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ABSTRACT

A Retrodirective array has the unique property in that when it is interrogated, the
array automatically points its beam toward the interrogator. Unlike more complicated
arrays that require digital signal processing, the retrodirective array achieves self-steering
through simple analog circuits.

As a result, retrodirective arrays are the preferred

solution for applications requiring self-steering where the limiting factors are cost and
design complexity.
This thesis presents several advances in wireless communications systems
through the use of retrodirective arrays. First, a phase-conjugating retrodirective array is
used to improve the reliability of a radio link in a severe multipath environment. The
method showed up to 31 dB of improvement ofa 5.35-GHz communication system when
compared to a conventional array.

Next, for terrestrial-to-space or space-to-space

applications, a two-dimensional retrodirective array is presented at 3.84 GHz.

The

complexity of a complicated LO feed network is eliminated by basing the design on selfoscillating mixers. Finally, a retrodirective array is specifically designed for a 10.5-GHz
small-satellite network.

A network of small satellites promise increased mission

flexibility and success by distributing the tasks of a single large satellite. Quadruple
subharmonic mixing is used as well as two-dimensional retrodirectivity and circular
polarization to accommodate for the power constraints and lack of attitude control of
small satellites.
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CHAPTER 1
INTRODUCTION
Wireless communication devices such as cell phones, wireless internet, and
satellite communications have revolutionized the day-to-day operations of businesses, the
military, and the everyday person. These inventions, once seen as luxuries, are now
becoming a part of modem-day life fueling a wireless industry that shows no signs of
slowing down. Within a five-year span, net sales for Nokia, a leader in cell phones and
other wireless communication devices, have jumped from $16.4 million in 1998 to $36.2
million in 2003, which is nearly the all-time high of $37.3 million [1].
Research spending at Nokia is also at an all-time high of $4.6 million in 2003,
more than triple the amount in 1998. No longer are wireless devices being designed just
for audio communication.

Some of the latest technologies include portable video

imaging and gaming systems with online capabilities. With the popularity of wireless
communication systems likely to increase in the future, many opportunities will open in
the field to support the growing demand.
While state-of-the-art wireless communication systems are comprised of many
different subsystems and components, the focus on this thesis is the antenna.

More

specifically, new designs of retrodirective arrays will be discussed along with their
beneficial properties to a wireless system.

1.1 Omnidirectional Antennas

The ability of an antenna to convert electric signals to electromagnetic waves
which propagate in space is what allows the transfer of information from one point to
another.

Omnidirectional antennas, as shown in Fig. 1.1, are the simplest and most
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common type of antennas used in wireless communication systems.

They are cost

effective, as they may consist of only a single wire, and provide good coverage equally in
all directions. As a result, each user does not have to know the location of the base
station antenna to establish contact.

Fig. 1.1. Wireless network using omnidirectional antennas.

While omnidirectional antennas may be adequate for commercial applications
where cost is the limiting factor, there are some downsides of using an antenna that has
such a broad radiation pattern. When transmitting, power is radiated in all directions
which is both inefficient and may cause interference to other systems. For the receiving
case, in addition to receiving the desired signal, an omnidirectional antenna may also pick
up interference coming from users in other directions.

Interference can be avoided

between two neighboring stations by assigning different frequencies to different users,
forming a frequency division multiplexing (FDM) network. However, with all of the
frequencies between 9 kHz - 300 GHz currently allocated [2], available bandwidth is
starting to become one of the major limiting factors in the development of future, high
performance wireless systems. Also, since it is possible that some communications may
contain sensitive information, transmitting the information in all directions using
omnidirectional antennas may create a security issue.

2

1.2 Phased Arrays
The easiest way to increase the radiation efficiency of a wireless system is to
transmit only in the direction of the desired user.

Not only does this increase the

radiation efficiency, but it also reduces interference to other users which increases
capacity as well as security.

This method of increasing the user capacity by only

transmitting to selected areas is known as space division multiplexing (SDM).
One way of realizing an SDM network is through the use of phased arrays as
shown in Fig. 1.2. Each antenna element in the array is connected to a phase shifter
which allows beam steering of the array. Once the direction of the user is known, the
beam can be pointed towards that user (user A), increasing the radiation efficiency of the
system while minimizing interference in other direction (user B). The problem with
phased arrays is that the location of the user must be predetermined, making it unsuitable
for mobile users.

Phased Array
Fig. 1.2. Wireless network using phased arrays.
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1.3 Smart Antenna
The preferred solution for mobile users in a SDM network is to use an array
equipped with self-steering capabilities. One popular type of antenna capable of selfsteering is the digitally based smart antenna [3].

The smart antenna (Fig. 1.3)

downconverts the RF signal to baseband where digital signal processing (DSP)
algorithms are applied to determine the directions of the users and in tum, form a beam
back in that direction. Advanced algorithms can perform complicated functions such as
compensate for multipath fading and, by analyzing both the direct and multipath signals,
selectively receive and transmit to multiple sources (desired or interference). However,
due to the added cost and complexity of a DSP system, in additional to the analog
downconversion circuit, the smart antenna may not be suitable for all applications.

Baseband Processing
(DSP)
Fig. 1.3. Schematic of a smart antenna system.

1.4 Retrodirective Arrays
This thesis will focus on retrodirective arrays which is the preferred solution for
applications requiring self-steering where the limiting factors are cost and design
complexity. Retrodirective arrays have the unique property in that when the array is
interrogated, the array automatically points its beam toward the interrogator. Unlike the
smart antenna which relies on DSP algorithms, retrodirective arrays achieve self-steering
completely through simple analog circuits. The phase-conjugating retrodirective array
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(Fig. 1.4) uses an analog phase conjugator, typically a heterodyne mixer [4], to achieve
self-steering.

The benefits include those of a phased array such as increased link

efficiency, added security, and increased user capacity, as well as automatic tracking,
with minimal added complexity.

Outgoing Wave
Incoming Wave

-34> -24> -14>
+34> +24> +14>
Analog
Phase Conjugator

Fig. 1.4. Schematic of a phase-conjugating retrodirective array.

1.4.1

Multipath Communication Using Retrodirective Arrays
Multipath propagation of a communication signal is one of the leading causes of

fading and loss of connections between two wireless users. As shown in Fig. 1.5, in
addition to the direct propagation path, the signal also reaches the destination through a
second path. Depending on the relative distances between these two paths, the resultant
signal may either add in-phase (no loss of communication), or out-of-phase (complete
loss of communication). In reality, the multipath signals combine somewhere between
in-phase and out-of-phase resulting in some degree of fading.
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o

Analog
Phase Conjugator

Phase-Conjugating Array
Fig. 1.5. Wireless communication with multipath propagation using a phase-conjugating array.

