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ABSTRACT OF THE DSCLOSURE 
A multi-section switched delay line operative in re 

sponse to binary control signals to produce selected 
amounts of time delay. Each of the switched delay line 
sections includes a first and second quadrature hybrid. 
Each hybrid has an input terminal, a pair of quadrature 
terminals, and an output terminal. A diode connects each 
quadrature terminal of the first hybrid to a corresponding 
quadrature terminal of the second hybrid. A first delay 
connects the output terminal of the first hybrid to an in 
put terminal of a succeeding section and a second delay 
connects the output terminal of the second hybrid to an 
other input terminal of the succeeding section. The diodes 
are rendered conducting in response to control signals 
whereby an input signal applied to the input terminal of 
the first hybrid is transferred to the output terminal of 
the second hybrid or an input signal applied to the input 
terminal of the second hybrid is transferred to the output 
terminal of the first hybrid. 

--reseeceam 

This invention relates to phased array antennas and 
more particularly to digitally controlled beam steering 
systems therefor. 

In a phased array antenna, the antenna beam is steered 
by adjusting the relative phase shifts in individual anten 
na element channels of the array Such that coherent ad 
dition of signals received by the array occurs for signals 
arriving from a specified direction. These arrays are, how 
ever, inherently frequency sensitive due to the frequency 
dependent nature of the signal phase, and consequently, 
the antenna beam steering direction. To overcome the dis 
advantage of frequency sensitivity that is inherent in these 
arrays, time delay steering has evolved wherein signals 
propagating in each antenna element channel are time 
delayed by selected amounts in order to bring the signals 
into time coherence, and thus steer the antenna beam to 
a specified direction. A broadband beam steering system 
can, therefore, be provided by varying the time delay, 
rather than the phase shift, in each element channel. 

Heretofore, various systems have been proposed to 
implement time delay steering. In one known system, a 
helical delay line is employed and a variable time delay 
provided by coupling signals off the delay line at various 
points on the helix. Another known scheme employs a 
plurality of fixed delay lines, such as coaxial cables, each 
having a different delay time, which are individually 
switched into an antenna element channel to provide a 
given time delay. Apparatus employing these techniques, 
however, suffer the disadvantages of slow switching speeds, 
cumbersome fabrication and unwieldy size and weight. 
One solution to these problems is disclosed in co-pend 

ing application S.N. 320,426, filed Oct. 31, 1963, now 
U.S. Patent No. 3,295,138 entitled “Phased Array Sys 
tem,” in which binary controlled switched delay lines are 
employed to appropriately delay signals in each antenna 
element channel. Each switched delay line comprises a 
plurality of fixed time delays which are variously com 
bined to produce successive increments of delay in re 
sponse to binary control signals. The switched delay line 
itself is comprised of switch sections, each of which has 
two fixed delay paths either of which can be energized 
by means of crystal diodes, as is more fully explained in 
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the above-identified application. Although this technique 
affords a rapidly adjustable time delay beam steering sys 
ten, it has a drawback in that four diodes requiring ener 
gizing power are utilized in each switch section. The ener 
gizing power requirements can be considerable in a com 
plete beam steering system which may have hundreds of 
Switched delay lines with a corresponding multiplicity of 
diodes. 

In accordance with the present invention, a binary con 
trolled switched delay line is provided which requires only 
two diodes per switch section thereby reducing by half 
the power necessary to drive the diodes. 

Briefly, the invention comprises a binary controlled 
time delay beam steering system in which quadrature hy 
brids and crystal diodes are employed to direct a signal 
through appropriate delay paths. A pair of quadrature 
hybrids and a pair of crystal diodes comprise each switch 
Section which is operative to direct a signal through a first 
or a second delay path in response to binary control sig 
nals. 
The foregoing, together with other objects, features, 

and advantages of the present invention will become more 
apparent from the following detailed description, taken 
in conjunction with the drawings in which: 

FIG. 1 is a block diagram of a phased array antenna 
System in which the invention finds particular utility; 
FIG. 2 is a schematic diagram of a switched delay line 

in accordance with the present invention; and 
FIG. 3 is a schematic diagram of a four section binary 

Switched delay line embodying the invention. 
Referring to FIG. 1, there is shown a five element linear 

array consisting of antenna elements 10, 12, 14, 16, and 
i8, each having associated therewith a respective switched 
delay line 20, 22, 24, 26, and 28. The output of each 
Switched delay line is connected to a summing network 
30, the output Es of which is a signal representative of 
the assembled antenna beam. Suitable biasing of each 
Switched delay line is provided by a binary control 32, 
which may, for example, be a digitally programmed power 
Supply. 
The antenna array can, of course, be used equally well 

for both transmitting and receiving, the beam steering 
System being essentially the same in both instances. For 
simplicity of explanation, its operation will be described 
in the receiving mode. In operation, a signal received by 
each antenna element is applied to a corresponding 
Switched delay line which introduces the appropriate time 
delay into each element channel, in response to a proper 
binary control signal produced by binary control 32, 
to bring the signals into time coherence. The output signal 
from each Switched delay line is thus suitably time delayed 
So that coherent addition of the signals from each an 
tenna element can be accomplished by summing network 
30. In order to steer the array beam through a given 
angular Sector, it is merely necessary to vary the inter 
channel time delay by suitably altering the binary con 
trol signals applied to each switched delay line. 

