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Figure 2. DISTRIBUTION OF MASTER REFERENCE PHASE - |
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cable length normalized to subarray dimensions vs. the total
number of radiating elements from the center of the antenna to
;he corne? is depicted. Obviously the indirect method is

more desirable.

7.1 Positioning of the Distribution PCCs

Now that we have established that the distribution PCCs are
necessary for minimizing the cable length, the next question is
where should they be Tocated in the SPS antenna. Figure 24 shows
the location of PCCs on the square geometry. There are 1364 PCCs
plus the master PCC. Figure 25 shows the PCC position in the
staggered rectangular geometry of the SPS antenna. _Again there
are 1364 PCCs plus one master PCC used in this configuration.
Later we shall discuss the particular phase control configuration

which minimizes phase build up.
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Figure 25. Staggered Rectangular Plan with PCC Layout-
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8.0 APPLICATION OF PHASE CONTROL FUNDAMENTALS TO SPS ANTENNA
PHASE CONTROL

Once the PCCs are positioned on the antenna, the phase of
the master PCC phase can be accomplished using any onhe of the phase
control configurations discussed in Section 4.

8.1 Master Slave Phase Control

If thé Master Slave phase control configuration is used, there
. are 1364 slave PCCs and one master. The master PCC distributes
the phase to the first level of slave PCCs, see Fig. 26. Each
of these four slave PCCs distribute their reference phase to four
other PCCs in the next level of phase control and this continues

until the PCCs are all exhausted. Note that the nzﬂ Tevel will

have 22n PCCs. The master signal phase is conveyed to the last

level of PCCs, termed terminal PCCs, via the connecting 1inks.

If the paths between two consecutive levels of slaves have the

same length, then the phase and freguency of all the terminal PCCs
would be identical. In what follows this Master Slave configuration
will be abbreviated as MS.

8.2 Hierarchial Master Slave Phase Control in Groups of Four

This system is very similar to the one described above, see
Fig. 27. The master PCC sends the phase and frequency to four first
level siave PCCs. These four PCCs are connécted in the Mutual
Synchronous configuration described earlier. Each of these distribute
their reference phase to four slave PCCs located in the next Tevel of
the hierarchy of PCCs. These groups of four PCCs are connected
in the Mutual Synchronous configuration. This follows until

we reach the terminal PCCs. Figure 27 shows such a coanecticn.
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MASTER SLAVE HIERARCHIAL PHASE CONTROL IN GROUPS QF FOUR
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By imposing the Mutual Synchronous configuration on the groups

of four PCCs, this configuration improves the system performance
in terms of the differential phase build up at the cost of the
“increased cable length. Typical cable length calculations are
presented in the next section. This system will be termed
Hierarchial Master Slave Cdnfigﬁration 1 (HMST).

8.3 Hierarchial Master Slave Phase Control in Groups of 4"

As before, the master PCC distributes the reference phase to the
four PCCs in the first level of slave PCCs, see Fig. 28. These four
PCCs are connected in the Mutual Synchronous configuration. Each
PCC in the IEE:leve1 of the hierarchy distributes the phase and
freguency to four PCCs in the next level. Thus there are 42 = 16
PCCs in the second level. These 42 PCCs are connected in the
Mutual Synchronousvconfiguration. This goes on until we reach
the terminal PCCs. Thus at the nzb-1eve1 of the hierarchy of
PCCs, there are 4" PCCs and they are connected in the Mutual
Synchronous configuration. This configuration increases the
required cable length but the phase build up in the system is
reduced considerably. Figure 28 depicts this configuration and
we will find it convenient to refer to this configuration as the
Hierarchial Master Slave Configuration 2 (HMS2).