Chapter 3 discusses how a phase-conjugating retrodirective array can be used to
reduce multipath fading. In the ideal case, multipath fading can be completely eliminated.
If the resulting phases of the two incoming multipath signals are -cj» and -cj>2' the phase
conjugating array will transmit the phase conjugate +cj>1 and +cj>2. Back at the original
source, these two signals from the phase conjugating array will combine in-phase, thus
eliminating the deep fading due to multipath.

1.4.2

Retrodirective Arrays for Non-Terrestrial Communication
While ID steering is adequate for terrestrial to terrestrial communications, two-

dimensional (2D) steering is required for terrestrial to space (Fig. 1.6) or space to space
applications.
In the case of the retrodirective array, the challenge is to reduce the size of the
design to a half-wavelength by half-wavelength unit cell.
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The smaller size not only aids

Fig. 1.6. Two-dimensional self-steering array for non-terrestrial communication.

installation, but also eliminates the grating lobes. Conventional phase-conjugating arrays
employ heterodyne mixers at each element that are fed by a single local oscillator (LO)
source through a large corporate feed network. Chapter 4 proposes a design that will
eliminate the complicated feed network by replacing the mixers with self-oscillating
mixers. Basing the design of the array on self-oscillating mixers allows each element to
be self-contained within a half wavelength by half wavelength unit cell.

1.4.3

Retrodirective Arrays for Small-Satellite Networks
Recently, there has been considerable interest in small satellites for

environmental sensing, technology demonstrations, and other short-development
experiments [5]. The smaller mass of nanosatellites (10 kg) and picosatellites (1 kg)
make them more economical to develop and launch into orbit.

Networks of small

satellites promise increased mission flexibility and success by distributing the tasks and
subsystems typical of a single large satellite. An autonomous small-satellite network also
reduces the possibility of catastrophic single-point failure; if one picosatellite fails, others
can take up the slack until a replacement is launched.
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However, the challenge in

designing a distributed small-satellite network - especially a dynamically reconfigurable
one - is in establishing and maintaining a reliable crosslink with other satellites in the
network without a priori knowledge of their positions.
The 10 x 10 x 15 cm size of picosatellites prohibits them from having attitude
Therefore, there is an added challenge of maintaining a reliable link with

control.

satellites that are constantly moving in space.

Self-steering arrays can increase the

communication efficiency of a small-satellite network due to the added gain of the array
as well as provide an additional layer of security. Due to the size constraints and limited
DC power, the retrodirective array is the preferred choice over the more complicated
smart antenna because it requires no DSP layer.
Chapter 5 presents a design of a retrodirective array, specifically for picosatellite
applications.

The proposed design utilizes a novel quadruple subharmonic mixing

approach to lower the LO frequency requirement, in addition to achieving twodimensional retrodirectivity with circular polarization.

1.5 Organization of the Thesis
Chapter 2 discusses the various types of retrodirective arrays and how they are
characterized. First, the comer reflector is introduced as a physical interpretation of a
self-steering device. Next, the Van Atta array and phase-conjugating arrays are discussed,
followed by design examples. Finally, the method of characterizing retrodirective arrays
with bistatic and monostatic radiation patterns are discussed, along with the theoretical
analysis.
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A method of using phase-conjugating arrays to increase the reliability of a
wireless link in a severe multipath environment is introduced in Chapter 3.

An

experimental setup is built to verify the method.
The problems of physically implementing a two-dimensional phase-conjugating
retrodirective array are addressed in Chapter 4.

The proposed solution replaces the

conventional heterodyne mixers with self-oscillating mixers.
Chapter 5 discusses one of the most promising applications of retrodirective
arrays. Retrodirective arrays are designed to provide secure crosslinks in an autonomous
network of small satellites. The design specifically accounts for the space and DC power
limitations of the satellite by utilizing a quadruple subharmonic mixing approach. Twodimensional retrodirectivity and circular polarization is also achieved.
Finally, general conclusions and areas of further research are discussed in
Chapter 6.
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CHAPTER 2
RETRODlRECTIVE ARRAYS

Chapter 1 discussed how the self-steering properties of retrodirective arrays can
be used to increase the link efficiency and security of a wireless system. The first half of
Chapter 2 begins by discussing the fundamentals of retrodirective array design. First, the
comer reflector is introduced as a physical incite into retrodirectivity. Then, the Van Atta
array is discussed. The operation of the phase-conjugating array is explained next, along
with examples of a 4-element prototype array using a spatially fed LO and a
retrodirective array capable of full-duplex communication.
Methods of characterizing retrodirective arrays are discussed in the second half
of Chapter 2. Since retrodirective arrays are self-phasing phased arrays, a theoretical
background is built around a phased array of isotropic radiators.

The analysis then

proceeds by including the effects of microstrip patch antennas as the array elements.
Finally, the retrodirective array is characterized through bistatic and monostatic radiation
patterns.

2.1 Types of Retrodirective Arrays
2.1.1 Corner Reflector

Fig. 2.1. 90° Comer reflector.

10

The 90° comer reflector [6] is the simplest example of a retrodirective device.
As shown in Fig. 2.1, orthogonal metal plates reflect an incoming signal back in the
direction it originated. A relatively large size is required to minimize the effect of edge
diffraction which distorts the retrodirected radiation pattern. Although well-suited for
applications such as radar targets or markers, the large size and difficulty in integrating
electronics make comer reflectors unsuitable for wireless communications.

2.1.2 Van Atta Array
f RF = f lF
Incoming

; - - - - - - __ ) Outgoing

o

-1 q)

-2<p

-3q)

-2<p

-1<p

-3<p 0

Fig. 2.2. Van Atta array.

Another way of achieving retrodirectivity is through the use of Van Atta arrays
[7]. As shown in Fig. 2.2, the Van Atta array consists of pairs of antenna elements
equally spaced from the center with equal-length lines.

The progressive phase shift

associated with the incoming signal is phase-lagged (from right-to-Ieft) across the array.
The arrangement of the array causes a reversal of this phase progression for the outgoing
signal, resulting in its reflection back in the originating direction. As the lengths of the
transmission lines are physically equal, the only frequency-dependent component in the
Van Atta array is the antenna. The use of broadband antennas and non-dispersive
transmission lines allows the array to transpond broadband signals.
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The simple topology of a Van Atta array has lead to the design of the highest
frequency active retrodirective array at 66 GHz [8]. The disadvantage of the Van Atta
array is that the incoming wave must be planar to achieve retrodirectivity.