In accordance with the present invention, binary con 
trolled variable time delay is provided by a switched 
delay line, illustrated in FIG. 2, wherein a pair of quadra 
ture hybrids are employed in conjunction with a pair 
of crystal diodes to direct a signal to a first or a second 
signal path. The quadrature hybrids, or branch line cou 
plers as they are also known, shown generally at 34 and 
36, each consist of a pair of transmission lines 38 and 
40 interconnected at their center points by a branch line 
42 of the same width as lines 38 and 40, and intercon 
nected at their respective extremities by narrower branch 
lines 44 and 46. As is known, branch lines 42, 44 and 
46 are one-quarter wavelength long at the center fre 
quency of operation, and lines 38 and 40 are one-half 
wavelength long. The width of the transmission lines and 
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branch lines are determined by well known calculations 
to provide the desired characteristic impedance. These 
hybrids, typically, are constructed of strip transmission 
line, although other transmission means may be employed. 
The operation of these hybrids is well known and 

will, therefore, be discussed only briefly here. When a 
signal is applied to any one of the hybrid terminals, a 
pair of quadrature signals will appear at the terminals 
opposite the input terminal. For example, referring to 
FIG. 2, a signal ein applied to terminal 82 causes a 
pair of quadrature signals to appear at quadrature ter 
minals 48 and 50. If the quadrature terminals are open 
circuited, the quadrature signals will be reflected back 
into the hybrid structure and will recombine to appear 
at terminal 68. It will be seen that the signal flow afforded 
by the quadrature hybrid can be used to provide a novel 
Switching technique especially attractive for phased array 
beam steering systems. 

Quadrature terminals 48 and 50 of hybrid 34 are con 
nected respectively to terminals 52 and 54 of hybrid 36 
via diodes 56 and 58, each diode having resistors 60 
connected between each diode terminal and ground. 
These resistors, together with the diode resistance, form 
a filter network which tends to equalize the transmission 
and reflection coefficients of the diode. A load resistor 
RI, is connected between terminal 62 and ground to pre 
vent unwanted reflections from this terminal. Terminal 
64 is connected to a delay line 66, while terminal 68 
is connected through a capacitor 70 to an output line 
72. Isolation of the RF signal paths from the diode 
biasing circuit is provided by a quarter-wave section 74, 
and capacitors 70 and 76. Capacitor 76 presents a high 
impedance to the direct current bias signal E. At RF 
frequencies, however, capacitor 76 offers essentially a 
short circuit from point 78 to ground, this short circuit, 
translated through quarter-wave section 74, presenting a 
high impedance at point 80. In this manner, RF energy 
propagating in the hybrid arms is not affected by the 
biasing circuit since the latter is decoupled by the high 
impedance at point 80. Similarly, capacitor 70 is essen 
tially a short circuit so that RF energy propagates un 
impaired through signal path 72. However, capacitor 70 
offers an open circuit to direct current thereby decoupling 
the biasing circuit from subsequent circuitry. 

In operation, a signal ein, applied to input terminal 
82, Will appear at either terminal 68 or 64, depending 
upon the state of diodes 56 and 58. When diodes 56 and 
58 are both rendered conducting by application of a 
suitable bias potential E, the input signal ei divides with 
in hybrid 34 and appears at quadrature terminals 48 and : 
50, propagates across the low impedance path presented 
by the conducting diodes and enters quadrature terminals 
52 and 54 of hybrid 36 wherein the divided signal recom 
bines and appears at output terminal 64. When diodes 
56 and 58 are both non-conducting, an open circuit is 
presented at quadrature terminals 48 and 50; therefore, 
an input signal ein applied to input terminal 82 is reflected 
from terminals 48 and 50 and appears at output terminal 
68. Thus, a signal can be directed to either of two out 
puts by merely altering the state of diodes 56 and 58. 
A suitable delay line can be connected to one or both 
of the output terminals, such as delay line 66 connected 
to terminal 64, to provide different delay paths. It can 
be seen that a signal e2, having a delay determined by 
the length of delay line 66, or a signal e1 having no 
delay, can be provided by appropriately biasing diodes 
56 and 58. 
This technique is incorporated in a practical switched 

delay line depicted in FIG. 3, wherein four switch sec 
tions of the type shown in FIG. 2 are employed to pro 
vide seven increments of time delay. The output of each 
section is connected to the input of each Succeeding 
section. Load resistors R are connected between ground 
and the unused terminal of the first and last Switch sec 
tion to prevent signal reflections due to impedance mis 
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4. 
match. Signal paths 90, 92, and 94 have essentially zero 
time delay, while signal paths 96, 98, and 100 have time 
delays in the ratio T; 2t: 4t, respectively, where t is 
the smallest increment of time delay. It is evident that 
time delays from Zero to 7t, in integral multiples of r, 
are possible by judiciously combining the various signal 
paths. To provide Zero delay, an input signal ein is directed 
through signal paths 90, 92, and 94 to the output line 
102. For a maximum delay of 7t, input signal ein is 
directed through signal paths 96, 98 and 100 to output 
line 102. Intermediate values of delay are provided by 
directing the input signal through selected combinations 
of signal paths. RF decoupling is provided as in the 
delay line of FIG. 2. 
The operation of each delay line section is identical to 

