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Abstract In this paper, a phased array antenna schematic
using true time delays is proposed and suitable time-delays
are inserted by switching ON/OFF the RF switches. Using
this concept, one can generate SUM pattern, DIFFER-
ENCE pattern, as well as a combination of these two. It is
shown that SUM-DIFFERENCE pattern has interesting
applications in radar, namely, calibration of beam pointing
accuracy and blind speed elimination in a delay line can-
cellation method. The proposed method can also be
formatted to requirements of conical scan as well as shaped
beam generation. The proposed method is validated using
existing knowledge.
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1 Introduction

Phased array antennas are widely used in the radar systems
and also find its worth in the field of satellite and mobile
communication systems. Conventionally, a phased array
antenna relies upon the phase-shifters for electronic beam
steering and for other capacities [1]. But the efficiency is
limited for having phase-shifters [2]. They have a limited
range of the frequency of operation as they primarily depend
upon phase-shifter characteristics. They require a complex
control circuitry for switching the phase-shifters which also
overheads on the cost of designing a phased array system.
In this communication, a different approach on beam
steering and scanning is realized. Unlike the conventional
use of phase-shifters in beam-formation, focus is given
here on time-delay units (delay-lines). The time-delay unit
inserts progressive phase gradient between antenna ele-
ments, hence by designing a programmable switching
matrix beam steering and beam synthesis is possible which
is explained in the next section. This offers real advantage
in designing a wideband phased array system. This method
of beam steering (beam formation) is exploited in several
areas of application that is SUM and DIFFERENCE pattern
generation, calibration, blind speed elimination, conical
scanning, etc. The SUM and DIFFERENCE patterns may
be generated simultaneously for the calibration of large
phased array antennas. A hybrid matrix using time-delays
and phase shifters may be applied for conical scanning.
Again, the technique is employed for blind speed elimi-
nation in radar instead of traditional delay-line approach.
Finally, a simple method for shaped pattern (beam)
generation has been conceptualized. Conventionally, the
shaped patterns are generated by perturbing the radiating
elements with appropriate phase and amplitude weights,
which are obtained from different procedures [3—6]. But
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in this proposition, the whole array is subdivided into few
subarrays and the patterns form each subarrays are
approximately added to generate desired shaped pattern.
To implement this, individual element in each subarray is
loaded with suitable phase tapering (delay line) which
place the beams (from subarrays) in a desired direction.
When any subarray beam overlaps with an adjacent beam,
a shaped envelope is obtained otherwise it produces a null
in the final pattern. Here, the generation of cosecant and
sector beam is represented as the shaped pattern.

2 Antenna Schematic and Generation of Sum Pattern

A 6 x 6 planar array with time delay units is depicted in
Fig. 1. In this schematic, there are six (6) linear arrays and
each array is connected to a set of time delays (in terms of
unit delay T) into the levels designated as D, E, and F.
Similarly, each array also consists of six (6) radiating
elements connected to the same 3-level delay matrix (not
shown), may be assumed as A, B, and C [7]. Thus, for RF
signal to traverse the complete path, only one DP3T PIN
switch in each level (D, E, and F) should be ‘ON’ while
keeping others ‘OFF’. Similar is the case for A, B, and C. It
is necessary to outline that when one particular switch in
level-D, say Dy is ‘ON’(means D1, D2 ‘OFF’), inserts 5T

delay in the left-most array, the corresponding switches
with other arrays are also ON thereby inserting 47, 37, 2T,
T and OT. Therefore, programmable selection of PIN
switches introduce progressive phase gradient in +X (for
linear array) and +Y direction (for planar array). Here, +X
indicates the eastward inclination of main beam away from
boresight (broadside) direction (90°) whereas —X indicates
the opposite direction (westward from boresight). Simi-
larly, +Y/—Y directions denotes north/south inclination
form zenith (broardside), which is perpendicular to +X
directions.