2.1.3 Phase-Conjugating Array
A third way of achieving retrodirectivity is through phase conjugation.
shown in Fig. 2.3, an incoming plane wave will induce a progressive phase delay

As
qJ

to

each element from right to left. If the phase of the outgoing wave is conjugated, such that
the element on the left is excited first, the retransmitted signal will be in the direction of
the original source.
f RF
Incoming RF -/- - -

=f lF

- - ___

J Outgoing IF

+3(p

+2(p

+1 (P

0

-39

-2(p

-1 (P

0

"v Local Oscillator :
fLO
I
•

=2fRF

.............

1

Fig. 2.3. Phase conjugating array using heterodyne mixers.

The phase-conjugating circuitry is typically comprised of heterodyne mixers [4]
where the incoming radio-frequency (RF) signal at each element is mixed with a
synchronized local-oscillator (LO) signal at twice the RF frequency. The mixing process
results in an intermediate-frequency (IF) signal that contains a phase-conjugated copy of
the original RF signal.
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An intuitive understanding of frequency generation in a heterodyne mixer, as
described in [9], can be obtained by analyzing the simplified circuit of a diode and
voltage source as shown in Fig. 2.4(a).

+

v

-----1--"""---. V
(a)

(b)

Fig. 2.4. (a) Simplified diode mixer circuit of a diode connected to voltage source. (b) Typical
I/V characteristic of diode.

The exponential I/V characteristics of the diode (Fig. 2.4(b)) can be expressed as
a power series
(2.1)
where a, b, and c are the power series coefficients and are unique to a specific diode. If
Vs is the sum of the RF and LO signals,

(2.2)
by substituting (2.2) into (2.1), the first term is
(2.3)

After simplifying, the second term is

(2.4)
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If the LO frequency is twice the RF frequency, CVw

= 2cvRF , the sum of (2.3) and (2.4)

becomes

which reveals the phase conjugated term,
(2.6)
The higher frequency terms can be filtered out and a balanced circuit [10] is used to
suppress the remaining a V2 COS(CVRFt + ¢) RF leakage term.

Following, are two

examples of prototype retrodirective array circuits.
A four-element phase conjugating array using FET mixers is shown in Fig. 2.5
[11]. The incoming RF and outgoing IF signals utilize two separate cross-polarized patch
antennas, while the LO signal is fed spatially to an antenna on the back of the array. The
RF and LO are combined and fed to the gate of the FET via a diplexer. The phase
conjugated IF is taken off of the drain terminal.
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Cross Polarized

/

Fig. 2.5. Four-element phase-conjugating array using FET mixers [11].

To enable duplex retrodirective communication, it is necessary for a
retrodirective array to have a receiver function in addition to the transponder function. A
full-duplex retrodirective array system has developed at the University of Michigan [12].
Each phase conjugator employs two mixers. The frequency of the LO applied to the first
mixer is slightly higher than that of the incoming RF signal. This mixing process
generates a low-frequency phase-conjugated IF signal, which then proceeds to a
carrier/data recovery circuit followed by a BPSK modulator. The output signal is
upconverted by the second mixer and transmitted, and the recovered data is processed by
an AID converter. The carrier-recovery system allows the retrodirective array to use the
modulated RF signal as an interrogating RF signal, enabling full-duplex retrodirective
array communications. Using a 78.125-kbps data rate, a full-duplex data transmission test
resulted in a bit error rate of better than 10-6 for 10-dB signal-to-noise ratios without error
correction.
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2.2 Characterization of Retrodirective Arrays
Retrodirective arrays are characterized by their bistatic and monostatic radiation
patterns. Since these patterns are a function of both the element factor and the array
factor, they will be explained by first considering a phased array of isotropic elements.
Then the effect of using microstrip patch antennas will be considered, followed by the
self-phasing property of the retrodirective array.

2.2.1 Phased Arrays with Isotropic Elements

A first step in analyzing an antenna array is to assume that the antenna elements
are isotropic radiators (i.e. radiate equally in all directions). This simplifies the result to
include only the effects of the array, or the "array factor", without the influence of the
antenna element or "element factor." The element factor is later multiplied with the array
factor to obtain the overall radiation pattern.

y

.....- - t. .- -.......- - - -......-..-ot...

x

...-d-+ ...-d--...
e-jO
e-jv1
e-j2 lf/
Fig. 2.6. Antenna array with isotropic antenna elements.

Fig. 2.6 is an array of N isotropic radiators aligned on the x-axis and spaced a
distance d apart. Each element is fed with the same amplitude but with phase progression
If/ from left to right.
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The radiation pattern of the array is found by examining the total electric field
generated by the sum of all the elements in the array as described in [13]. For the electric
field to add in phase at the direction ¢, there must be a phase difference of
(2.7)
between elements. Under far-field approximations, the array factor is then the sum of the
electric fields from each element:
(2.8)
Simplifying and normalizing (2.8) yields the normalized array factor,

(2.9)

Fig. 2.7 is a plot of the radiation patterns of an N

= 4 element array where the isotropic

antenna elements are spaced Al2 apart. By setting If/ = 0 ~ 45 ~ -90 ~ and 180 0 in (2.9),
the peak ofthe main lobe shifts to ¢ = 90 ~ 75.5 ~ 120 ~ and 180 ~ respectively.
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Fig. 2.7. Radiation pattern of a 4-element array using isotropic elements spaced ').,)2: (a) \jI = 0°,
(b) \jI = 45°, (c) \jI = -90°, (d) \jI = 180°. The peak of the main lobe is shifted to t/J = 90~ 75.5~
120~ and 180 °respectively.

2.2.2 Phased Arrays with Patch Antenna Elements

While an isotropic radiator is useful for the theoretical analysis of arrays, it does
not exist in practice. At microwave frequencies, antenna arrays are commonly built
around the microstrip patch antenna. Its low profile, simple design, and ability to be
fabricated on the same substrate as the circuit make it very popular in both prototype and
production designs.
z
(r,4J.8)

y

Fig. 2.8. Microstrip patch antenna with radiating-edge feed.
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The patch antenna consists of a metal patch which rests on top of a dielectric
substrate over a ground plane. Fig. 2.8 shows the design of a radiating-edge fed patch
antenna where Land W is the length and width of the patch, respectively. Radiation is
caused by the fringing electric fields at the edge of the patch, as illustrated by the arrows.
As a result, the radiation efficiency is maximized for a thick substrate (large H) with a
low dielectric constant (small

Sf)'

Since the impedance is very large at the edge of the

patch, matching is usually accomplished by insetting the feed point a distance I into the
patch until a 50-0 match is achieved.
Approximate dimensions for W, L, and I, can be found in [14]. However, in
practice, the final dimensions are usually determined by electromagnetic (EM) simulators.
The radiation pattern of a patch antenna is fairly broad which makes it a good candidate
for phased array elements. The E-plane and H-plane radiation patterns can be calculated:
[15].

