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1.0 INTRODUCTION

The main principle of this microwave multiband phased array antenna is the use of

optically controlled photonic delay lines for beam forming and steering. The use of fiber

optic delay lines in the phased array antenna instead of phase shifters, RF waveguide, or

coaxial cable has the following advantages: light weight, compactability, flexibility, wide band

operation, nondispersive over multiple bands of microwave frequencies, and immunity to

electromagnetic interference. This system is also suitable for spaceborne and airborne

phased array applications. It has the potential to perform frequency hopping of transmitting

signals since it is a dual band transmitter (L and X-band) and the dual band system is

controlled by one set of delay lines. The L-band (1 to 2.6 GHz) array and the X-band

(8 to 12 GHz) array, each has the same physical length. Each is split into four subarrays

and use a common time delay generator for each subarray on both bands.

The advantages of true time delay RF beam forming and beam steering are well known.

True time delay with wideband radiating elements permits large transmit and receive

frequency excursions without beam wander (beam squint) as the frequency is changed, and

also permits the use of wideband waveforms. This report reveals how far-field patterns

verify near-field pattern generation and that true time delay beam pointing does not

significantly change with frequency.

The near-field and far-field pattern development is under sponsorship of Rome

Laboratory (formerly Rome Air Development Center). Hughes Aircraft Company

developed the two-band Optically Controlled Phased Array Transmitter under contract to

Rome Laboratory. The content of this paper is devoted to understanding the function of

the transmitter and results of beam pattern development. These tasks are accomplished

as follows : a) Develop the theory that led to the design, b) Analyze each block of the

Hughes diagram of the fiber optic phased array transmitter, and c) Analyze the antenna

experimental radiation patterns from an active dual band phased array system. This

includes comparing the data taken from the pattern characterization tests conducted in The

Rome Laboratory (RL) RF Anechoic Chamber and RL Newport Research Facility, Tanner

Hill (Short Range).
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2.0 ANTENNA POLARIZATIONS

The antenna polarizations of this microwave dual band phased array transmitter is

horizontal along a linear dimension for X-band, and vertical for L-band. This section is

devoted to a wave polarization discussion because an antenna polarization is a wave

polarization radiated by the antenna in a given direction.

A polarized electromagnetic wave consists of electric and magnetic field vectors

(E6=flH for plane wave relationship) where they both lie perpendicular to each other in

a single plane which is normal to the wave propagation direction, and the polarization

direction is in the direction of the electric field vector. The electric vectors (incident and

reflected field) of the horizontal and vertical polarization are horizontal and vertical with

respect to the flat surface ground, respectively, as shown in Fig. 1. The ground can have a

significant effect on antenna radiation if it is partially conducting at frequencies below UHF

(ultrahigh frequency). The ground is usually a rather good conductor at frequencies below

H
A

- E H

E

GROUND

(a) (b)

Fig. 1 Direction of linear polarization. (a) Horizontal polarization.

(b) Vertical polarization.
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about 10 MHz, so waves of these frequencies, over good flat surface ground, are mainly

vertically polarized [7]. It also should be noted that man-made electrical noise such as

energy losses in nearby houses, high-voltage transmission lines, electric motors, or power

lines is mostly vertically polarized occurring below 1 GHz frequency. In addition, a low

frequency operation antenna can also be effected by natural sources such as electromagnetic

interferences caused by lightning, atmospheric noise, and also natural galactic and solar

noise. On the other side of the spectrum, the microwave signal is severely attenuated by

atmospheric absorption and precipitation at frequencies above 10 GHz [8]. Therefore a

horizontal polarization should be considered for air-to-air transmission at frequencies below

the UHF range in order to minimize unwanted signals that are inserted somewhere between

transmission and reception. But don't short change the vertically polarized field. There are

a number of applications which call for vertical polarization including air to saltwater and

air to ground radar measurement that are normally conducted by using low frequency radar

transmission. The disadvantage of low frequency transmission is poor efficiency. On the

other hand, high frequency transmission will provide a high efficiency and large bandwidth

because a bandwidth is equal to x% of a frequency response, and x is usually much much

less than 1 (x < < 1). A vertically polarized electric field tends to tilt forward over partially

conducting ground causing a high energy loss in the ground. The losses can be minimized

by installing metal screens or meshes on the surface of the ground in the path of antenna

radiation propagation as shown in Fig. lib. This technique can be viewed as simulating a

perfectly conducting surface ground which is especially required in an experimental study

of surface-to-surface transmission. The parallel combination of the imperfect conducting

ground surface impedance (Zg) and the ground screen intrinsic impedance (Zs) helps to

minimize radiation impedance (Zr) because the impedance of the ground screen (Zs) is

much lower than the impedance of the ground (Zg) itself. Therefore net value of Zr can

be determined by equation I as shown below [1]:

z, - zz + z, (1)

In addition to the ground losses, the field intensity of both linearly polarized waves is also
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attenuated by intrinsic impedance of the medium (the ratio of electric over magnetic field,

?7 = E0/H.) that is experienced by the propagating wave. The intrinsic impedance of air or

free space r77o377fn (z120t).

The linearly propagating wave not only experiences ground absorption but also

ground reflection. The ground usually behaves like a perfect conductor for horizontally

polarized electric field 121. Therefore, the field experiences somewhat total reflection, but

its phase will be 1800 out of phase with respect to the incident wave (the explanation can

be made by exploring the boundary condition problems). On the other hand, ground

becomes an imperfect conductor for vertically polarized electric field, and its characteristics

are changed from location to location. The change is not only limited to the amplitude but

also the phase.