Table 1 represents some switching combinations (“1”
for ON, ‘0’for OFF) for SUM pattern in respect to the RF
switches and the resulting delay gradients. It is clear from
Table 1 that the beam can be electronically steered toward
East-West and North—South directions using independent
control of A, B, C, D, E, F switches. Here, an additional
layer is inserted in the planar array (Fig. 1) for the selection
of either SUM or DIFFRENCE pattern. For SUM pattern
L1 =R0=1 and for DIFFERENCE pattern, either
L0 = RO = 1 (for —X direction) or L1 = R1 = 1 (for +X
direction). This is done because, DIFFERENCE pattern
requires 180° additional phase difference between halves
of the array elements. Therefore, the equivalent delay is 6T
considering unit delay T = n/6. For a planar phased array,
the following relations hold true [8]:
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Fig. 1 Schematic of planar array with programmable switched time-delay units
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Table 1 Switching pattern for 6 x 6 planar array

Ao/Dyg A,/Dy A,/D, By/Eg B./E, B,/E, Co/Fy C,/F,; C,/F, Progressive delay (direction)
0 0 1 0 1 0 0 1 0 +T
0 1 0 0 0 1 0 1 0 42T (East-South)
0 1 0 0 1 0 0 0 1 43T (East-South)
0 0 1 0 1 0 0 0 1 +4T (East-South)
0 1 0 0 0 1 0 0 1 +5T (East-South)
0 0 1 0 0 1 0 0 1 +6T (East—South)
T = Unit delay
p, = —kd, sin 6, cos ¢ (1) s wr il
N of .
and ®
E -10f -
By = —kd, sin Op sin ¢, (2) g ik |
where, 0, is the elevation angle measured from zenith and E’ .30+ .
¢o is the azimuth angle measured from +X (East) direction ‘o gl |
in anti-clockwise rotation. Here, . and f3, are progressive E 50| |
phase shift, d, and d, are inter-element spacing in X and Y s
direction, respectively. For this case, d, = d, = d. Solving 5 9 i
simultaneously 701 . . .

8,
Px

2 2
wn (55

Here, one representative case is considered follows:
d,=d, =054 and T = /6 rad and switch controls as:
A():O, A] :1, A2:O, B():O, B1:1, B2:0 and
Cy =0, Cy =0, Cy = 1 for linear array to obtain +37 (f,)
in +X direction (or east) and Dy =0, D1 =1, D, = 0,
E0=0,E1=0,E2=1andF0=O,F1=0,F2=1for
+5T (B, in +Y direction (or South) for planar array.
Substituting the values of f, = 4 37/6 and f§, = + 57/6 in
expressions (3) and (4) we get elevation angle, 6, = 85.65°
and azimuth angle, ¢y = 65.55°.

(3)

tan ¢, =

3 Generation of Difference Pattern

In this unique scheme, a DIFFERENCE pattern is gener-
ated in linear as well as planar domain. The centre null
position scans on either side of zenith. Consider the control
switch position for linear case as follows.

AQ Al A2 B() Bl B2 CO Cl C2 LO L1 RO RI1 Progressive

delay

(direction)
o 1 0 0 0 1 0O 1 O O 1 0 1 42T
(Eastward)

20 40 B0 80 100 120 140 160 180 200
Angle in Degree

Fig. 2 DIFFERENCE pattern at delay gradient +-2T (T = n/6) near
20° (109.5°) westward direction

The progressive time delay units in +X direction are O,
2T, 4T, 127, 14T, 16T. This results in a DIFFERENCE
pattern with null position at 109.471° Eastward or 19.47°
from boresight direction. Figure 2 shows this DIFFER-
ENCE pattern. Similar to this, by changing the control bits
A2 and B2 to “1” result in a DIFFERENCE pattern at
boresight direction. The delay units for null at the zenith
(boresight) are 0, 0, 0, 67T, 67T, 6T.

4 Calibration Techniques

The true-time delays along with RF switches incorporate
delay errors in the beam steering. Therefore, calibration of
large phased arrays is required to off-set the beam-pointing
errors. In an interesting approach to far-field measurements
and calibration of very large sized array antenna, radio
source has been used [9, 10]. The noise temperature of the
radio source Virgo-A (3C 274) was measured in the receive
mode during its transit over the radar. The source under
consideration should have appropriate right ascension and
declination to be able to pass through the antenna array
beam. The atmospheric radar had 256 Yagi elements
operating at 53 MHz. In this paper, a conceptual variation
to similar far-field measurements is presented. In this
proposed method suitable selection of delay unit result in
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Fig. 3 SUM, DIFFERENCE, and SUM-DIFFERENCE patterns

either SUM pattern or DIFFERENCE pattern. The SUM-
DIFFERENCE pattern can be utilized for measurement of
primary accuracy as shown in Fig. 3. This is demonstrated
in the following sections.