E(O) = cos(f3;L sino)

(2.10)

Sin[ P;W sin Ii]
H(0) = cos 0 -::13'---------=

(2.11)

oW sin 0
2
Figs. 2.9 and 2.10 are plots of the calculated and simulated E-plane and H-plane
radiation patterns for a 2.85-GHz radiating edge fed patch antenna (W
3.51 em) on RT Duroid 5880 (thickness 0.7874 mm,

Sf =

=

4.11 em, L =

2.2). The calculated patterns are

found using (2.10)-(2.11) and are functions of the length, width, and resonant frequency
of the patch. Agilent EEsof Momentum, an EM simulator, is used to find the simulated
patterns. In addition to the length and width of the patch, Momentum also takes into
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account the effect of the inset feeding and radiation from the 50-0 transmission line, thus
providing greater accuracy. The downside of using an EM simulator is that they can take
a significant amount of time to complete, depending on the complexity of the structure
being analyzed.

The results of both plots agree very well between calculation and

simulation and confirm that the simple equations (2.10)-(2-11) can be used to obtain a
good, fast approximation.
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Fig. 2.9. Calculated and simulated E-plane

(~=

0°) radiation pattern.

20

0
-5
-10

1il-15
~

-g'" -20

.""
"

Cl

'"

:2 -25
·30
-35

-40

-80

Fig. 2.10. Calculated and simulated H-plane ($ = 90°) radiation pattern.

The patch antenna's fairly broad radiation pattern and low mutual coupling
allows us to approximate the performance of the array, for small scanning angles (i.e. 60°
~

¢

~

120), with the results obtained for the isotropic radiator. However, since the

radiation pattern of the array is a product of the element and array factor, a pointing error
will result for larger scanning angles (i.e. ¢ ~6000r ¢ ~ 120) [16]. Fig. 2.11 shows the
pointing error caused by multiplying the element pattern with the array factor pattern for
a scanning angle of ¢ = 135°.
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2.2.3 Bistatic and Monostatic Measurements

Retrodirective arrays are characterized by their bistatic and monostatic radiation
patterns. In the bistatic measurement setup shown in Fig. 2.12, the position of the RF
transmitting hom in fixed while the IF receiving hom is mounted on a computercontrolled rotational arm that scans from B= -60° to 60°.
The bistatic radar cross section (ReS) is given by (2.12).

where Bo'¢o are the RF source angles, Gc is the circuit gain, Dpatch

IS

the element

directivity, and Darray is the directivity of the array given by (2.13).

!AF(B,Bo,¢,¢0)1
Darra/B,Bo,¢,¢o) = U (8. rA)
o

2

0' 0

4n IAF(B, Bo,¢, ¢0)1
2" "

f fI AF(B',Bo,¢',¢0)1

o0
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(2.13)
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Retrodirective Array

Fig. 2.12. Setup for measuring the bistatic radiation pattern.

Retrodirective Array

Fig. 2.13. Setup for measuring the monostatic radiation pattern.

In the bistatic measurement, the radiation pattern of the array is fixed as the position of
the RF source (i.e. (}o' rPo) is fixed. This means that the integration of the array factor

U o is constant. Therefore, the directivity of the array simply depends on the angle ()
where the IF receiving hom is located at. The normalized bistatic pattern is given by
(2.14).

(2.14)
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where AF is the array factor.

As the array factor has the maximum value at the

incoming angle of the RF signal, the main lobe of the bistatic radiation pattern should
point in the direction of the source.
Another common measurement is the monostatic measurement as shown in Fig.
2.13. In this measurement, the RF and IF antennas are collocated and moved together (8
=

80 ,

~ = ~o)

to measure the radiation from the array, thus the IF receiving antenna is

always in the direction of the main lobe. Both the RF and IF horns are mounted on a
computer-controlled rotational arm and scans together 8

=

± 60°. The monostatic ReS

pattern is given by (2.15).
(2.15)

In the monostatic measurement, the radiation pattern varies as

e, ¢ changes. This implies

that the array directivity at the peak is not constant, and it depends on the scanning angle,
i.e. the position of the RF and IF horns, e,¢ [17], [15]. The normalized monostatic
pattern is given by (2.16).

(2.16)

Fig. 2.14 is the measured bistatic radiation pattern of the 4-element array shown
in Fig. 2.5, where the source is positioned at 0°, _10°, -20°, and -30°. In each case, the
peak of the radiation pattern is in the direction of the source, confirming proper operation
of the retrodirective array. The corresponding monostatic radiation pattern is shown in
Fig. 2.15. Since the IF horn and RF horn are swept together, there are no nulls in the
monostatic pattern.
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CHAPTER 3
MULTIPATH COMMUNICATIONS USING A
PHASE-CONJUGATING ARRAY
3.1 Introduction

One of the major challenges in wireless systems is mitigating the fading due to
multipath propagation. Not accounting for multipath may result in reduced quality and
even a break in communications.
The simple solution of increasing the transmit power to overcome multipath
fading comes at the cost of greatly decreasing the efficiency of the system as the
multipath fading can be in the area of 40 dB. Multipath can be reduced by using antennas
with tightly focused beams, signal processing, or special modulation schemes. While
high-gain antennas

with

focused

beams

are

useful

for

fixed

point-to-point

communications, mobile and general-purpose communication applications require
antennas with wide beams or capabilities for smart beam steering.

However, smart

beam-steering antennas are usually complex as they require controlling electronics and
computational power.
All of the methods described above are employed to reduce the effects of
multipath. In this scheme, the multipath signals are used to enhance the communications
in severe multipath environments.