The typical ground-reflection coefficients for horizontal and vertical polarizations are

illustrated in Reference Data for Radio Engineers, 5th Edition, ITI. These coefficients are

reproduced in this report to elucidate the effect of the ground, as shown in Fig. 2. The

reflection coefficient of a horizontally polarized field is much greater than a vertically

polarized field. The vertically polarized reflection at first decreases monotonically with

decreasing incident angle until it equals the Brewster angle at approximately 85', and then

it increases concavely downward as the incident angle decreases to zero. The Brewster

angle is defined as follows [3]:

tan(*,)- N2 (2)

N,

where *'b is the Brewster angle.

N1 and N2 are refractive indices of optically rare and optically dense medium

(N1 < N2) respectively.

The Brewster angle can be derived from Snell's Law (Nlsin 1 =N2 sin* 2) under the condition

*1 + ±2=90° (q'1 is an incident angle), this implies that sin* 1 =cosJr 2 and sin*z=COSqrl [3].
If a wave is incident from a high refractive index to a low refractive index medium

(N1 > N2 ) and 42=90' (where *1 is an incident angle) then the egression wave grazes along

a common surface of the two mediums (it is neither refractive nor reflective). In this case,
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1.2

Horizontally Polarized Phase Reflection

IITU .
o!0.8 ,Horizontally Polarized Amplitude Reflectiono0.

W0

0.6

90 0 2g0.4 Verticaily Polarized Amplitude Reflection

GROUN 0.2 BREWSTER'S ANGLE
///ZGRUND 0. Vertically Polarized Phase Reflection

90 80 70 60 50 40 30 20 10 0

ELECTRIC FIELD INCIDENT ANGLE (13) IN DEGREES

Fig. 2. Typical ground-reflection coefficients
for horizontal and vertical polarizations.

an incident angle is referred to as the critical angle (*,), and it can again be derived directly

from the Snell's Law as shown in equation 3 below[31 :

N,
sin(4i)- N2  (3)

Note, if *'1 > *c then the wave is totally reflected.

if 'l' < 4rc then the wave is not only refracted but also reflected.

if = *'c then the wave is reflected and also grazes along the surface.

A high operating frequency antenna will secure a radiation pattern from man-made

noises, natural noises and ground affect (reflection and absorption) because it is not only

energy loss that becomes smaller and smaller, but also the noise amplitude decreases with

increasing frequency. Therefore, ground affect and noise are not major considerations for a

linearly polarized high frequency antenna design.
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The terms horizontal and vertical are defined with respect to the earth. These terms

would be meaningless in space because the reference no longer exists. Therefore, a circularly

polarized antenna is the most suitable application for space communications. The circular

polarity can be visualized as two linearly polarized electric fields propagated perpendicularly.

The electric field vectors rotate around in a circular path. These vectors have an uniform

amplitude (no amplitude deviation) and 90' phase difference. It should be kept in mind that

there is no oscillation frequency deviation between these two vectors. The circular

polarization is the special case of elliptical polarization. The elliptical polarization will occur

if the propagation wave consists of two perpendicularly unequal amplitudes (900 out-of-

phase) between horizontal and vertical linearly polarized waves of the same oscillation

frequency. Note that a linearly polarized electric field is in-phase radiation, it can be viewed

as 0' out-of-phase or a collapsed ellipse. So it is also a special case of elliptical polarization.

The mathematical representation of the instantaneous electric field of an elliptically polarized

wave can be expressed as follows:

g(r,t) = Elcos(wt - Kr)u1 + E2 cos(G~t - Kr + &)u2  (4)

where u1 and u2 are constant unit vectors (U1 "U2 =0, and uleul=u2 *u2 =l), r is the wave

propagating direction and K is a constant wave vector, ( is an oscillation frequency and t is

an instant time, 5 is a differential phase by which u2-component leads ul-component, and El

and E2 are amplitude components of the electric field vectors. The polarization wave is

specified at a fixed point in space (r is constant) at time t.

If S is equal to 0 or a multiple of 7T, then equation (4) becomes the instantaneous electric

field of a linearly polarized wave. If 6 is equal to ± rt/2 and I E1I = I E2I then equation (4)

becomes the instantaneous electric field of a circularly polarized wave. Otherwise the wave

will be elliptically polarized if any part of the above conditions are not true. For instance, the

wave is elliptical polarization with I ElI = I F-2 and 6 * 0, ± 7T/ 2 , 7r or I E1I * I E21 and

= ±t/2.

According to the convention, the counterclockwise rotation (6 = -90') is called right-hand

polarized and the clockwise rotation (6 = +900) is called left-hand polarized. The rule of
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thumb for right-hand polarization is extending a right hand thumb in the direction of

propagation and curl the fingers in the direction of the rotation of the instantaneous electric

field. The rule of thumb also applies to the left-hand polarization. This can be achieved by

using the left hand instead of right hand. The rule is extending the left hand thumb in the

direction of propagation and curl the fingers in the direction of the rotation of the

instantaneous electric field [4]. It is imperative to have a polarity matched system because

a receiving gain power is proportional to a polarization efficiency (polarization mismatch

factor). The polarity of propagation wave and received antenna should be comparable. If

a system has polarity mismatch then a polarization efficiency will be extremely attenuated.