For measurement of beam pointing accuracy of less than
0.5°, a broad beam SUM pattern will not suffice. It is
necessary to have a sharply pointed beam looking up at the
target. This can be generated using SUM-DIFFERENCE
pattern. Toggling the control bits in synchronization to a
1 KHz clock, the alternate SUM pattern and DIFFER-
ENCE pattern are obtained and the difference in amplitude
of the detected signal is taken. It is evident that for the
resultant narrow beam, the measurement of beam pointing
accuracy is much more meaningful.

5 Applications

In this section, few potential applications of the proposed
antenna configuration such as delay line cancellation,
conical scan, and shaped beam generation is discussed.

5.1 Delay Line Cancellations

Consider an array of an even number of elements 2 M is
positioned in the X-Y plane with Z axis being the direction
of propagation. The inter-element spacing is d and M
elements are placed on each side of origin. Assuming that
the amplitude excitation is symmetrical about the origin,
the normalized array factor for SUM pattern (for non-
uniform amplitude and same phase in each element) is
given as:

(AFS), —Zancos[ )kdcos( 6)} (5)

where, 0 is measured from broadside direction. In the
DIFFERENCE pattern, one half of the array has phase
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value of zero and the other half has phase value of n. The
resultant array factor for the DIFFERENCE pattern is:

(AFD),,, = Alle; a, sin [(2’12_1) kd cos (g - 9)} . (6)

We obtain the SUM-DIFFERENCE pattern from
subtracting Eq. 6 from 5. For the SUM-DIFFERENCE
pattern the beamwidth is narrow. It is also generates
negative amplitude over a large range of elevation angles.
By controlling the progressive phase difference between
the elements, all the three beams can be squinted to give a
maximum radiation in a given direction.

It is shown in [11] that the response of a single-delay
line canceller goes to zero whenever the moving targets
have the Doppler frequencies at the pulse repetition fre-
quency (PRF) and its integer multiples. This happens
because the amplitude of the signals received from pulse to
pulse is assumed to remain the same. However, in the
present proposition a single delay-line canceller with
unequal amplitudes is considered. To satisfy this criterion,
different beam patterns are utilized from pulse to pulse.
The received signal (voltage) in the SUM beam with delay
is:

Vi =Ksin{wy(t —T,) — ¢o} (7)
and the received signal in the DIFFERENCE beam is:
V2 = K'sin{wgt — ¢} (8)

Here ¢, = 4nRy//, where R, is range between target
and radar, T}, is pulse repetition period of radar transmitter
and o, is the angular Doppler frequency. Subtracting
(SUM-DIFFERENCE) Eq. 8 from Eq. 7 gives:

Vi — Vo = K cos ¢y {sin wyt[cos 0T, — K' /K]
— sinwy T, cos wgt}
— K sin ¢y{cos wgt[cos w,T, — K' /K]
— sin wyT), sin wyt }.

If the amplitude components coswyT, —K'/K and
sinwgT, both are zero, above result will provide blind
speeds at the received Doppler frequencies of £ nf,, (where
f» = UT,). But here, due to their unequal amplitudes in the
SUM and DIFFERENCE pattern (or if K’ < K is chosen)
blind speeds can be eliminated.

5.2 Schematic of Conical Scanning

In the preceding sections, the possibility of 2-D electronic
scanning over the entire hemisphere has been demon-
strated. Now, the same delay matrix in Fig. 1 has been
modified for conical scanning. Table 2 specifies the bit
weights of the digital phase-shifter, where bit-1 represents
LSB, whereas bit-8 represents MSB. Here, instead of the
fixed time-delay units (in terms of unit delay 7), 8-bit
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Table 2 The bit weights and corresponding phase shifts

Bits 1(LSB) 2 3 4 5 6 7 8 (MSB)

Phase shift 1.4 112 224 448 89.6 179.2

(in deg)

28 5.6

digital phase-shifters (resolution of 1.4°) are employed for
the generation of unit phase-shift 7. So, the unit phase-shift
T can be varied accordingly. For conical scanning, both the
azimuth and elevation angle to be changed simultaneously
(rapidly), so that the beam-point rotates concentrically
around to a target. To establish this idea for a single case, a
representative set of discrete locations in the horizon is
considered in Table 3 (col-1, col-2), the locus of which
forms a polygon shape. This can be extended to near-
conical shape by choosing larger delay matrix and higher
resolution of digital phase shifter.