It should be pointed out that instead of imposing the mutual
synchronous connection on the groups of 4 PCCs on HMST and groups

of AL PCCS in HMS2, we can impose the RTC also.
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8.4 Master Slave Returnable Timing System Hybrid Configuration

The master PCC senses and locks on the incoming pi]bt phase.
This phaée is then sent to the next PCC by MSRTS which nullifies the
path delay effects. The phase is used here for the conjugation
circuits and then sent to the next PCC. This continues till alil
the subarrays are exhausted. In this system there is only one
PCC per subarray to receive the incoming phase (signal) and there
is no need for distribution PCCs. This type of feed is essentially
a series feed. The operation of this system is independent of the
- path delays which means zero phase build up. Fig. 29 shows the MSRTS
Hybrid building block.
There are two ways phasing of the antenna could be accomplished.
(1) the master PCC could be placed at the center of the antenna and
the aperture could be covered in a spiral fashion as shown in Fig. -
30 distributing the phase to various PCCs. (2) The master PCC is
‘p]aced at one of the éorners of the rectangular antenna and then
the antenna is scanned in parallel Tines. This is shown in Fig.

31.
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Figure 30. MSRTC REFERENCE PHASE DISTRIBUTION SYSTEM FOR
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Figure 31. MSRTC REFERENCE PHASE CONTROL SYSTEM
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9.0 SYMMETRY REQUIREMENT AND PHASE BUILD UP

In a master slave configuration, eq. (3.1.1-3) suggests that
a constant phase is distributed to the receiving PCC at any level
when the path Tengths between any two successive levels is the
same. This implies symmetry to a certain extent. If the path
lengths are not egactTy identical betweeh any two levels, a phase
build up results. Using (3.1.1-3) we can compute this phase build
up for the system.

In HMS1, (3.1.1-3) can be used to show that the phase build
up will be neg]igib]e only if equality of path lengths is enforced
on the links. The top half of Fig. 32 symbolizes this. On the
other hand, using the RTC configuration instead of the mutual
synchronous configuration in the HMST relieves the symmetry
constraint to that illustrated in the bottom half of Fig. 32.

The phase build up can be computed using the theory given
in Section 4. First we will compare the phase build-up of
the MS with that of HMS1 with the RTC in groups of four. It
can be shown that the phase build up for MS is worse than the
HMS1 by a factor of 9 at the first level of PCC slaves, by
a factor of 1.8 at the secondlevel of PCC slaves, by a factor
of 1.42 times at the third level of PCC slaves, by a factor
of 1.3 at the fourth level of PCC slaves and 1.22 times at the
fifth level of PCC slaves.

Let us now investigate the HMSZ with the RTC connection
at any level of slave PCCs rather than a mutual synchronous
connection. Here, the phase build up for the MS configuration

is worse than HMSZ by a factor of 9 at the first level of siave

. s} V)
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Figure 3Z. SYMMETRY ESSENTIAL FOR A MUTUAL SYNCH. SYSTEM PHASE CONTROL
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PCCs, by a factor of 66 at the second level of PCCs, by a factor

of 387 at the third level, by ﬁhe factor 4050 at the fourth level
and by 10265 times at the fifth level.
Figs.33.& 34 summari-zé this comparison. The actual connections
of the PCCs is shown in Figs. 35 and 36.. Here we have assumed
a MS scheme, HMS1 and HMS2 schemes will just superimpose mutual
synchronous connection or the RTC connection on the groups of
four or groups of 4", respectively. The arrowheads show the
direction of flow of the reference signal.
we_saw above the HMSZ is quite superior to HMST and MS
configuration when the phase build up is considered, but it needs
an excessive amount of\cab1e length, also it needs equal lengths
of cable between two successive levels. The cable lengths
necessary for MS, HMS1 and HMS2 from the master PCC to the terminal
PCCs is shown in the table in Fig.37.
- MSRTC which uses the Master Slave series feed with the returnable
timing feature added does not need any symmetry. This system also
has no phase build up associated with it. Thus it seems that MSRTC

phase build up is by far the best phasing system for the antenna.