It becomes zero under orthonormal conditions. Vectors Pi and P. in a mutually orthogonal

mode are said to be orthonormal if each Pi is orthogonal to P. (i.e. Pi.P. = 0 if i j). The

orthonormal in this case can be defined as an incidence of a horizontally polarized electric

vector upon a vertically polarized receiver or circularly polarized counterclockwise rotation

field upon circularly polarized clockwise rotation receiver, or vice versa. Notice that an

incidence of any linearly polarized wave on any circularly polarized antenna (or vice versa)

will reduce received power by one-half or 3 dB [41. This technique is usually applied when

a polarized wave is severely rotated due to external interference such as Faraday rotation in

the ionosphere.

A total transmitted power is defined to be a combination of radiation and ohmic power.

An ohmic power is a power dissipation in an antenna due to heating losses on the antenna

structure (hardware) and input impedance of the antenna. The radiation power consists of

the net receiving power and radiation losses. The radiation losses is a power dissipated in

the transmission due to a polarization mismatch and an undiscovered power dissipation after

it leaves the antenna. The polarization mismatch can cause polarization efficiency to be less

than unity (it varies from 0 to 1 in value), and in turn will reduce the radiation power. The

undiscovered power dissipation in space can not be retrieved, whereas power losses due to

the polarization mismatch can be improved by using a polarization tracking system for

polarized alignment or dissipate the 3-dB signal constantly as shown in the linear-to-circularly

polarized technique.
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3.0 TRUE TIME DELAY PHASED ARRAY ANTENNA RADIATION PATTERN

Two different types of lintar radiation elements were used in designing the microwave

multiband phased array antenna; a vertical monopole element for L-band and a dipole

element for X band. A dipole element can be visualized as two point charges (q and -q)

because all positive charges tend to accumulate at one end of the radiation element and

negative charges usually accumulate at the other end. A monopole can be visualized as a half

dipole with the use of a ground plane or any large solid metal sheet relative to th, antenna

size as a reference for its center feed point. A monopole calculation can easily be done by

employing the principle of image theory. Note that an input voltage, input radiation

impedance, radiated power, antenna beam solid angle and directivity of monopole are only

half of their counterpart dipole respectively, but the current is the same for both poles [4].

In an array antenna, linearity is referred to as a straight-line geometrical configuration

of the radiation element. A radiation pattern of the linear array is a function of geometrical

pattern and phase factor, and the pattern known as array factor (AF). AF is a radiation field

pattern of electric field radiating from excited array elements. It can be shcwn that the

electric field (E - A(r)) is proportional to a vector potential (A(r) - f(I(z')/4,rR)e'jKRdz')

where the amplitude and phase of A(r) are not a function of time. The amplitude of the

radiating field due to each excited source is essentially the same. However, the phase is

varied according to the propagation path length. Note that the phase of A(r) is r = R +

dcosO as shown in Fig. 3, where R is a far field constant propagation path length, and dcos0

is a far field path length difference between any two adjacent linear elements. If a uniformly

excited source (Ae"it) is applied to a laser, then the RF output signal of a photodiode in an

optical true time delay module becomes BeJ0(t+ At) Due to an attenuation in the

transmission, B will be less than A. A and B are an amplitude signal and At is a fiber optic

differential time delay as shown in Fig. 6. It is imperative to have equidistance (d) between

any two adjacent radiating elements in the array and uniformly excited sources (constant

current amplitude (I) distribution and linear phase progression) for the sake of simplicity.

If the above conditions are met in an N-element module then the array factor can be

expressed as follows:

8



R.

0 d N-1

Fig. 3 Equispaced linear array isotropic radiators.

N-1
AF = oe -j(et÷Kr) E ein("case-40 (5)

tt=O

It can be easily shown that equation (5) is a geometric series. With a clever maneuver, it is

possible to obtain a simple formula for this expression. First multiply Eq. (5) by eJa, where

a = KdcosO - GAt, to obtain

N-1
(eJa) AF = I.e -j('t*r) E_ ei(na - a) (A)

n=0

Subtracting Eq. (A) from Eq. (5) gives

(I - eJa)oAF = Ie-j(wt + Kr)( 1 - ejNa)

Solving for AF to obtain

9



AF = Ioe-j(ft+Kr)1 - ejNa
1 -eja

Finally, using the trigonometric Euler identity (sin# = (ej6 - e-jP)/2j), AF can be rewritten

in a more convenient form as shown in equation (6). The cofactor 1/N is a normalized

amplitude of equation (6). This amplitude can be determined as follows

Starting with • = KdcosO-&At-(wt+Kr), then Eq. (5) is maximum when • = 0.

AF(E=0) = 1(1+1+1+1 ............ +1) = ION

The amplitude of AF is normalized to unity, i.e, AF(E =0) = 1.

Then,

10 = 1/N

Therefore,

j1-1(t+ !(N-)AOr)+K(-(N-1)dcosO-r)] sin[N2 (dcsO - w At)] (6)
AF = e 2 2 2

Nsin[-(KdcosO - € At)]
2

The optimum AF occurs when the phase factor (ej'W) becomes unity, where the phase

TF = -G)(t+1/2(N-1)At) + K(1/2(N-l)dcosO-r). The phase factor becomes a significant

contribution to AF, if and only if, the array output signal is needed to combine with another

output signal. Therefore, the optimal normalized array factor can be written as follows:

sin[-N(KdcosO - o A t)]
AF (7)

10

Nsin [2(KdcosO - o A t)]
2
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Equation (7) has clearly demonstrated the advantage of true time delay beam forming and

steering over a conventional phased array antenna. In a case of true time delay phased array

antenna, the beam can be steered by controlling a differential delay line (AL). This AL is

proportional to a differential delay time (At) where it must be precisely cut to have a

constantly uniform incremental delay line. On the other hand, a primary steering parameter

of a conventional antenna is the phase shifter (cos0o) which could result in beam squint

(beam wanders off target). It is also interesting to note that an antenna broadside occurs

when oAt = 0. A broadside can be viewed as the main beam of a polar plotted antenna

pattern that is maximum in a direction normal to the plane containing the radiating elements.