By loading (from microcontroller) appropriate bit-pat-
tern in the inputs of digital phase-shifters, unit phase-shift T
can be generated, which in combine with the delay network
provide the required phase shifts 8, and f,, which directs
the beams in pre-fixed locations in terms of elevation and
azimuth angles. Col-3 and col-4 of Table 3 elaborates
phase gradients in X and Y directions (in terms unit phase-
shifts T) for respective elevation and azimuth angles. In
Col-5, unit phase-shifts has been calculated and they have
been approximated in terms of the phase-shifts may be
available from the digital phase-shifter. To avoid the loss
of generality, inter-element spacing A/2 is taken.

From Table 3, it can be deciphered that a dual control of
the delay (phase) matrix as well as unit phase-shift must be
ensured so that each set of elevation and azimuth angles are
obtained. The elevation and azimuth angle can be obtained
from the expression of (3) and (4). This dual control is
obtained using a micro-controller as shown in Fig. 4. Here,
the 4 bit multiplier is employed for generating multiples of

Table 3 Switching Pattern for 6 x 6 planar conical scanning array
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Fig. 4 Microcontroller based control of digital phase shifter

unit phase shifts (e.g. 27, 3T, 47, etc.), whereas S1, S2, S3
and S4 are the inputs from the microcontroller to generate
unit phase shift 7 as required.

Figure 5 represents the graphical display of the locus of
the conical scan undertaken by the beam as given in
Table 3. Since the aperture area is small, the 3 dB beam-
width (0p) for the array is high, of the order of 52°. For the
present case the squint angle (0,) is 10°. In Fig. 4.7 of [11],
the slope of angle error signal at crossover is presented.
Using the graph, we see that for 0,/0g = 0.2, the value of
“fg X slope of error signal voltage at cross over” 2 and the
beam crossover is 0.5 dB.

5.3 Generation of Shaped Beam

In the radars, pencil beams are mainly employed for
tracking and searching purposes, whereas shaped beams
has a special areas of application such as airport landing
system, mobile base station, satellite communication, etc.
The antenna patterns has its special shape in airport beacon
system, where they have to maintain almost constant shape

Elevation angle (0)  Azimuth angle  Phase difference

Phase difference

Calculated unit ~ Equivalent phase Bit combination

(in deg) (¢p) (in deg) X dir () (from Y dir (8,) (from  phase-shift T shift T (in deg)
delay matrix) delay matrix) (deg/rad) (from phase shifters)

18 68 2T 5T 31.4 (n/18) 30.8 S+3+2
25 71.5 T 3T 80.8 (n/7) 81.2 6+5+4+2
29 75.9 T 4T 66.5 (n/8.5) 67.2 6+5
25 78.7 T 5T 47.1 (n/12) 47.6 6+ 2
18 80.8 T 6T 29.7 (n/19) 294 54+3+1
12 78.7 T 5T 22.6 (1/25) 224 5
7 75.9 T 4T 16.1 (n/35) 15.4 44+2+1
12 71.7 T 3T 37.7 (n/15) 37.8 5+44+2+1
18 68 2T 5T 31.4 (n/18) 30.8 S5+3+2

Unit delay T (time delay) dx = dy = /2
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Fig. 5 Beam locus in conical scan radar

(power)throughout the range from zenith to horizon with-
out having any null, but require a fall (null) sharply at the
zenith. Such asymmetrical patterns are known by their
decaying envelopes, like cosecant, cosecant squared, etc.
Another shaped beam is sector pattern, which is also
widely used in mobile base-stations and satellite earth-
stations for illuminating an angular region. The synthesis of
shaped beam pattern was earlier developed by Woodward
and Lawson [12] and then mathematically précised by
Elliot and Stern [13]. But both the methods were based on
amplitude and phase control method. The methods of
generating shaped patterns with complex weights are lim-
ited by several disadvantages that is inefficient utilization

of transmitter power, hardware complexities, device satu-
ration etc. In view of this, phase-only techniques are most
realizable, where only phase-weights are selectively
applied to radiating elements. Here, a practical approach
based on the notion of phase-only technique is introduced
as follows.

5.3.1 Design and Analysis

As mentioned previously, shaped beams are generated by
exciting antenna element with varying phase and amplitude
weights. But here, the constituents beams from subarrays
(here five subarrays) are spatially added to generate shaped
patterns. For each subarray, a delay gradient is to be gen-
erated to locate its beam in a prefixed direction. Schematic
in Fig. 1 is referred for generating different delay gradient.
When one subarray pattern overlaps the adjacent subarray
pattern, the null can not be formed but an envelope of
antenna pattern is obtained. Here, generation of two rep-
resentative shaped beams, cosecant and sector beam is
highlighted.