i -80~ ci-l.ﬂ(;ﬂm —




I C
Lri_ G

SPS REFERENCE PHASE DISTRIBUTION SYSTEM COMPARISONS

SYSTEM CONCEPT ADVANTAGES DISADVANTAGES

MASTER SLAVE MINIMIZES CABLE LENGTH PHASE BUILD UP,
PHASE JITTER

HIERARCHIAL CONTROLS PHASE BUILD USES MORE CABLE,
MASTER_SLAVE UP AND PHASE JITTER PHASE BUILD-UP
SYSTEMS , DEPENDS ON DIFFERENTIAL

| PATH DELAYS |
MS RTS HYBRID CONTROLS PHASE BUILD

UP AND PHASE JITTER,
MINIMIZES CABLE
LENGTH

Figure 33. SPS Reference Phase Distribution System Comparisons.
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Figure 34.
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| PHASE BUILD UP COMPARISONS
7 PHASE FOR v PHASE FOR v PHASE FOR
 CABLE MASTER SLAVE HMS 1 HMS 2
LENGTR r - p p, p P
(cms) 9 6 g 6 9 6
2.25x10° | 70x10 2.45x10 70x10 2.45¢10 70x10
0.2 29.40 0.42° 24.17° 0.345° | 0.002869° | 2.09x1073
2.0 5age 16.8° 483° 13.81° | 0.05739° |1.639x107%
10.0 1470° a2° 1208° 34.53° | 0.14318° |4.099x1073
70.0 10290° 2940 8460° 2410 1.0043° | o0.0287°
90.0 13230° 378° 10878° 310° 1.2613° | 0.03689°
2500 367500°° 10500° | 302166° 8633° 35.8° 1.02°

VPhase for MSRTC = Q°
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Figure 35. MASTER SLAVE PHASE CONTROL IN SQUARE LAYOUT
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Figure 36. MASTER SLAVE PHASE CONTROL IN STAGGERED RECTANGULAR LAYOUT
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CABLE OR WAVEGUIDE LENGTH (MILES) TO TERMINAL PCC

LEVEL S g HMS1T  HMs2
1 005 0.17 | 0.17
2 0.3 0.77 | 3.8
3 1.4 3.3 122
4 5.9 13.5 3,905
5 24 55.1 124,740

MSRTC (Square): 25 Miles
(Spiral): 28 Miles

Figure 37. Cable or Waveguide Length to Terminal PCCs.
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10. PHASING OF THE POWER AMPLIFIERS

The power amplifiers add their own instabilities to the
phase of the signal they are amplifying. This is accomplished
through their AM-AM and AM-PM characteristics. If left unattended,
this phase noise effect reduces the power transfer efficiency
by pfoducing a phase jittef on the transmitted beam caused
by the received beam to wander randomly over the aperture of
the rectenna.

One way of phasing the power amplifier is to connect the
power amplifiers using one of the phase control configurations
described in Sections 3 and 4. If the Master Siave Configuration
is used then the power amplifier layout around the point of ref-
erence (the terminal PCC) should be symmetric in order to
minimize the phase build up. This is shown as the dashed
circle in Figure 38 for the rectangular and square Tayout. If
the RTC is used to connect the power ampiifiers, the symmetry
requirement can be largely avoided and the power amplifiers
placed at the base of the radiating elements. The cable length
associated with the ﬁower amplifier 1ayou£ is shown in Table 1
of Fig. 39 and Table II gives the totallength of the cable
for MS, HMST and HMSZ reference phase distribution configuration

plus the power ampiifier layout.

N 72
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proposed to be used in the system‘have a considerable phase jitter.
Since mutual coupling reduces the phase jitter of oscillators,

the same technique could be used for reducing the phase jitter of

the amplifiers. The mutual synchronization could be applied at
different levels resulting in Fig. 41 , and Fig. 42.

Although the figures shown assume the MS, mutual synch or RTC mode of

reference distribution, it can be made applicable to MSRTC equally well.
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Figure

©RECTANGULAR LAYOUT

.38.LAYQUT OF POWER AMPLIFIERS

©SQUARE LAYOUT
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CABLE OR WAVEGUIDE LENGTH (MILES) TO PAs

1

-0.49

1.95

7.8

3t.2

2
3
4
5

124.7

Table I.

