 by an amount corresponding to the appropriate phase 
angle 00') for the particular signal processing channel 102, 
104, 106 or 108 established by the satellite selection circuit 
250. FIG. 6 is a schematic diagram similar to FIG. 2 but 
illustrating the feature of FIG. 5 in which each number 
controlled oscillator 130 is controlled by the phase angle 
0(i) assigned to the corresponding signal processing chan- 
nel 102, 104, 106 or 108. FIG. 6 shows that the number 
controlled oscillator 130 has a shift control 420 controlling 
the timing with which the sine bits and cosine bits are shifted 

satellites, but may be applied to select a source from among 
25 a set of any type of suitable emitters. 

The invention has been described with reference to 
embodiments in which the spacing between the plural 
antenna elements is uniform and in which the antenna 
elements are located along a straight line on a plane surface. 

30 As a result, the differences between the respective phase 
multiplication factors in the foregoing embodiments are 
uniform (i.e., the differences between successive phase 
multiplication factors are all the same) and this common 

out of the sine and cosine registers 130a, 130b to the difference is determined by the desired antenna direction, in 
multipliers 135u, 135b. The shift control 420 is controlled, 35 the manner described earlier herein. However, the phase 
in turn, by the phase-ingle 0 received from the phase angle differences between successive phase multiplication factors 
register 195, and by the general purpose processor 300 may be varied rather than being uniform so as to ac%'m- 
which calculates the residual carrier frequency in the modate a non-uniform spacing between successive antenna 
sampled data. elements. As a result, the spacing between the plural antenna 

FIG. 7 illustrates one way of implementing the concept of 40 elements may be non-uniform and, moreover, the surface on 
FIG. 6. Specifically, the number controlled oscillator 130 of which the plural antenna elements lie need not be a plane 
FIG. 7 includes the sine and cosine registers 130~1, 130b surface, but can be a curved surface (such as a flight vehicle 
referred to above and, in addition, a set of tables 510 fuselage, for example). Such variations may be readily 
including a sine table 512 and a cosine table 514. The tables accommodated by providing a proportionately different 
contain a complete succession of digital words or bytes 45 phase multiplication factor for each of the different antenna 
representing complete cycles of a sine wave and of a cosine elements. Those skilled in the art can readily apply the 
wave, respectively. The current word or byte of each of the foregoing teachings to accommodate various arrangements 
tables 512,514 is loaded into a respective one of the sine and of the plural antenna elements. As a very simple example, if 
cosine registers 130a, 130b. The current word or byte is the spacing between one adjacent pair of antenna elements 
addressed by an index value from an index register 520. The 50 is twice the common spacing between all other adjacent 
index value in the index register 520 is incremented by a pairs of antenna elements, then the difference between phase 
controller 530. The controller 530 can advance or retard the multiplication factors of the one pair would differ by a factor 
progress of the index register 520 in accordance with the of two from the differences between phase multiplication 
phase angle 00') (converted to a phase delay time) assigned factors of the remaining pairs of adjacent antenna elements. 
to the corresponding signal processing channel. 55 The invention has been described with reference to 

While the described embodiments employ a satellite embodiments in which the phased array antenna's direction 
selection circuit 250 to establish the various phase angles 0 is pointed at a particular source in order to acquire it (i.e., at 
for each of the signal processing channels 102,104,106,108 a selected GPS satellite). However, the invention may be 
based upon the pre-established locations of the various employed in the opposite way so as to avoid or reject a 
satellites 105, in some applications the satellite positions 60 particular unwanted source, such as a jamming transmitter, 
may be unknown or known to only a very rough degree of a nearby powerful noise source, or a source of multipath 
accuracy. In such a case, the satellite selection circuit 250 reflections. Thus, the digitally synthesized phased array 
can randomly slew the phase angle difference 6 0  through a antenna may be employed as an antijamming receiver, in 
continuum of values (within a sensible range such as zero to which the direction of the phased array is pointed away from 
180 degrees) while monitoring the corrective feedback loop 65 a noise source. 
from the global positioning processor so as to maximize the While the invention has been described in detail by 
correlation function between the pseudo-random code of the specific reference to preferred embodiments, it is understood 
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that variahons and modifications thcrzof may be made 
without departing from the true spirit and scope of the 
invention. 