The antenna pattern can be steered off broadside by altering a value oAt from zero. When

oAt is equal to .7T then the main beam is in a direction parallel to the plane containing the

elements. This is called endfire antenna.

The radiation patterns of a phased array antenna, displayed in Fig. 4, are a product

of computer simulation of Eq. (7). The radiating elements are equally spaced and a

uniformly excited linear array. The universal array pattern for the 32-element X-band (solid

line) and eight-element L-band (dotted line) are plotted at broadside in Fig. 4a and by

changing the incremental time delay At a main beam can be steered, for instance, t+90° at 1.9

and 9.0 GHz as shown in Fig. 4b. Notice that the steering was performed independently of

frequency.

It can be shown that the maximum array factor occurs when KdcosO - WAt=0 by

applying L'Hopital's rule to Eq. (7). Then the corresponding value of 0 for maximum array

pattern can be determined by the following expression:

coso = Atc/d (8)

The following parameters were used to perform a simple manipulation that in turn resulted

in Eq. (8). K = w/c = 2nt/X (phase constant for a plane wave), and c is the speed of light

in a vacuum. If cosO approaches maximum value (at 0 = 0) then an argument (Atc/d) in

equation (8) will approach unity. The equation (Atc/d)max = 1 can be utilized to determine

the value of At if d's value is known. The interelement spacing of the array is usually limited

11
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X-band (solid line) and 8-element L-band (dotted line). (a) Radiation pattern at broadside

for 1.9 and 9.0 GHz. (b) Universal pattern at ±_900 scan angles.
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to a half wavelength or less (d __ ./2) in order to preclude multiple major lobes in undesired

directions. In addition, the parameter d can also be determined by using d = D/N, where

D is a total length of an antenna linear array and N is a number of radiating elements in the

array. These two conditions will help facilitate in designing an array size and providing a

precise parameter d.

Alternatively, a differential time delay At can also be determined if the differential RF

insertion phase between the input and output ports of the delay lines in the same module is

known. This differential phase is a graphical representation of the insertion phase in degrees

versus frequency sweep. Picking any two points on the data plot (0 vs f), the difference in

time delay, Atd, between a particular delay line and the reference (shortest) line can be

calculated by utilizing the equation below [6]:

Atd 1 )AO nAf •1 I _2 (9)

where Af = f, - f2 (frequency sweep) and Al = 01 - 02 (the differential phase). The

frequency fl and f2 are any two free-chosen frequency points from the differential phase plot,

and in turn, the corresponding wavelengths are 11 and ;.2 (f = c/;.).

The value of At is a true time delay value, hence it will prevent the beam from wandering

off target which could occur without the use of the true time delay beam forming and

steering. The forming and steering of the beam can be accomplished by arranging various

paths of delay lines in such a way to achieve the goal. The length of time (Eq. (10A)) and

line delay (Eq. (10B)) setting for each path of each delay module can be expressed as follows:

tdi = to + iAt (10A)

ld,i = 10 + iWl (10B)

13



where i = 0, 1, 2 ..................... ,(M -1)

At is a differential time delay

Al is a differential fiber optic length

to is a reference time delay

10 is a reference fiber optic delay line

td,i is a true time delay of an ith path

ldi is an ith path fiber optic delay line

Note that there are M delay lines in one optical delay module, and M is usually equal to 2m

where m is a bit position of a variable delay switch. Equation (10A) is often used for true

time delay discussion, and the use of equation (10B) will result in a fiber optic delay line

discussion. Each delay module can be used to feed more than one radiation element.

However, only one line delay is needed to be active in each operation, therefore a M:l star

coupler must be deployed in each channel to achieve this performance.

Optical fiber offers a number of advantages. It is light weight, compact, wide band

operation, loss is independent of frequency, and it is immune to electromagnetic interference.

It is one of the prime candidates for RF true time delay applications. The velocity of signal

transmission in a medium is v = c/nr = L/t therefore c = nrl/t, where nr is the refraction

index of optical fiber. Thus, this equation is used to demonstrate a fundamental relationship

between a fiber optic length (L) and its corresponding signal propagation time (t). Replacing

c by nrL/t in equation (8), 0 can be determined by the following equation:

cosO - n,AtL
td

The purpose of this report is also to examine the pattern characterization tests which

were not only conducted in Rome Lab RF Anechoic chamber for nearfield tests but also at

RL Newport Research Facility (Tanner Hill) for far-field tests. These tests have revealed the

near and far field pattern confirmation. Therefore, it is appropriate at this point to define
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near and far-field regions. The parallel ray approximation begins to breakdown when the

second order path length deviation is sixteenth of the wavelength. This distance is defined

to be where the far field begins. The threshold of these regions can be derived from the

geometry as shown in [4,5] as follows:

2D 2
r X •(12)

A near-field region is to be defined as a region having distances less than r. In order to

obtain antenna radiation patterns, the distances must be equal to or greater than r. This is

called the far-field region or radiation fields. And the power radiated from an antenna in the

far-field region decays according to the inverse square law as a function of distance [5].