CABLE OR WAVEGUIDE LENGTH (MILES) TO PCCs PLUS PA PHASING

LEVEL MS HMST HMS2
1 0.53 0.66 6.6
2 - 2.2 2.7 5.8
3 9.2 11 130 %
4 37 45 3,936 é
5 149 180 124,864* :

Table II.

Figure 39. Cable or Waveguide Length to

*Equals Five Times Earth's Circumference

PCCs Plus PA Phasing.
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Figure 40. Converter of PA's in Subarrays.
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Figure 43. FUNCTIONAL DIAGRAM OF POWER AMPLIFIER PHASING AND
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11. ANTENNA BEAM STEERING

As was pointed out in Sections. 3.1 and 3.2 there are two
different ways of forming and steering the SPS antenna beam.
(1) On-board phase control via phase conjugation and (2) SPS
beam forming and steering via the ground station. In this section
we will try to develop the-theory for these two methods and
enumerate the advantages and disadvantages they have.

11.17 On-Board Phase Control and Beam Steering via Phase
Conjugation

Assume that the reference phase distribution system dis-

tributes a constant phase characteristic to each PCC. This
reference is used to phase the power amplifiers. If the PAs
output signals are cocherent, beam pointing can be accomplished
using the phase conjugation scheme. The idea is: "The phase
of transmitted signal from any element in a retrodirective
array must bear a conjugate relationship to the phase of the
received signal at that element when compared with the common
reference in the power amplifier outputs." Assuming a pilot

~ signal is sent from the rectenna center which illuminates the
antenna, the master PCC located on the SPS antenna phase
locks to the incoming pilot. This phase and freguency is
distributed to all the PCCs which in turn distribute the phase
to the PAs. At each radiating element, the received pilot phase
would be conjugated by using the constant phase supplied at the
PA outputs. If done properly, a coherent beam is formed which will
be automatically focused at the rectenna because of the retro-
directive property created. Figufe 45 ié'é tonceptua1 repre-

sentation of such a syétem. One simp]ified'conjugation

) V]
oLinl o —
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Figure 45.  on BoARD PHASE CONTROL AND BEAM STEERING USING RETRODIRECTIVE

ACTIVE PHASED ARRAY CONCEPT _,Cin Com
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scheme is defined in Fig. 46, the 1ine delay between the radiating
element and the diplexer does not degrade performance due to the
fact that after conjugation, the same path is traversed and the
delay effects cancel.

The conjugation will work very well as long as the up and
downlink signals have the same frequency. This is impossible
because if-the downlink signal, having a high power density,
is at the same frequency as the uplink, the upTlink will get
totally annihilated and hence continuous operation of the SPS
antenna is not possible. Thus a freguency séparation between
the uplink and downlink seems necessary to reduce the inter-
ference between the signals. This frequency separation causes
a problem, viz., the frequency shift introduces a shift in the
beam pointing direction, see Fig. 47.. Thus to point the beam
in the correct direction other phase control equipment is reguired.
In what fo]]owé the beam shift and beam pointing problems are
discussed below.

11.1.1 Frequency Separation and Beam Pointing

Figure 48 shows the geometry of the system to be used.
The incident wave has a wave number Kr and a direction (ar’Br)'

The wave received by the izb-e]ement is equal to

AW, jlw-K R.)
- e " (11.1.1-1)
i
where A is a constant, wi is an amplitude factor and Ri is

the distance between the_izb-e]ement and the pilot source

F 2 38
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Figure 46. Functional Diagram of Power Amplifier Phasing and
Conjugation Circuit.
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Figure 47. Effect of Frequency Separation.
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Ae

where ¢ is the arbitrary phase shift associated with the pilot
source.