The method is based on phase-conjugating

retrodirective antennas which are well-known for their self-tracking capabilities and their
ability to correct for phase aberrations due to effects of disturbing and unknown media in
the signal path.
Previous work involving communication with phase-conjugating antennas [18]
emphasized automated beam pointing or self-steering in an environment with or without
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disturbing objects, and not on the actual use of multipath propagation for communication.
In [19], a retrodirective antenna was demonstrated as a multipath sensor, but not for
communications. The use of multipath propagation for communications using audio
waves was described in [20].
The proposed method is designed to solve problems caused by multipath
propagation or disturbing objects in the signal path. Multipath propagation is used as a
positive, rather than negative, contribution in the communication. In the ideal case, the
fading can be completely avoided and multipath propagation only improves the radio
channel.

3.2 Description of the Method
In a typical point-to-multipoint communication link, an omnidirectional base
station transmits its signal in all directions.

If the communication channel contains

scatterers, the mobile receiving station may encounter fading due to the resulting
multipath effects. Similarly, multipath affects communication from the mobile station
back to the omnidirectional base station.
Retrodirective
antenna

Omnidirectional
Tx and Rx antenna

.---~

Fig. 3.1: An ideal point-to-point communication with a phase-conjugating retrodirective antenna
in a multipath situation with reflecting objects.
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Now consider the situation in Fig. 3.1, where the mobile station has an ideal
phase-conjugating retrodirective antenna that is infinitely directive - i.e., it reflects a ray
or a narrow beam only towards the direction of the incoming field. The return signal
from the retrodirective antenna, which could be modulated, consists of phase-conjugated
rays that add coherently at the omnidirectional source.

In this way, retrodirectivity

completely eliminates the fading effects of multipath propagation in the roundtrip
communication link. In fact, multipath actually increases the reliability of the link since
it is unlikely that all of the available paths between transmitter and receiver can be
blocked simultaneously. Furthermore, since the retrodirective antenna can change its
radiation pattern in real time, the scheme will still work even if there is motion of the
receiver or transmitter or both.
Fig. 3.1 shows how simplex communications can be carried out from the
retrodirective antenna to the wide beam antenna by modulating the reflected signal during
the mixing process. For full duplex communication, both a retrodirective antenna and a
wide beam antenna are needed at both ends of the link.
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IDEAL SITUATION FOR
ONE RAY

Retrodirective
antenna

Omnidirectional
Tx and Rx antenna

•

(a)
REAL SITUATION FOR
ONE RAY
Omnidirectional
Tx and Rx antenna

.. ..
,

'

••••••

Retrodirective
antenna

(b)
Fig. 3.2: Propagation of one ray from the omnidirectional antenna to retrodirective antenna and
back in: (a) an ideal (b) a real situation.

A comparison of the ideal and practical situation is shown schematically in Fig.
3.2. For the practical case of finite antenna size, the retrodirective antenna has a finite
beamwidth and sidelobes. Hence, beams reflected back from the practical retrodirective
antenna not only return through the main beam path, but also through the side lobes. All
of the signals corresponding to the main beam rays add up coherently whereas all the rays
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created by the sidelobes have random phases and add up incoherently at the
omnidirectional antenna.

This limits the method in practical systems.

However,

reductions in deep fading and overall signal-level variations are still expected. Obviously,
the situation gets more ideal as the directivity of the phase-conjugate array increases and
sidelobe level decreases.

3.3 Experimental Verification
To verify the concept, an experiment was set up at 5.35 GHz, as shown in Fig.
3.3. A signal from the synthesizer is fed through a directional coupler to a hom antenna
mounted on a computer controlled x-z stage, allowing two dimensional movements in the
horizontal plane.

The hom antenna is placed 1.26 m away from the retrodirective

antenna and is able to move 0.74 m in the perpendicular x-direction, as shown in Fig 3.4.
A local oscillator (La) signal of 10.7 GHz is supplied from a synthesizer to the
retrodirective antenna using a quasi-optical feed system. An La frequency with a small
offset from exactly twice the incoming signal is used so that the return signal is slightly
different from the 5.351-GHz signal originally transmitted from the hom antenna. The
phase-conjugating retrodirective antenna is a four-element patch antenna with FET-based
mixers (Fig. 2.5) [11], with bistatic and monostatic patterns shown in Figs. 2.14 and 2.15,
respectively. A mixing product with conjugated phase is reradiated by this antenna at
5.349 GHz. The returned signal at the hom is detected using the spectrum analyzer
attached to the directional coupler.
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••
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LOAnlenn.
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(HP 83650L)
IF 5.349 GHz

'-----~y----_../

4 element phase conjugating retrodirective array

GP·IB

Fig. 3.3. Configuration of the automated experimental set-up at 5.35 GHz.
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Fig. 3.4. Physical layout of the exeriment set-up.

As a baseline comparison, a passive four-element patch antenna (Fig. 3.5) with a
corporate feed was used in place of the retrodirective antenna (Fig. 2.5). The far-field
radiation patterns of the two antennas arrays are shown in Fig. 3.6.
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Fig. 3.5. Four-element patch antenna reference array.
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Fig. 3.6. Measured bistatic radiation pattern of the retrodirective array with RF source at 0 deg
and radiation pattern of reference array.

The measurements were carried in a standard laboratory with absorber positioned
in critical areas. To create a severe multipath situation, a reflective object (a metal plate)
was placed in the vicinity of the antennas, as shown in Fig. 3.4. The hom antenna on the
moving stage was pointed so that the direct signal and reflected (multipath) signal were
comparable in amplitude. Using this same hom antenna setting and while moving it 0.74
m, the signal level was recorded for two cases: I) the passive reference array antenna
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used as a transmitting antenna and 2) the phase-conjugate antenna used to reflect the
signal back. Comparison of the recorded signal level is shown in Fig. 3.7. For the
reference array, the signal level varies strongly over a 40-dB range and also includes a
deep dip indicating a fading point in the scan.

In contrast, for the phase-conjugate

antenna, the signal level varies by only 9 dB with no deep dips. This measurement shows
that multipath propagation can be actually used for advantage and that the proposed
method works.

o
,

-5

/\

Vi

:/ij\,/j

,}

/

\\

j

\i/

\j

/\,

;'\

i\"
\/

'\/

j

\"/

-10

~-15
~

~ -20

~

; -25
~
~ -30

--

,

-35

, array

i

-40

-45

:
600

700

800

900

1000

1100

1200

1300

Position in x-direction [mm]

Fig. 3.7. Measured power level variation using a phase-conjugating retrodirective array and a
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= 50°.
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CHAPTER 4
RETRODlRECTIVE ARRAYS FOR NON-TERRESTRIAL
COMMUNICATION
4.1 Introduction
The majority of recently demonstrated retrodirective arrays are capable of
retrodirectivity in one-dimension (lD). While ID retrodirectivity may be suitable for
terrestrial-to-terrestrial communications, non-terrestrial communications, such as to a
plane or between two satellites, require two-dimensional (2D) retrodirectivity. Due to the
added design complexities, very few 2D arrays have been published.
The Van Atta architecture is one of the traditional methods for realizing a
retrodirective array, but 2D retrodirectivity is difficult to achieve since elements from
opposite sides of the array must be coupled through a complicated network of
overlapping lines. Two-dimensional retrodirectivity was demonstrated using four-wave
mixing [21], but this architecture required four diode grids and two pumping sources.