4.0 OPTICALLY CONTROLLED PHASED ARRAY TRANSMITTER

This section is devoted to an analytical description of the optically controlled phased

array dual band (L and X-band) transmitter (hardware) with true time delay beamsteering

as depicted in Figure 5. The operating frequencies were 1.8 to 2.0 GHz for L-band and 8.5

to 9.5 GHz for X-band. It is vital to recognize that the facts and figures in this section are

based on the cooperative work and summary of Hughes final technical report (RL-TR-91-355)

developed under contract to RL. The report is titled EHF Optical Fiber Based Subarrays.

An RF analog input signal of both bands of the optically controlled phased array antenna will

split four ways to feed four linear subarrays. The radiating elements of either band were

divided into four subarrays. Therefore, four channels are needed. The divided signal in each

channel will again splinter into eight throughput signals by analog fiber optic links. In other

words, an analog input signal is split into thirty-two throughput signals by power dividers.

There are potentially high insertion losses because a power divider is a function of amplitude.

The RF input signal of both bands is 0 dBm. This signal needs to have at least 30 dB of

amplification to compensate for the power divider insertion losses (which are at least 15 dB)
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and the fiber optic link insertion losses. The 30 dB gain custom-built preamplifiers operating

at microwave frequency and a very low noise characteristic have been deployed in the

transmitter. The purpose of having an RF isolator between the preamplifier and the dual

bands manual switch is to prevent any feedback interference signals which can produce an

unwanted intermodulation distortion through the system.

The developmental foundation of the optically controlled transmitter is solely based on

a fundamental property of optic-steered phased array antennas which is the use of a fiber

optic time-shifter network. This network can be precisely called fiber optic true time delay

switches because the optically differential delay lines are controlled by switching on/off

semiconductor lasers to provide all possible settings for beam forming and steering. Due to

the resources available, the decision was made to have four sets of fiber optic switches. The

time-shifter networks were arranged to have longer delay networks (channel #1 and #4) to

feed the outer ends of radiating element subarrays and shorter delay networks (channel #2

and #3) to feed the two inner radiating subarrays. This arrangement will provide the proper

delay values for forming a radiated phase front. The fiber optic lengths were determined by

the antenna aperture and maximum steering angle, and the lengths were cut to within a

0.5 mm precision. The differential fiber optic time delay is 89 ps for channels 1 and 4

(At = 89 ps, Al = 18.16 mm), and 59 ps for channels 2 and 3 (At = 59 ps, Al = 12.04 mm).

This transmitter was built not only for manual operation but also for computer control.

Therefore, 3-bit variable switches must be used in the diode laser switching technique, which

in turn provides a combination of 23 discrete delay increments. Therefore, four 8:1 star

couplers are required in order to achieve all possible settings for beam steering. The 8:1

module is eight input fibers fused into one output fiber as shown in Fig. 6. The fiber is

multimode with a refraction index of 1.47 (nr = 1.47) and fiber dispersion of 0.2 ps/(km-nm).

The eight input fibers of the star coupler are coupled to eight GaInAsP/InP buried crescent

lasers operating at 1.3 pm wavelength, and one optical output is coupled to a GaInAs/InP

detector with a bandwidth of about 11 GHz. The technique is called diode laser switching.

Even though only one of the lasers in each delay module is activated per operation, the RF

insertion loss at the output of the photodetector is still approximately 75 dB. A nonuniform

insertion loss distribution of RF paths within the channel and between all channels is a valid
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Fig. 6 Schematic diagram fib optic phaer s ptic true time delay
network using semiconductor laser bias switching.

concern. Therefore, steps must be taken to ensure minimum relative lost differences. The

matched performance of all four channels is crucial for the proper functioning of the

beamnforming. The true time delay fiber optic phase shifting of beam forming and steering can

also be accomplished by the reverse operation of switching photodetectors instead of lasers.

This technique is called photodetector switching. The delay module would be a 1:8 star
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coupler where one input fiber splits into eight outputs coupling to detectors. There is no real

distinctive advantages between the two methods, therefore, cost and availability are the

decisive factors. The forming and steering of a beam to a desired angle can be accomplished

independently of frequency for either technique because true time delay is independent of

frequency. This process minimizes the beam squint as compared to the frequency-phase

shifter operation. It is also important to recognize that both band signals share a common

feed fiber optic delay network and are controlled by one set of delay lines which help to

simplify the complexity of the beamforming architecture of the transmitter.

A two-bit variable switch is placed at the output of the photodiodes to allocate throughput

signals to the proper bands. The photodetector's output signal on each channel will feed two

radiating elements in the L-band subarray, or feed eight radiating elements in the X-band

subarray. Two band pass filters (BPF), one placed in the X-band path and another in the

L-band path, were used to prevent signal cross band interference. Both band signals are then

introduced to 6) dB gain low noise amplifiers to compensate previous insertion losses.

The gain trimmers were used only in X-band for amplitude equalization between the

channels because the angular width of each subarray falls within the angular scan limit,

whereas the angular width of each L-band subarray is much larger than the maximum angular

scan limit. If the amplitudes of each channel in X-band are nonuniformly distributed, it may

cause a lower and wider main lobe, and in turn the side lobe amplitudes would rise. This is

called destructive beamforming.