The phaée of this received wave is conjugated in the
conjugation circuit, amplified and retransmitted at a different
frequency_g%liﬁg(Eﬁ?Rw?ﬁe number KT' This wave has the form
(Awi/Ri)e r1 0 here Ry is the distance between the
pilot source and the antenna center. Depending on the frequency
separation, this retransmitted wave will travel in a different

direction than the direction of the incoming pilot wave. The

re-radiated wave at a point R% from the iEB-e1ement would have

the form

Ae-jKTRO w'i 'j [‘b'Kr(Ri _RO)]-jKT(Ri-RO)

- e
R;

Hence the toutal wave would be

—j(KTR6+¢) N wi +j[Kr(Ri-RO)-KT(RirRO)]
Re T{— e
: i
i=1
The retransmitted wave has the direction (aT,BT) and it
comes to focus at R% which is not equal to the rectenna or

the pilot source point. When the beam gets into focus at

Rb, we can state that

(11.1.1-2)

Kr(Ri-RO) = KT(R%-Ré) (11.1.1-3)

It could be seen easily that this condition is the same as

the one achieved by the bandwidth consideration. Since

VAW &
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%#R% and Rb#RO, the beam has missed the rectenna. Hence we
would Tike to add a phase to the radiated wave such that the
beam will scan back to the rectenna.

11.1.2 Calculations of Phase Shifts Netessary»,

From Fig. 39 we can say that

T(RY)Z + &

(d1.>2 (d].) /2 an )
RE T +{=s-] -2t ) cos 6 11.1.1-4
0 RO RO T

e; and di are defined in Fig. 39. Expanding (11.1.1-4) in a

R:

oual/2
; + Zdi Ro]

power series gives

) dg sin2 eT d? s1'n2 eT cos eT
0 2(Ry)
Therefore
' d? sin2 61 d? sin2 81 COS 6
R%-Ré = 'di cos eT + SR + 5
0 2(R6)

from the geometry of Fig. 39 we can say that

di cos 6; = X5 sin ar €OS fs.‘.-!-y_i sin ar Sin BT+ Z; €OS ap
(17.1.1-5)

Using the far-field approximation,

R1.-R0 —di cos 6

T
= -[xi‘sin ar COS B + ¥, sin g sing, + 2, cos aT]
Now we can rewrite the wave radiated from the antenna to be |
Ae-j(KTR6+wS) - ;%- e+j[éi-KT(R%‘Rb)] _ (11.1.156)

=1 1
where

F 2 DY o
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4; = K(R;-R) (11.1.1-7)

from (1.1.1.7-6) we know that the wave focuses at

-
1

i = Kp(Ri-Rg)
(11.1.1-8)
'KT[xi sin ar COS Bt y; sin o sin Btz COS aT]

Now we want to scan the beam from (aT,S T) direction to (ar,s r)
direction then the phase shift to be added to the izb-e]ement would
be (up to first order)

| i i (11.1.1-9)
- Ap, = — Ao T8 .
1 BO‘-T %T )
Therefore
by = - T[xT COS ar COS By +y; COS ag sin By - Z4 sin aT] Aa
+ KT[Xi sin ag sin B Y5 sin ap €OS BT]AB (11.1.1-10)

We know that we want the beam to be directed in (e .8) direction

hence

b + 80, = Kp(Ry-Rg) (11.1.1-11)

Therefore

By = Kp(Ry=Rg) - ¢,

Kr(Ri-Rg) - K.(Rs-Rg)

(KT'Kr)(Ri'RO) (11.1.1-12)
with far field approximation we get

_.‘A¢j = (K=K Ix, an @, €OS B, * y; sin o sing, +z; cos ¢,

Y
(11.1.1-13)
F g P
Linlom—
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Thus if the -;Eﬂ element receives the phase shift-Acpi the beam
wiil shift back to (ar’Br) direction. It should be noted that the
beam points towards (ar’sr) direction but it has a different
frequéncy _than the uplink signal.

For later use we should compute Ac and B defined in

(11.1.1-10). We already know that (see Fig. 49

Br 'BT

Using (17.1.1-10), (11.1.1-13) and the above equation gives

us Aa in terms of M8

= - — . si +y. si sing  + z.
Aa [(1 Kr) {x] sina cosg.*y; sine, sing +z, COSar}

+ {Xi sin ar sin B = ¥; sin ap €OS BT}AB'-J/[Xi cos o sin Bt
+ ¥; €oS ap Sin g - z, sin aT] ‘ (11.1.1-14)

Thus to compute Ac we need (“r’sr) as‘we'l'l as ia:r,BT) once

we calculate Aa and AR we have
AR = [(Aa)2 + (8 sin aT)ZJ]/Z

and this Ae gives."us the beam pointing error.