Fig. 4.1. LO feed network for a 4x4 element 2D retrodirective array [22].
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For a phase-conjugating array to achieve retrodirectivity, the LO applied to each
element must have the same phase.

The conventional way of achieving this is to

carefully design a corporate feed network so that the path lengths to each mixer are
identical. However, as shown in Fig. 4.1 for a 4x4 element array [22], the feed networks
becomes complicated and severely limit the maximum size of 2D arrays; in fact, only one
2D phase-conjugating array has appeared in the literature [23].
For efficient mixing, providing enough LO power to each element from a single
source is challenging. Although a spatially fed LO [11] can eliminate the complex feed
network, the amount ofLO power delivered to the mixer is limited.
A solution to complex LO feed network and LO power requirement is to
eliminate the external LO source by basing the individual phase conjugating elements on
self-oscillating mixers (SOMs). A retrodirective array can then by realized by phase
locking the SOM elements at the LO frequency while isolating them at the RF frequency.
Although the idea of an SOM-based retrodirective array was proposed in [24],
the first such array was demonstrated in [25], but this array radiated it's LO in addition to
the retrodirected IF signal and its usefulness was therefore limited. This chapter presents
the first two-dimensional SOM-based array that was specifically designed for
retrodirective applications.

4.2 Phase-Conjugating Circuit Based on SOMs
The self-oscillating mixer and diplexer make up the unit cell shown
schematically in Fig. 4.2. The circuitry is designed such that oscillation occurs at twice
the RF frequency. This will allow the lower sideband of the second order mixing product
to be the phase conjugate of the RF signal. Since the size of the unit cell must be less than
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""0/2 at the RF frequency to avoid grating lobes, the antennas are mounted on a separate
layer and connected to the phase-conjugating circuit through a via.

--- Periodic Boundary
RF/IF

+-----+
Diplexer

~

DC

LO

t

50 n

Antenna
Port

Fig. 4.2. Schematic of a phase-conjugating element using a SOM.

Phase locking of individual SOM elements is achieved by strongly coupling the
source of each transistor through microstrip lines. For horizontal elements (i.e. elements
parallel to the transistor's source leads), the length of the coupling line connecting each
transistor's source lead is chosen to obtain a negative resistance at the desired oscillation
frequency, while not exceeding the maximum unit-cell size.

Vertical elements (i.e.

elements parallel to the transistor's gate and drain leads) are coupled by a length of
microstrip line that is a multiple of a wavelength at the LO frequency, while not
exceeding the maximum unit-cell size. If the elements of the array are oscillating in
phase, a virtual open is present at the periodic boundary. This allows the unit cell to be
simulated by representing the microstrip lines that cross the periodic boundary as opencircuit stubs.
The unit-cell design approach is based on the assumption that all of the elements
oscillate in phase [26]. However, in an array containing multiple elements, it is possible
for other modes of oscillation to occur. A method of analyzing different oscillation
modes of a one-dimensional array of strongly coupled oscillators is presented in [27].
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Suppression of the unwanted modes is achieved by introducing a resistor at the midpoint
of the lines coupling adjacent elements. A similar problem where adjacent horizontal
elements would lock 1800 out of phase was encountered during initial measurement of the
prototype. By simulating a high-impedance voltage source at the LO frequency that is
connected to the source of the transistor of each phase-conjugating element, we can
obtain the voltage standing wave along different points of the coupling lines. If the
sources are configured so that both the in-phase and 1800 out-of-phase modes of
oscillation are simulated, the results can be compared and a solution to attenuate the outof-phase mode can be found.

Introducing a resistor on the horizontal coupling line,

before the intersection of the vertical coupling line as shown in Fig. 4.2 does little affect
to the in-phase mode, since it is at the virtual open point. However, simulation shows
that a resistor at this position attenuates the 1800 out-of-phase mode.
While the elements of the array are strongly coupled at the LO frequency, a
retrodirective array requires that each element be isolated at the RF/IF frequency. Singlestub RF band-stop filters are employed on each side of the transistor on the horizontal
coupling lines to provide isolation between adjacent elements at the RF/IF frequency.
The oscillation frequency of the self-oscillating mixer is determined by
optimizing the length of the open-circuit stub attached to the transistor's gate in
conjunction with the matching network at the drain to achieve a negative resistance of 150 (} in accordance to the one-third rule [28].
For the mixing operation, the RF and IF is applied and extracted from the drain
of the transistor. A diplexer comprised of single-stub band-stop filters is inserted to
reduce unwanted LO radiation by isolating the antenna port from the LO termination. At
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the La frequency, the output port of the SaM only sees the 50-0 load while only the
antenna is visible at the RF/IF frequency.

Fig. 4.3. 4 x 4 element phase-conjugating circuit using SOMs.

The prototype 16-element phase-conjugating SaM array is shown in Fig. 4.3.
The circuit is fabricated on RTlduroid 5880 substrate (thickness 0.7874 mm, Er=2.2). The
active devices are Agilent ATF-360n ultra low noise pseudomorphic high electron
mobility transistors (pHEMT). Gate and drain biasing is applied through chip inductors
while chip capacitors provide DC blocking. SMA connectors are mounted on the ground
plane side of the substrate through drilled holes to allow a connection to the RF/IF port of
the diplexer.

This configuration simplifies testing of individual phase-conjugating

elements. A SMA connector is also mounted to one element at the edge of the array in
place of the La termination to serve as an external injection locking port. Unwanted
modes of oscillation are suppressed by inserting a 50-0 resistor on the horizontal
coupling line as depicted in Fig. 4.2. This resistor value was chosen based on availability,
but any reasonable value should be appropriate since the in-phase mode is unaffected by
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this resistor. All vertical coupling lines were DC grounded to negate the effect of the
mode-stabilizing resistance on the transistor biasing.
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Fig. 4.4. LO spectrum generated by the SOM circuit.