The line stretchers were required for both bands to compensate for the relative phase

differences between the fiber optic beam steerer and the array system, and also between the

channels. Their calibration adjustments were set to minimize errors in the system. Finally,

two sets of RF low noise amplifiers with 30 dB gain for X-band and 25 dB gain for L-band

were employed to bring throughput signals to the level that can be fed to the radiating

element subarrays.
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In this report, the words subarray and channel are used interchangeably. There are four

subarrays in the system. The X-band is comprised of eight radiating elements in each

subarray which are utilized to construct a baseline of 32 horizontally polarized dipole

elements. There are four dipole elements in each phase-shifter module, therefore two

modules are in each subarray. On the other hand, each subarray in L-band contains two

vertically polarized monopoles which are used to assemble a baseline of eight radiating

elements arranged side by side and lined up in a parallel structure. The linear array size of

both bands is 20.8" (- 53 cm) in length. After applying the equations d _< 1/2 and d = D/N

as previously defined, the element spacing is 0.65" (- 1.65 cm) for the X-band antenna, and

2.6" (- 6.60 cm) for the L-band antenna. Thus the subarray size of each delay module is 5.2"

(r = 13.25 cm) of both bands. The angular width, in degrees, of each subarray can be

computed by (180°/IT)(X./r). Consequently, each subarray angular width is approximately 150

for X-band (9.00 GHz) and 680 for L-band (1.90 GHz). This transmitter was designed for a

maximum angular scan limit of t 28' with a presetting of ±4' incremental steering angle.

This design causes minimal concern for constructive beam interferences in L-band because

its angular width is much larger than the maximum angular scan limit. On the other hand,

the 8-element X-band subarray pattern has an angular width that falls within the angular scan

limit which could cause destructive beamforming, resulting in the grating lobes becoming

domineering patterns, and in turn, a mistake could be made with the main beam of the

composite pattern. These errors can be corrected by using additional optical delay lines or

microwave phase shifters. The decision was made to utilize phase shifters, as shown in

Fig. 7, based on the resources available at the time. Also, the high insertion losses in the

optical true time delay module helped influence this particular decision.
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5.0 ANTENNA RADIATION PATTERN

This section is devoted to the experimental analysis of the antenna radiation patterns

from the active dual band phased array system. The pattern characterization tests were not

only conducted in Rome Lab RF Facility Anechoic Chamber but also at the Rome

Laboratory Newport Research Facility, Tanner Hill (Short Range). Equation (12) will yield

the results of : Rx = 16.85 m for 9.0 GHz X-band and R, = 3.56 m for 1.9 GHz L-band. The

X and L-band receiver gain horn was mounted at 6.4 m in the chamber and at 205 m at

Tanner Hill. Both measurements were taken from the transmitter to the receiver. Therefore,

the pattern data from the chamber test is a near-field pattern for X-band and a far-field

pattern for L-band. However, the Newport test was only to characterize radiation field

pattern data of both bands in a free space environment. These experiments will be discussed

in detail in the following two subsections.

5.1 ANECHOIC CHAMBER DATA ACQUISITION

The anechoic chamber is an environmentally controlled facility that can be used to

determine the antenna gain, pattern data, beam pointing, and other parameters of interest

in a polarization purity manner. The chamber's experimental setup including the

measurement facility and instrumentation is depicted in Fig. 8a. Fig. 8b and 8c are the actual

pictures of the hardware that was set up inside the anechoic chamber. The optically

controlled phased array dual band radar transmitter was mounted on the rotational mount

with a coordinate system defined by azimuth positioner and elevation constant. The input

CW signal source to the transmitter was split, and partially distributed to a local oscillator to

22



perform heterodyne with a variable local frequency to establish the reference frequency at

45 MHz phase lock signal. The pyramidal horn was mounted 21 feet from the transmitter,

and its receiving signal modulated with the reference phase lock local oscillator to beat down

and maintain the output signal at 45 MHz for both bands. This signal was fed to a Scientific

Atlanta Series 2020 Antenna Analyzer. Pattern data in hard copies were printed by the

Model 1526 Rectangular Pattern Recorder.

As it has been shown previously, the signal's travelling range in the chamber experiment

was near field for X-band and far field for L-band. The test was conducted at several

frequencies for L-band (1.8, 1.9, 2.0 GHz) and X-band (8.5, 9.0, 9.5 GHz). The 1.9 and

9.0 GHz radiation patterns are the most appropriate representations of each band. The

pattern was cut for every 40 incremental steering angle within the angular scan limit of ±28".

A cross-band boresight beam squint of 3.5' has been observed between L and X-band when

the two represented frequencies were applied to the system. When performing frequency

testing in each band for both bands, it has been observed that as the scan angle was steered

off broadside, an error of ± 20 in beam squint was observed. The cross-band squint may be

due to either the calibration adjustment (line stretchers were used to perform the calibration

in both bands) or radiation zone differences between L and X-band inside the chamber. The

speculation that beam squint is due to the different radiating zones can be eliminated by

cutting the data pattern of both bands in the radiation field. This task was conducted at

Tanner Hill, and it will be discussed further in the following section. The 3-dB beamwidth

is approximately 150 and side lobe level (SLL) is between -4 to -8.5 dB for L-band patterns,

and the data patterns of X-band are approximately 5' beamwidth at 3 dB and between -5 to -

15 dB relative SLL. SLL is utilized to measure how well the power is concentrated into the

main lobe. It is defined as the ratio of the pattern value of the largest side lobe peak to the

pattern value of the main lobe 4. A few data patterns were chosen to represent the data

patterns of both bands, as shown in Fig. 9.
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l-ig. (bh Photo of 3-bit fiber optic true time delay controlled network.