What is claimed is: 
1. Aglobal positioning system (GPS) receiver for use with 5 

plural satellites that m m i t  RF signals distinguished from 
one another by unique pseudo-random spread spectrum 
codes, comjmsing: 

an array of plural antennas having a spacing D between 
adjacent antennas of the may, and providing respective 10 
received RF signals; 

a set of parallel digitaj signai processing channeis iui 
processing said respective RF signals, each one of said 
parallel digital signal processing channels comprising: 

an analog-to-digital converter for converting the respec- 
tive received RF signal to a respective digital signal; 

a local pseudo-random code generator for generating a 
pseudo-random code corresponding to a selected one of 

a first comelator for computing a firs1 correlation function 
between the pseudo-random code from said local 
pseudo-random code generator and said digital signal; 

means for imposing a phase delay corresponding to a 
phase angle 0 in the digital signal flow through said 25 
one digital signal processing channel, the phase angle 
e being &f€mnt in each of said channels and the 
difference between phase angles of channels corre- 
sponding to adjacent ones of said plural antennas being 
such as to align an antenna beam direction of said array 30 
toward said selected satellite comsponding to said 
pseudo-random code; and 

a first summing node for summing the first correlation 
functions produced by aU of said parallel digital pro- 35 
cessing channels. 

15 

said satellites; 20 

2. The apparatus of claim 1 wherein said means for 

means for digitally multiplying said correlation function 

3. The apparatus of claim 1 wherein: 
each one of said parallel digital signal processing chan- 

nels fiuther comprises: 
a quadrature generaulr for producing a digital sine 

multipliers for multiplying said digital signal by, 
respectively, said digital cosine signal and by said 
digital sine signal so as to convert said digital signal 
to in-phase and quadram= digital signal compo- 

said means for imposing a phase delay comprises means 
connected to said quadrature generator for shifting said 
digital sine and cosine signals by an amount corre- 
sponding to said phase angle 0. 

4. The apparatus of claim 1 wherein said selected satellite 55 

6 g s i n g  a phase rieiaq colnprises. - 1 

40 by a phase factor ele. 

signal and a digital cosine signal, and 45 

nents; and 50 

is at an azimuthal angle @ relative to a plane of said a m y  
of antennas, and wherein said difference between phase 
angles is sB.r, sin @. 
5. The apparatus of claim 1 furrher comprising a feedback 

loop between said correlation function and said means for 60 

a second summing node for summing the second corre- 
lation functions produced by all of said parallel digid 
processing channels; 

a global positioning processor for processing the sums of 
said first and second correlation funcuons so as to 
determine a phase difference between said received 
signal and said local pseudo-random code generatar. 

7 The a?pamhiF nf claim 1 further comprisine a satellite 
acquisition circuit for providing said phase difference 68 
corresponding to said selected satellite based upon a known 
azimuthal angle of said selected satellite. 

8. The appaams of claim 1 further comprising a satellite 
acquisiuon LGLuii k i  slewi~g szid p ? i  &Eex~ce B tc 
maximize said correlation function with the pseudo-mdom 
code of the selected sateuite. 

9. The apparatus of ciaim 1 furrher comprising a local 
oscillator for down-converting said RF signal to an IF signal, 
wherein said IF signal is the signal sampled by said analog- 
to-digital converter. 
10. The apparatus of claim 1 further Comprising a filter 

connected between said antenna and said analog-to-digital 
converter and having a bandwidth corresponding to the 
frequency deviation occasioned by said pseudo-random 
code, said analog-to-digital converter having a sampling 
frequency corresponding to a sub-harmonic sampling fre- 
quency of the filtered RF signal. 