11.1.3 Effect on Pofnting Due to Measurement Error in the
Position

We have A =8 By but A« depends on the coordjnates. It
the coordinates with error are (x;. ,y%,z;.) then the ;&a' could
be obtained by replacing Xy by x;., ¥; by y% and z, by z;.,

M by A8' in equation (11.1.1-14). Then |

pe' = [(aa')+ (& sin ap)?1'/?

— Lin{_om —
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and

8§86 = A8 - A8’

Figure 50 shows the amount of compensation necessary. Thus

for two different frequencies we conclude that the conjugation
scheme will work if proper steps are taken to avoid the effects
of the upTink-dqwn]ink frequehcy separation.

Summarizing the above: (1) The scheme needs a conjugating
circuit at each radiating element which automatically conjugates
the incoming wave. (2) A correction phase is necessary to steer
the beam back to the desired direction. This correction
phase depends upon the position coordinates of the elements of

~ the antenna and the incoming wave parameters. The values of «
and By could perhaps be obtained, to the desired accuracy, by
using a monopulse tracking system. These values of « and g, the -
position coordinates, and accurate values of kr can be used in
principie to compute the phase correction required at each
element.

The above concepts can be implemented as illustrated in
Fig. 51. Due to the flexing of the SPS antenna, it is divided
into groups of subarrays. In each subarray there are M radiating
elements and, along with each radiating element, there is a hower
amplifier and a conjugating circuit. This conjugating circuit
accepts the input from the reference distribution system of
the antenna. The pilot wave received at each element is phase
conjugated using the reference phase supplied to the conjugation

circuit and is amplified by the power ampiifier. Before this

¥ £ B
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wave is radiated, its phase is adjusted to take care of the beam

pointing error introduced by the frequency separation of the
uplink signal from the downlink signal. This adjustment is
done by a phase shifter which reéeives the phase correction
term from the phase correction computer. There are two inputs
to this computer: the inpﬁt from the monopulise tracking svstem
producing azimuth and elevation angles of the arriving piiot
beam and the other position coordinates of all the»radiating
elements in the group of subarrays. This system is completely
automatic in operation. The number of subarrays in the group
is determined Ly several factors, e.g., antenna flexing, plane
waves approximation of a spherical wave.

11.2 SPS Beam Forming and Steering via a Ground Station

One main disadvantage associated with the phase conjugation
method is the pointing error introduced due to the uplink-
downlink frequency separation requirement. Another major
problem is that this method is difficult to secure (power rob)
-and easy to jam unless additional measures are taken.

An alternate approach to beam forming, pointing and steering
is illustrated in Fig. 52. Here we see that various peints in
the rectenna are selected for the placement of sensors, see
Figs. 52 and 53. The purpose of these sensors is to receive the
power signal from the sate]life. A portion of the received
signal at each sensor serves as the input to the signal
processor, Fig. 52. The signal processor receives two inputs.
(1) The signals from sensors, and (2) the input from the

Satellite Crbit Determination Computer, (SOD). The signal
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Figure 52, SPS Beam Forming and Steering via Ground Station.
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processor processes these inputs and computes the angle of

arrival of the beam radiated by eéch subarray in the transmitting
antenna. When this %s compared with the desired angTe of arrival,
of the signal, the beam pointing error in the transmitting antenna
is generated for each subarray. Thus the output‘of the signal
processor -is a vecfor of beam pointing errors. This error

vector is transmitted to the satellite by a separate communi-
cations link, see Fig. 52. The error vector is distributed

at the antenna to the proper subarray . The process of nulling

the vector error signal results in focusing the subarrays

radiated signals towards the center of the rectenna.