In this proposition, a 20-element linear (one dimen-
sional) array is first considered and then they are grouped
into five individual subarrays, is shown in Fig. 1. Figure 6
depicts that two set of delay gradient is selected, where the
left one used for synthesis of cosecant type pattern and
right one for sector pattern. Each subarray consist of 4
antenna elements, where they are separated uniformly by
d = 0.44. Let, in subarray-1, each antenna element is
connected with two parallel delay paths, they may be 07,
07, 07, 0T, which offers the gradient of 07, whereas for

Fig. 6 Delay matrix of
20-element linear array
for shaped beam generation
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Fig. 7 Simulated result of shaped beam (cosecant) pattern

+2T, the delays may be 0T, 27, 47T, 67). Similarly, in the
subarray -2, they connected with two types of delay gra-
dients are —T (delays are 37, 27, T, 0T) and +7 and same
is true for subarray-3 subarray-4 and subarray-5. For
acceptable result, the unit delay (7) is recommended for
n/8. Hence, programmable switching is required for the
selection of desired set of time delays, which will either
generate sector pattern or cosecant pattern. Total eight pin
switches (4 + 4) are to be required in this regard.

5.3.1.1 Case-1 Let consider the case, when gradients in
the sub-arrays are 07, -T, -37, -5T, 0T, respectively. Sub-
array-5 is optimal to keep only with sector beam. Due to
the phase gradient 07 in subarray-1, main beam will be
directed in broadside direction (90°), which is normal to
the aperture plane, this should be considered here as zenith.
Similarly, —T for subarray-2, —3T for subarray-3, —5T for
subarray-4 and 0T subarray-5 generates beam maxima at
81, 62, 39, and 90°, respectively, which is obtained from
the following expression [8].

_ sin(vp/2)
AFO) = N sinty 2)

where, y = kdcos 0 + . The resultant shaped pattern is
obtained after interpolation of the constituents beams.
Figure 7 shows the Matlab simulation result at T = /8,
where pattern is maximum at the zenith (90°) and almost
constant along horizon but sharply falls after it.

The beam positions are tabulated as follows:

©)

Subarray Delay gradient (T) Elevation angle (0)
1 0 90°
2 —7/8 81° (9 from zenith)
3 —37/8 62°
4 —57/8 39°
5 0 90°

Elevation angle theata in Deg(each unit=30 deg)---->
Fig. 8 Simulated result of shaped beam (sector) pattern
5.3.1.2 Case-2 Again, when the delay gradients in the

subarrays are selected, respectively, as +27, +T, 0T, —T,
—2T, then corresponding beam position are as follows.

Subarray T Elevation angle (0)
1 27/8 108°

2 /8 98°

3 0 90°

4 —7/8 81°

5 —27/8 71°

Therefore, the sector beam will be symmetrical with
respect to the zenith (90°) and beam width will be of 40°.
Simulation result by Matlab as shown in Fig. 8.

6 Control Mechanism of the Array

This schematic has an inherent advantage, because the RF
switches are rapidly controlled by a micro-controller. The
simultaneous control of switching matrix as well digital
phase-shifter value has been introduced in Sect. 5.2. Here,
the flow chart of the control mechanism is depicted Fig. 9.
The micro-controller generates the switching pattern in
terms of ‘bits’ at its output. These ‘bits’ are fed to a driver
circuit which generates the driving voltage for the pin
switches. The response time is limited by the switching
time of the pin diodes.

7 Conclusions
In this paper, a conceptual schematic of the time-delay
based programmable phased array antenna and its potential

application are highlighted. The delay units are inserted in
the RF path by switching ON respective PIN switches.
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Fig. 9 Flow chart of the control mechanism of the programmable
phased array

Apart from electronics steering of SUM pattern, this
method can also be used to generate DIFFERENCE pattern
which in turn can be steered. Therefore, it is possible to
generate SUM-DIFFERENCE pattern which has narrower
beam width. Using the SUM-DIFFERENCE pattern, one
can calibrate the array as well as eliminate blind speed in a
delay line cancellation method. Other applications of such
schematic are also presented.
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