For proper operation of the SOM array, the SOMs have to be turned on at the
same time. This is achieved by using a common DC supply for all the SOMs. The
transistors are biased at class-A. The circuit is optimized so that it oscillates at 8.0 GHz.
Fig. 4.4 shows the measured spectrum of the oscillation signal taken at the external
injection locking port.

The measurement shows that the SOM elements are phased

locked with a fundamental oscillation frequency of7.80 GHz. Discrepancies between the
simulated and measured oscillation frequency is due to the insertion of the chip resistor
used for mode stabilization. While an ideal resistor of zero length would not affect the
in-phase mode, the resistor used has a finite length that was not compensated for in this
prototype. At the fundamental frequency, an oscillation power of 3.8 dBm is measured
for a single SOM element.
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To evaluate the effects of external injection locking, the phase noise of the
oscillation signal is measured. The injection-locking signal is applied at the edge of the
array through the external injection-locking port while the LO leakage signal is
monitored through the RF/IF port at the opposite side of the 16-element array. A HP
83650L signal generator is used as the injection locking source since it is capable of
providing a low phase-noise signal of -80 dBc/Hz at 10kHz offset. Fig. 4.5 shows the
phase noise of the oscillation signal without external injection locking to be -11.7 dBc/Hz
at 10 kHz offset. When a -10 dBm external injection locking signal at 7.680 GHz is
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applied, the phase noise reduces to -68.2 dBc/Hz at 10 kHz offset as shown in Fig. 4.6.
Besides reducing the La phase noise, the injection-locking signal could also be used as a
source for frequency or phase modulation schemes.
Next, mixing perfonnance is evaluated by applying an external RF signal to the
SaM circuit through a directional coupler [29].

The phase-conjugated IF signal is

measured using a spectrum analyzer from the coupled port of the directional coupler. At
an RF frequency of ful2, the measured conversion gain is -20.6 dB. Low conversion
gain is expected since the SaM was only optimized for oscillation according to the onethird rule without taking the mixing perfonnance into account.
For an array of phase-conjugating elements to properly function as a
retrodirective array, each element must be isolated from one another. The RF isolation
between elements is measured by injecting a RF signal into an element and measuring the
coupled signal at an adjacent element. At a RF frequency of 3.84 GHz, the RF isolation
between adjacent horizontal elements is 17.9 dB and 22.2 dB between adjacent vertical
elements.

4.3 Two-Dimensional Retrodirective Array
A 4x4 array of radiating-edge fed patch antennas, shown in Fig. 4.7, is fabricated
such that the element spacing is equal to the phase-conjugating array unit cell. At a RF
frequency of 3.840 GHz, the element spacing in the H-plane is 3.48 em (0.464 A-o) and
2.90 em (0.386 A-o ) in the E-plane. RT/duroid 5880 (thickness 0.7874 mm, cr=2.2) is the
substrate used for the patch-antenna array. SMA connectors are mounted on the ground
plane side of the substrate through drilled holes to allow a connection to be made to
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individual patch antennas. This configuration allows testing and tuning of individual
antenna elements and facilitates easy interfacing with the phase-conjugating circuit.

Fig. 4.7. 4 x 4 element patch antenna array.

Using the coordinate system shown in Fig. 4.8, the operation of the 2D array is
confirmed with a series of bistatic and monostatic radiation patterns. Figs. 4.9 and 4.1 0
show the measured and theoretical bistatic radiation patterns and the monostatic radiation
pattern in the

E-(~

= 0°) and

measured with RF sources at

H-(~

= -90°) planes. The bistatic radiation patterns are

e = 0°, e = _15°, and e = +30°.

The theoretical patterns are

obtained based on (2.14) and (2.16). The measured bistatic and monostatic radiation
patterns show retrodirectivity in both of the principle planes and confirm the operation of
the 2D prototype.
A second confirmation can be obtained by taking a measurement along a plane,
different from the principle E-plane and H-plane. Unique only to a 2D retrodirective
array, the success of this measurement requires the proper operation of elements in both
planes. Fig. 4.11 shows the measured bistatic radiation patterns in the
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~

= -45° plane with

RF sources at 8 = 0°, 8 = -15°, and 8 = +30°, and the monostatic radiation pattern. The
results confirm operation of the 2D prototype.
z

~---+-~y

...~ planar cut

x
Fig. 4.8. Coordinate system used for radiation pattern measurements.
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CHAPTERS
RETRODIRECTIVE ARRAYS FOR SMALL-SATELLITE
NETWORKS

5.1 Introduction
Self-steering retrodirective arrays for picosatellite applications permit secure
crosslink communications between satellites moving randomly in space [30] without the
added complexities of digital signal processing. Compared to omnidirectional antennas,
the higher directivity associated with retrodirective arrays not only improves network
security, but also improves the communication link efficiency by minimizing power
consumption.
The most popular method of achieving retrodirectivity is to mix the incoming RF
signal with an LO signal at twice the RF frequency. However, this approach requires a
high frequency, high power LO source which puts a strain on the limited DC power
budget of small satellites. The subharmonic mixing approach is well suited for highfrequency systems as it eliminates the need for a high-frequency LO [31], [32].
Previously reported phase-conjugators based on the subharmonic mixing all use thirdorder mixing ({IF

=

2!w - !RF), allowing the use of an LO in the same band as the RF.

However, this approach suffers from large LO leakage as the fundamental LO frequency
overlaps the RF, and cannot be filtered.
This chapter presents the results for an array specifically designed for
picosatellite crosslink applications. To accommodate for randomly oriented satellites in
space, the array presented here demonstrates two-dimensional steering with circular
polarization. As mentioned in Chapter 4, only a limited number of papers on two-
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dimensional retrodirective arrays have been reported in the literature [33]. The novel use
of fifth-order quadruple subharmonic mixing using anti-parallel diodes allows for
improved LO/IF isolation and relaxes the requirement on the local oscillator frequency,
compared to the conventional second-order and third-order subharmonic approaches.

5.2 Design
5.2.1

Design Constraints
Although retrodirective technology has been around since the 1960s, designing

for space applications presents new challenges.

First, the zero-gravity, free-floating

nature of the satellites necessitates two-dimensional tracking - and therefore a twodimensional retrodirective array. Secondly, since the satellites are too small to have
attitude control systems, it is impossible to know the orientation of each satellite. The
antennas will therefore have to provide circular polarization to allow signal reception and
prevent polarization mismatch regardless of each satellite's orientation with respect to the
other.
The array in this work is designed for 10.5 GHz - a frequency that not only
minimizes the array size to fit within the 10 xlO x 15 cm form factor, but also is an
allocated frequency in the amateur radio satellite band.