There are two approaches to evaluating the components of the
beam painting error vector. One approach is to evaluate the
error components serially. This approach is illustrated in
Fig. 54. The alternate approach is to evaluate the error
components in parallel, see Fig. 55. While parallel processing
requires more hardware in its implementation, it has the distinct
advantage of producing an error vector much faster. Hence, if
fhe medium is not sufficiently stable paraliel processing may
be required over that of serial processing.

One of the problems with this approach is that to start
the beam pointing process, some energy has
to be incident on the sensors. Hence, the transmitted beam
may have to be swept back and forth over the rectenna befofe
it hits some of the sensors. This prprem could be solved by
a combination of retrodirective and ground control methods.

The .retrodirective method will radiate the bzam more or less

- Linlom —
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in the direction of the pilot beam and the error correction for
the frequency separation and other effects could be done by
ground sensing. Figures 56 and 57 summarize the advantages and
disadvantages of the retro&irective as Qe]] as the ground control
scheme. Further work on understanding this method and fts

performance is currently under way.

Y
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Fig. 57.. ADVANTAGES AND DISADVANTAGES OF FEEDBACK VIA GROUND TELEMETRY
: AND COMMAND SYSTEM
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12.0 POWER TRANSMISSION EFFICIENCY CALCULATION

Since the power transmission efficinecy is directly related
to the beam forming and the beam pointing ability of the antenna,
there are two different effects that degrade the power transmission

efficiency. They are:

(1) The random effects:
(a) Temperature and antenna flexing induced fluctuations

in the path delays of the reference phase distribution

~

system.

(b) Power ampiifier instabilities.

- {c) Instabilities associated with the phase control centers
used in the reference phase distribution system.
(2) The nonrandom effects: |

(a) Uncompensated path delays in the reference phase
distribution system.

(b) Beam squinting due to freguency separation of the

uplink and downlink signals.

Thehcombination of random effects has a mean value and
a variance. This mean value of the random effects combined
with the nonrandom effects produces the beam pointing error.
In what follows, we will investigate the effect of the random

and nonrandom parameters described above on the power transmission
efficiency.

12.1 Problem Formulation

We consider the transmitting antenna to be a planar array
of radiating elements in the xy plane. There will be 2N+1 rows

of elements, each row paraliel to y axis with a common spacing

o~
N fpp—
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is dx units between the rows. Each row will contain‘2N+1_radiating
elements whose common spacing is dy units. Thus any element
position can be described by (m,n) where -N <m< Nand -N 5_nV5_N.
The normalized current in the (m,n)th element will be denoted by

Imn = Im-I

n’ ,
The complex radiation pattern for this antenna in the absence

of errors (random or otherwise) described above is obtained as
fla,8) = :Ej:%; Im,lneJK{mdx sin @ cos 8 + ndy sin a sing] (1)
m,Nn=- : v ‘

where a and 8 are the polar coordinates of the point under
conéideration and sin o cos 8 and sin a sin B are the projections
of this point onto the equitorial plane. The factor in the
exponent in equation (1) is due to the position of the radiating
element, better known as the array factor while the remaining terms
form the element factor of the array.

The antenna will be phased up to make the main lobe of the
pattern point in the direction of the rectenna (conjugation scheme).
The phasing system will introduce the random and nonrandom errors
described above. As a result of conjugation and the mean part of
random errors and the deterministic (nonrandom) errors, the beam
will point in the direction (90,¢6) in polar coordinates. Besides
squinting the beam off the broadside, the random effects introduce -
a phase jitter on the beam. Considering these effects, (1) becomes

N j(8e +5¢, ) JKImd (sin o cos 8 - sin 8y cos ¢p)

fa,8) = ZZ Im'Ine e

. m,n=-N

4+ ndy(sin e 3ing - sin 5, sin ¢O)]

(2)

| Fj r 4
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whe%e?qu and 6¢n are‘ the zero mean random variables. We also

assume that 5¢m and 5¢n are iﬁq.ependent random variables with normal
distribution. We are baéicaﬂy interested in the power transmitted
by the beam to the rectenna hence it would be quite useful to obtain

the average power pattern (APP) for the antenna.