that of the delay line of FIG. 2. For example, a bias 
signal E1, applied to bias line 108, causes diodes 104 and 
106 to conduct, thereby providing a low impedance path 
by Which input signal ein can traverse signal path 96. 
The absence of a bias signal on bias line 108 causes the 
input signal to traverse signal path 90. Similarly, a bias 
signal E2, E3, and E4 applied to bias lines 110, 112, and 
114, respectively, causes the corresponding diodes to 
conduct, thereby directing the input signal through the 
signal paths associated with the conducting diodes while 
an absence of any of these bias signals will direct the 
input signal through the signal paths associated with the 
non-conducting diodes. Thus, an output signal eput having 
Zero delay is provided by the absence of bias signals; 
an output having a delay of it is produced by applying 
bias signals E1 and E2 to lines 108 and 110, respectively; 
a delay of 2t is provided by applying bias signals E2 and 
E3 to respective terminals 110 and 1.12; and so on for the 
remaining values of delay. In this manner, an output 
signal eput can be delayed by selected amounts according 
to the particular signal paths that are energized. 

It will be noted that the bias signals applied to each 
section of the delay line are either present or absent, 
and are, therefore, binary in nature; thus, digital control 
techniques can be employed to provide a rapidly adjusta 
ble time delay. For example, a suitably programmed 
power Supply can furnish the bias voltage required in any 
instance. The switched delay line can be incorporated 
in a phased array, such as illustrated in FIG. 1, to pro 
vide, in response to appropriate bias ssignals from the 
binary control, the requisite time delay in the several 
antenna element channels. An antenna beam controlled 
by this time delay beam steering system can, therefore, 
be steered by economical, extremely fast, and relatively 
simple switching means. 
From the foregoing, it is evident that a simple, rapidly 

adjustable, digitally controlled, phased array beam 
steering system has been provided. The invention is not, 
of course, limited to the particular embodiments or con 
Struction illustrated and described herein, as many alter 
natives will occur to those skilled in the art. Accordingly, 
it is not intended to limit the invention to what has been 
particularly shown and described except as indicated in 
the appended claims. 
What is claimed is: 
1. In a phased array antenna system which includes 

a plurality of antenna elements and a like plurality of 
signal processing channels, beam-steering means com 
prising, a source of binary control signals, a multi-section 
Switched delay line associated with each of said channels 
and operative in response to said binary control signals 
to produce selected amounts of time delay, each of said 
Switched delay line sections including, first and second 
quadrature hybrids each having an input terminal, a 
pair of quadrature terminals, and an output terminal, a 
diode connecting each quadrature terminal of said first 
hybrid to a corresponding quadrature terminal of said 
Second hybrid, first delay means connecting the output 
terminal of said first hybrid to one input terminal of a 
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succeeding section, second delay means connecting the 
output terminal of said second hybrid to the other input 
terminal of said succeeding section, and means for ren 
dering said diodes conducting in response to said binary 
control signals. 

2. In a phased array antenna system which includes 
a plurality of antenna elements and a like plurality of 
signal processing channels, beam-steering means com 
prising, a source of binary control signals, a multi-section 
switched delay line associated with each of said channels 
and operative in response to said binary control signals 
to produce selected amounts of time delay, each of said 
switched delay line sections including, first and second 
quadrature hybrids each having an input terminal, a pair 
of quadrature terminals, and an output terminal, a diode 
connecting each quadrature terminal of said first hybrid 
to a corresponding quadrature terminal of said second 
hybrid, means operatively connected to said diodes to 
equalize the transmission and reflection coefficients of 
said diodes, first delay means connecting the output ter 
minal of said first hybrid to one input terminal of a suc 
ceeding section, second delay means connecting the out 
put terminal of said second hybrid to the other input 
terminal of said succeeding section, and means for ren 
dering said diodes conducting in response to said binary 
control signals. 

3. In a phased array antenna system which includes 
a plurality of antenna elements and a like plurality of 
signal processing channels, beam-steering means com 
prising, a source of binary control signals, a multi-section 
switched delay line associated with each of said channels 
and operative in respone to said binary control signals 
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to produce selected amounts of time delay, each of said 
switched delay line sections including first and second 
quadrature hybrids each having an input terminal, a pair 
of quadrature terminals, and an output terminal, a diode 
connecting each quadrature terminal of said first hybrid 
to a corresponding quadrature terminal of said second 
hybrid, first delay means connecting the output terminal 
of said first hybrid to one input terminal of a succeeding 
section, second delay means connecting the output ter 
minal of said second hybrid to the other input terminal 
of said succeeding section, and RF decoupling means 
operatively connected between said source of binary 
control signals and the output terminal of said first 
hybrid whereby said diodes are rendered conducting in 
resncense to said binary control signals. 
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