11 The apparatus of claim 1 wherein said s u m g  
circuit sums over plural sample times of said analog-to- 
digital converter. 

E?. A method of processing received global positioning 
system signals fmm plural satellites that transmit RF signals 
distinguished from one another by unique pseudo-random 
spread spectrum codes, said method comprising: 

providing an array of plural antennas having a spacing D 
between adjacent antennas of the array and that capture 
respective received RF signals; 

providing a set of parallel digital signal processing chan- 

within each one of said parallel digital signal process- 
ing channels performing the following steps: 
converting the respective received RF signal to a 

respective digital signal at a predetermine sampling 
frequency; 

locally generating a pseudo-random code correspond- 
ing to a selected one of said satellites; 

computing a first correlation function between the 
pseudo-random code from said local pseudo-random 
code generator and said digital si&; 

imposing a phase delay corresponding to a phase angle 
8 in the digjtal signal flow through said one digital 
signal processing channel, the phase angle C3 being 
different in each of said channels and the difference 
between phase angles of channels corresponding to 
adjacent ones of said plural antennas being such as to 
align an antenna beam direction of said array toward 
said selected satellite corresponding to said pseudo- 
random code; and 

summing the first correlation functions produced by all of 

13. The method of claim 12 wherein the step of imposing 

. -. nels for processing said rzqvdve  RF signajs. a d  -. 

said parallel digital processing channels. 

imposing a phase delay for correcting said phase angle so as 
to optimize said correlation function. 

a phase delay comprises: 
digitally multiplying said correlation function by a phase 

14. The method of claim E? wherein: 
the steps for digitally processing in each one of said 

parallel digital signal processing channels further com- 

6. The apparatus of claim 1 furttier comprising: 
a second correlator for computing a second correlation 

function between a delayed version of the pseude 65 
random code from said local pseudo-random code 

fanor e*. 

generator and said digital signal; prise: 
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producing a digital sine signal and a digital cosine 
signal, and 

multiplying said digital signal by, respectively, said 
digital cosine signal and by said digital sine signal so 
as to convert said digital signal to in-phase and 
quadrature digital signal components; and 

wherein the step of imposing a phase delay comprises 
shifting said digital sine and cosine signals by an 
amount corresponding to said phase angle 0. 

15. The method of claim 12 wherein said selected satellite 
is at an azimuthal angle relative to a plane of said array 
of antennas, and wherein said difference between phase 
angles is 6-D sin CP. 

16. The method of claim 12 further comprising providing 
a feedback loop between said correlation function and the 
step of imposing a phase delay and correcting said phase 
angle so as to optimize said correlation function. 

17. The method of claim 12 further comprising: 
computing a second correlation function between a 

delayed version of the pseudo-random code from said 
local pseudo-random code generator and said digital 
signal; 

summing the second correlation functions produced by all 
of said parallel digital processing channels; 

processing the sums of said first and second correlation 
functions so as to determine a phase difference between 
said received signal and said local pseudo-random code 
generator. 

12 
18. The method of claim 12 further comprising providing 

said phase difference 6 0  corresponding to said selected 
satellite based upon a known azimuthal angle of said 
selected satellite. 

19. The method of claim 12 further comprising slewing 
said phase difference 6 0  so as to maximize said correlation 
function with the pseudo-random code of the selected sat- 

20. The method of claim 12 further comprising down- 
converting said RF signal to an IF signal, wherein said IF 
signal is the signal sampled by said analog-to-digital con- 
verter. 

21. The method of claim 12 further comprising filtering 
the RF signal prior to the step of converting it to a digital 
signal, the filtering being performed with a bandwidth 
corresponding to the frequency deviation occasioned by said 

2o pseudo-random code, said sampling frequency correspond- 
ing to a sub-harmonic sampling frequency of the filtered RF 
signal. 

22. The method of claim 12 wherein the step of summing 
25 is carried out over plural cycles of said sampling frequency. 

1o ellite. 

15 
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