APP

E[f(a8)-f*(a8)] = P(x,8) (3)

where f*(a8) is the complex conjugate of the radiation pattern
f(a,8) and the expectation operation is carried out over the random
" variables qum and 6¢n. Since qum and 6¢n are assumed Gaussian

random variables,

and

Ele "] = e Y ¥n - (4)

The above is true because' all the 6¢m (s q:n) come from the same

population with mean 0 and variance 6)2( (Gi). Using eguations

(1)-(4) we obtain an equation for P(c 8 ).

)2( N 2 N jde(m-m')(sin a cos 8
G,B)“ZZI I te TIS LS S I e
m,n=-N n=-N m,m'=-N
m#m* - sin &, cos 470)

2 jKd (n-n')sin a sin8 - sin 90 sin ¢0)}

-g N 2 N
: y{z Im}{ zzln'ln’e Y
m=-N n,n'=-N
n#n'

2,2 o . i ) ‘
AN N jKd_(m-m')(sina cosB - sin®_, cos ¢ )}
te X y{mzzlm'lm'e > o °
l’m'=-N
m7m'

Il »”
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"{ N JKdy(n-n }J(sin « sing - sin &g Sin ¢0)}
n#n' _ (8)

Thus the power pattern P{a,8) is a function of a and g. To
obtain the power transmitted to the rectenna, P(a,8) should be
-integrated over a and 8 covering the rectenna region. 60 and ¢5°
the beam pointing direction is the parameter. The main beam

power transmission efficinecy is defined as follows:

” P(a,8)ds

Main Beam Power - _ Rectenna (6)
Transmission Efficiency .
. ff P'(a,8)ds

" Rectenna

where P;(a,S) is the P{a,8) with no errofs (random or otherwise),
i.e., with the beam ideally pointed towards the rectenna.

Numerical computation technigues were employed to evaluate
equation (6). In the computations carried out, it was assumed that
the satellite is directly above the rectenna center, i.e., the
antenna sees the rectenna és a perfect circle. Thus ¢ can be
set to zero because the integral value is independent of 9g- The

value of 8, was incremented in steps of 20% of e ., where

6 = tan~} Rectenna Radius
n Distance Between Antenna and Rectenna

This computation also incorporates the effect of 10 dB taper
on the currents feeding the radizting elements. Results of this

computation is shown in Fig. 58. As this figure shows, even with

imt 441:11211!'38579"'fJ
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¢0 = 0, i.e., perfectly aligned bgam, to obtain the power trans-
mission efficiency of 96%, the phase jitter introduced by the
phasing system should be below 6 degrees.

-One important thing to note in this computation is that we
have assumed that the satellite sees the rectenna as a perfect
circle, i.e., antenna is directly above the rectenna center. When
this is not irue, the antenna sees the rectenna as an ellipse, and

in such a case the efficiency depends on ¢0. Current work is

extending the above results to include this case.
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12.2 Two Frequency Technique for Retrofire Arrays

This is an alternate technigue for pointing a retrofire

array. Ideally, a retrofire or Van Atta array returns a

signaﬁ in the same direction as any signal incident on the array.

In practice, heterodyning techniques are used to provide frequency
separation between the incident signal and the returned signal.
Unfortunately this frequency separation introduces a pointing

error for signals that are not exactly broadside incident on the
array, i.e., the returned signal direction is not exactly equal
-to the incident signal direction. This problem may be circumvented
by a two frequency technigque. This technique has the advantage

that frequency isolation is provided between the uplink and

return 1ink yet the return signal direction is exactly equal to the
incident signal direction. The disadvantage is an increase in
complexity since more hardware is required at each antenna. Since
the circuit is the same for each antenna in the array the additional
hardware may be built using fiTm technologies resulting in modest |
‘cost increase. Probably the main consideration is reliability since
increased complexity necessarily implies a higher 1ikelihood of
failure. The two freguency method can be implemented simply and

current work is under way to exploit this aspect of the system.
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