Fig. 8c Photo of optically controllcd dual band radar transmitter

setting up inside an Anechoic chamber.
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5.2 RADIATION FIELD DATA ACQUISITION

The objective of this section is to characterize the azimuth scanning performance of

the optically controlled true time delay beam forming and steering and also to analyze its data

pattern characteristics. The diagram (measurement facility and instrumentation) of the data

acquisition system was set up for measuring antenna radiation pattern characteristics in a far

field free space environment as shown in Fig. 10. In addition, the purpose of far-field free

space test was to establish a subject for discussion. This can be done by trying to replicate

the frequency and scan angle characteristics of the chamber test. These characteristics will

be reintroduced here for convenient sake. These tests were conducted again at several

frequencies for L-band (1.8, 1.9, 2.0 GHz) and X-band (8.5, 9.0, 9.5 GHz), with the 1.9 and

9.0 GHz radiation patterns chosen to be representative of each band. The pattern will be cut

for every 40 incremental scan angle within the angular scan limit of ±-280.

The experimental setup hardware is represented in the photographs, as shown in

Fig. 11. Due to the changing weather, the transmitter was placed inside a climate controlled

60" X 44" X 24" aluminum box as shown in Fig. lla. This figure is shown with the transmitter

inside the box which was mounted on top of the three axis positioner to provide a free space

rotation. The transmitted signal was received by two parabolic reflectors, a 10-foot dish for

L-band signal and a 2-foot dish for X-band signal, located 674 feet from the transmitter as

shown in Fig. I lb. This photograph also displays the ground screen arrangement along the

transmission path between the transmitter and the receiver. The dishes were mounted on

polarization positioners to accomplish polarized matching with the incoming signal. The

10-foot parabolic reflector was a vertically polarized dish and the 2-foot parabolic reflector

was a horizontally polarized dish. The received signal was converted into an appropriate

form for data recording by a Scientific-Atlanta Precision Amplitude Receiver, Model 1780.

An HP 8340 Synthesized Signal Generator was used for both bands to provide RF

signal to the antenna unit, to feed the Standard Gain Horn (SGH), and to partially distribute

the signal to a local oscillator (LO), so that it could regenerate its signal to phase lock with

the receive RF signal.

The purpose of SGH pattern was to verify the operation of the system. This pattern
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Fig. 10 Radiation field data acquisition system.

30



Fig. II a Photo of true time delay phased array transmitter mounted

atop the three axis positioner at the Short Range.

Fig. 1 lb Photo of receiving site with 2 and 10-foot parabolic receiver dishes.
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was recorded at each test frequency prior to raw data recording.

The received RF signal is the output signal of the parabolic dish. The received signal

was modulated with the LO signal to reproduce a 10 MHz reference output. The raw data

from the radar transmitter was recorded in digital form on magnetic disk and processed at

the RL Verona Research Site Data Processing and Software Development Facility, but the

real-time data displayed instantaneously on a Tektronix 4014-1 Computer Display Terminal

that can be used for data verification. In addition, the instant hard copies of the data pattern

in rectangular plots of amplitude versus scan angle can be produced by Tektronix 4631 Hard

Copy Unit.

A few data patterns from each band were chosen for the pattern representation of the

far-field test as shown in Fig. 12. A crossband boresight beam squint of 3.5" between L and

X-band has been observed. These tests, both in the anechoic chamber and at Tanner Hill,

exhibit a constant beam squint. This confirms that the data pattern was not affected by

different radiation zones. Therefore, the crossband beam squint is due to the calibration

adjustment which was caused by component mismatches. The main lobes at broadside (00

scanning angle) of the different frequencies in a band stayed within 0.50 deviation of each

other. In addition, in-band beam squints within 30 have been observed for each single

frequency testing in each band of the L and X-band if the scanned angles were steered

between t28' by 40 increment. The beam squint is believed to be due to a slight

misalignment between the antenna module within the four channels, errors in RF coaxial line

lengths, and nonuniform distribution of insertion losses between all channels and RF paths.

The 3-dB beamwidth and relative SLL of the L-band patterns are approximately 170 and

between -3.5 to -12.0 dB, respectively. On the other hand, X-band patterns have a narrower

beamwidth and higher SLL. Its 3-dB beamwidth is about 50 and SLL is between -4 to -16 dB.

The study on both sets of data patterns (controlled and free space environment) has

led to the belief that changing an input frequency in each band does not significantly effect

the pattern beamwidth and SLL. However, the SLL is tremendously varied by changing scan

angle. The SLL is usually maximum at boresight and minimum at ±28' scan angles. In other

words, the main lobe has a stronger power concentration at boresight than at off-broadside

scan angles.
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5.3 ANALYTICAL DISCUSSIONS

The purpose of this section is to discuss the experimental data patterns analytically.

In the preceding section it has shown that the main lobes at broadside of the different

frequencies in a band stayed within 0.50 deviation of each other, and ±2° in beam squint as

it was steered off broadside. These squints are partially due to the scan angle round-off error

calculation, because the linear array size of 53 cm (D = 53 cm) and maximum angular scan

limit of 280 (e = 280) does not result in an exact 40 incremental steering angle. Since the

switch is 3-bit resolution, it provides 8 discrete delay combinations. This provides a mean to

compute the scan angle as follows:

If A = Dsine and 17 = Dcose then

V 180 0 ( A 3.0 (3

where v is the scan angle.

The scan angle can also be found e
by direct calculation, that is D

Fig. 13 Geometric composition of linear array wavefront.

v = e/8 = 3.50 (14)

Both approaches have confirmed that the calculated scan angle is less than 40. Therefore, the

beam squint in the same band is due to the round-off error in the calculation. This implies

that this true time delay beam steering phased array transmitter exhibits high accurate beam

pointing. Since the steering module is frequency independent delay lines, it is also free from

beam wander off target as the frequency is changed.