5.2.2

Mixer
The quadruple subharmonic mixing approach was adopted in our system and is

described here:
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(5.1)
If 2CtJLo =

{J)RF,

the right hand side of (5.1) becomes the phase conjugate of the

incoming RF signal. Therefore, by using the fifth-order mixing product (JiF = 4jw - JRF),
the LO frequency requirement is reduced from twice (second-order mixing) to half the
RF frequency. Anti-parallel diodes suppress even order harmonics, including the second
harmonic of the LO, which would be at the same frequency as the RF. Other odd order
mixing terms can be easily filtered out.

Fig. 5.1. The phase conjugating circuit consisting of series-pair diodes connected in an antiparallel configuration, LO and RF matching networks, and bandstop filters at the RF and LO
frequencies.

Fig. 5.1 shows the phase conjugating circuit, which uses Agilent HSMS-8202
series-pair diodes connected in an anti-parallel configuration. The microstrip filters and
matching networks are printed on Rogers TMM4 substrate (€r=4.5, h=O.0381 em). The
measured isolation between the IF and fundamental LO is 65 dB. The rejection of the
LO second harmonic is 55 dB, which is superior to third-order mixing, and the measured
conversion loss of the subharmonic mixer is 26 dB.
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5.2.3

Antenna Element and Array
The antenna element is a square microstrip patch, mitered at opposite ends to

achieve two different resonant modes; circular polarization is achieved when the two
modes are orthogonal to each other and 90° out of phase (Fig. 5.2). The antenna is
fabricated on Rogers TMM3 substrate (E r=3.27, h=0.0635 cm).
L

...

wi

f

w2

Fig. 5.2 Patch antenna element with dimensions L = 0.762 em, C = 0.102 em, wi = 0.0457 em, 1=
0.541 em, w2 = 0.150 cm.

Significant retrodirectivity requires an array of at least four elements per
dimension. Conventionally, this is achieved with a 4 x 4 array layout. To reduce circuit
size and required feed power, a cross-shaped array consisting of four elements in two
orthogonal dimensions was used instead, reducing the amount of elements from 16 for
the conventional array to eight elements.

The array spacing is 0.484" = 1.383 cm

between elements (Fig. 5.3).
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Fig. 5.3. Circularly polarized cross-shaped microstrip patch antenna array at 10.5 GHz.

5.3

Experimental Results
Fig. 5.4 shows the bistatic radiation pattern of the 20 quadruple subhannonic

retrodirective array prototype.

The following frequencies were used during

measurement: LO signal of5.2375 GHz (fourth subharmonic of20.95 GHz), RF signal of
10.45 GHz, and IF signal of 10.5 GHz. To ensure that 20 retrodirectivity is achieved, the
measurements are taken along the 45° cut of Fig. 5.3, not along the 0° or 90° axes on
which the linear arrays are aligned.

The measurements confirm retrodirectivity for

source angles of 0°, +20°, and -20°. The polarization ellipse was also measured and
found to be 5.5 dB.
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Fig. 5.4 Measured and theoretical bistatic radiation pattern with the source positioned at (a) 0°, (b)
+20°, and (c) -20°.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
This thesis discussed the benefits of using self-steering arrays in wireless
communication systems and presented several new advances in the designs of
retrodirective arrays. Retrodirective arrays continue to be a hot area of research because
they are able to perform complicated tasks, such as automatic beam steering and
multipath compensation, using a very simple circuit.
The method of using a phase-conjugating retrodirective array to compensate for
multipath was described and verified in Chapter 3. Since multipath propagation can
cause fading, and potentially even a complete break in the communication link,
compensation for multipath not only improves the reliability of the system, but also
increases the overall efficiency since less transmit power is required to maintain a stable
link.

Using a four-element phase-conjugating array, a 31-dB improvement was

experimentally measured at 5.35 GHz. The performance can be further increased by
increasing the number of array elements.
To provide two-dimensional retrodirectivity for terrestrial to space or space to
space applications, a two-dimensional retrodirective array was developed. Chapter 4
shows the design for one of the first four-by-four element, two-dimensional retrodirective
arrays. Minimizing the size of the design to a half-wavelength by half-wavelength unit
cell was accomplished by replacing the heterodyne mixers of a phase-conjugating array,
along with the complicated feed network, with an array of phase locked self-oscillating
mixers. Correct operation of the self-oscillating mixer array was ensured by suppressing
other out-of-phase modes with a resistor inserted in the coupling lines. An external
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injection locking source reduced the overall phase noise of the array while providing a
source of modulation.
Chapter 5 presented a 1O.5-GHz retrodirective array for picosatellite networks.
Since the space constraints of picosatellites make it almost impossible to incorporate the
more complicated, DSP based smart antenna, retrodirective arrays are the preferred
solution.

Quadruple subharmonic mixing was shown to be an effective means of

achieving phase conjugation when a high frequency LO is difficult to implement. An 8element two-dimensional retrodirective array was fabricated with circularly polarized
patch antennas.

6.2 Suggestions for Future Work
One of the practical limitations of almost all the retrodirective arrays that appear
in literature is the power dependence of the retrodirected signal to the interrogating signal.
Since the signal must travel a distance, R, to the retrodirective array and back, the power
level of the signal will be proportional to approximately l/R4 (Fig. 6.1 a). In most cases,
the cost of generating a powerful interrogating signal to overcome the extra 1/R2 loss
outweighs the added gain of the array.

This is especially true for a small satellite

application where available power is severally limited. By decoupling the retrodirective
signal from the interrogating signal, a strong and constant retrodirected power level will
be transmitted back to the source (Fig. 6.1b). This will reduce the loss of the system with
the power of the signal now proportional to approximately 1/R2.
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Fig. 6.1. Relative power levels, represented by thickness of arrows (i.e. thicker arrow represents stronger
signal), of interrogator and retrodirected signal for a retrodirective array (a) conventional retrodirective
array, (b) retrodirective array where the interrogator and retrodirective signal is decoupled.
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Transmitter Array

The proposed design of the retrodirective array, capable of maintaining a
constant transmit power is shown in Fig. 6.2. Unlike the conventional VanAtta and
heterodyne type phase conjugating designs, the proposed design uses a phase detector to
detect the incoming angle of the interrogating signal. The resultant error voltage is fed to
a phase shifter which directs the beam of the transmitting array back in the direction of
the source. The power of the transmitting signal is determined by the power of the RF
source and is completely independent of the power from the interrogator.
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