It has also been observed that the crossband boresight beam squint is constantly 3.5'

off set between the two bands regardless of the operating frequencies which were used in

each band. The round-off errors were also partially responsible for this crossband beam

squint. However, this squint is still minimum comparing to phase shifter squint. To

re-emphasize this point, the theoretical analysis of phase scanning will be introduced here
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to clarify any ambiguities. If phase scanning were used then the radiation electric field can

be represented as follows:

N-1
Ei(eit) = 1, e -ji'" +,- nKddn) (15)

n=0

Note that this equation is very similar to equation (5), true time delay steering

equation. It seems to be deceiving to express Eq. (5) in term of cosine and Eq. (15) in term

of sine, but, as shown in Fig. 13, the sum of the two angles is 900 (9 + 0 = 900). Equation

(15) was derived by looking at the overall wavefront geometry. Wavefront is defined as the

plane which is perpendicular to a beam pointing direction. On the other hand, Eq. (5) was

derived by observing spatial advancement of a radiation field geometry.

Let's assume Tn's are fixed but frequency is now changed. If two propagation electric

fields radiate with different frequencies at time t = 0 and the sources are uniformly excited

then the fields are proportional to each other when the phases are equal, i.e.

'n - nKidsinel = Tn - nK 2dsinE2. After a few simple cancellations, this expression can be

rewritten as follows:

Klsine 1 = K2sine 2  (16)

This equation is called Bragg diffraction equation. Substituting 2fr/;. for K then the equation

becomes:

f1sine 1 = f2sine 2  (17)

This is the modified Bragg diffraction equation, where fi is a carrier frequency and e is a scan

angle. For instance, if fl = 1.9 GHz, 9 1 = 40, and f2 = 9.0 GHz then, by applying Eq. (17),

e2 = 0.84'. The squint for this particular case is 8 1 - e2 = 3.160. Let's again calculate the

squint when e1 = 280 and frequencies f, and f2 are constant, then 92 = 5.69'. The squint is

now 01 - e2 = 22.31'. According to Eq. (17) a crossband beam squint for the phase shifter

does not exist at broadside, but it becomes broader and broader as the scan angle is steered
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away from broadside. So it is undoubtedly an advantage to utilize true time delay optical

beamforming and steering.

To have a valid comparison, both systems should have equispaced linear arrays that

are uniformly excited with progressive phase shift between successive elements. Modify

Eq. (5) to govern antenna phase scanning applications. This equation can be expressed as

follows:

N-1
AF = 10e-J((tKr) Ej ein'K•a'e-`*) (18)

A maximum of an array factor occurs when Kdcose - A*' = 0. Then this equation can be

expressed as follows:

A* = 27rf(d/c)coso° (19)

where Eo is the corresponding angle for which the array factor is maximum, and A* is the

phase delay between any two adjacent antenna elements. Equation (19) is frequency

dependent, this implies that the scan angle is frequency sensitive. With a small change in the

operating frequency, the beam pointing direction is also changed. In fact, phase scanning is

a potential beam drifter (beam wanders off target) and phase squint in broadband beams.

On the other hand, true time delay with wideband radiating elements permits large transmit

and receive frequency excursions without beam wander as the frequency is changed, and also

permits the use of wideband waveforms. The true time delay scanning is frequency insensitive

over a wideband signal. The incremental true time delay between successive elements was

derived and has shown in Eq. (8). Let's reintroduce this equation below, so it can easily be

done the comparison with Eq. (19).

At = (d/c)cosoo (20)

Since the scan angle e0 is time dependent, equation (20) is frequency insensitive. It is

interesting to notice that both equations (Eq. (19) and (20)) only differ by the factor 2ff. All

parameters in Eq. (20) are fixed which in turn should not provide any squint at all.
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6.0 CONCLUDING REMARKS

The experimental pattern data of the RL Anechoic chamber and Tanner Hill have

shown in-band and cross-band beam squint. The squint is believed to be due to calibration

adjustment. The adjustment is to compensate for the round-off error of finite and fixed delay

lines in each channel at any scan angle and for the phase round-off error within each

subarray, and also for component mismatches. It is important to recognize that these beams

did not randomly wander off target. In other words, there was no recognizable deviation of

data pattern if the same test was repeated a number of times. There is no doubt that

repeatability and predictability of the system out-weighs beam squint. The so-called beam

squint is defined as the difference between calculated input scan angle and data pattern scan

angle. Therefore, the squint can be minimized by an accurate calibration adjustment and an

extremely precise scan angle calculation. The data confirms that the implementation of

photonic beam forming and steering into an RF phased array antenna will permit frequency

hopping over a wide frequency range without the resultant beam squint present, as in a

conventional RF phased array antenna. Unlike a conventional antenna, the signals of the

dual band optically controlled true time delay transmitter share a common feed fiber optic

delay network and are controlled by one set of delay lines which help to simplify the

complexity of the beamforming architecture of the antenna. In addition, the use of fiber

optic delay lines in the phased array antenna instead of phase shifters has the following

advantages: lightweight, compactability, flexibility, wideband operation, nondispersive over

multiple bands of microwave frequencies, and immunity to electromagnetic interference. The

advantage extends to both communications and surveillance applications where the beam

wandering off target could occur without the use of the optically controlled true time delay

beam forming and steering. This system is also suitable for spaceborne and airborne phased

array applications.
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