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This thesis focuses on the development of retrodirective technologies for remote 

intelligence-gathering sensor networks. The directivity and autonomous beam-steering ca

pabilities of retrodirective arrays make them attractive candidates for networks operat

ing in hostile environments where covertness is a necessity. Two arrays are described: a 

self-phasing receive array for BE sensing and tracking, and a full-duplex, two-dimensional 

retrodirective array based on phase detecting and heterodyne scanning for communicat

ing between the sensor and a collection vehicle. The arrays were designed, tested, and 

characterized and show promise for use in the proposed application. 
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Chapter 1 

Introd uction 

An important objective in electronic warfare is intelligence gathering via eaves

dropping or interception of RF emissions in hostile territory [1]. This intelligence can warn 

of impending danger or simply provide important information for better decision making. 

Autonomous, covert, simple, and cost-effective solutions are. of prime interest in the intelli

gence community. 

Consider a scenario involving an intelligence-gathering remote sensor located in 

hostile territory, where the role of the sensor is to eavesdrop on or intercept RF emissions 

from hostile emitters whose locations are not only unknown, but can also be mobile. In 

this type of situation, the most obvious eavesdropping method is for the sensor to use 

an omnidirectional antenna that can pick up emissions from all directions. The inherent 

disadvantage of an omnidirectional antenna, of course, is its low gain, which places the 

burden on the receiving electronics to set the minimum detectable signal (MDS). 

A steerable directional antenna such as a conventional phased array can relax the 



2 
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Figure 1.1: Basic overview of proposed use of retrodirective technology for terrestrial sensor 
networks. 

MDS margin in this regard , but such a solution requires knowledge of the target emitter 's 

location , thus making the system non-autonomous. Smart or adaptive antenna arrays 

are commonly used for intelligence-gathering purposes on many military ships a nd planes . 

However, for smaller remote-s urveillance units deployed for covert eavesdropping, a smart 

antenna array may not be the best solu tion due to the heavy processing requirements needed 

for tracking ruld beam-forming. 

This thesis proposes the use of retrodirective technologies for terrestrial-based, 

intell igence-gathering sensor applications. Fig. 1.1 shows a basic diagram of how the pro-

posed technologies would be used in a terrestrial sensor network. One or possibly several 

RF sensors mon itor or eavesdrop on an existing communications network. Next , a retrodi-

rective array transmits the information gathered to a collection vehicle. From there the 

information can be decoded, processed , and used. 

The following sections review the concept of phased and retrodirective arrays, some 

of the basic architectures for achieving retrod irectivity, and the methods used to characterize 

retrodirecti ve arrays. 
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Figure 1.2: Omnidirectional antennas. 

1.1 Omnidirectional Antennas 

Omnidirectional antennas are the simplest and most common type of antenna used 

in wireless communication systems today (Fig. 1.2). They are cost effective and provide 

coverage in all directions meaning that the location of users in a network need not be known 

to establish contact. This makes the omnidirectional antenna a good candidate for mobile 

ad hoc networks. 

While the omnidirectional antenna mlty be a good candidate for many applications, 

there are downsides to using an antenna with such a broad radiation pattern. When trans-

mitting, power is radiated in all directions, which is inefficient and can cause interference 

in neighboring systems. Additionally, because of its broad radiation, the omnidirectional 

antenna has very low gain during both transmission and reception. 

In systems where security is an issue, the omnidirectional antenna introduces an-

other problem. Since the signal is transmitted in all directions, there is no control over 

who receives it, meaning that sensitive information could be sent to an unintended user or 

intercepted by potential adversaries. 
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Figure 1.3: Progressive phase gradient applied to elements in the array results in steering. 

1.2 Phased Arrays 

The efficiency and security of a wireless system can be greatly increased if the 

power radiated by an antenna could be directed and focused toward an intended target. 

One of the most well known methods for directing and focusing electromagnetic energy is 

through manipulation of element phasing in an antenna array (Fig. 1.3). 

By manipulating the phasing of individual elements in an array, a progressive 

phase shift cp can be applied that causes the radiation pattern to be steered in a specific 

direction. By making the gradient more or less negative, the angle () from which the main 

lobe of the radiation pattern points from broadside (0°) can be manipulated. 
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Figure 1.4: Relationship between cp (phase gradient) and fJ (steering angle). 

The relationship between cp and () is illustrated in the 2-element array shown in 

Fig. 1.4, where a phase -cp is applied to the right-most element in the array. It can be 

shown that 

cp = kdsin (fJ), 

where k is the wave number given by 

k _ 211" 
- A' 

(1.1) 

(1.2) 



Targe~ 
use;" 

Phased 
Array 

6 

Figure 1.5: Conventional phased array utilizing phase shifters to control element phasing. 

and where d is the separation distance between elements and is normally chosen to be a 

half wavelength. 

1.2.1 Conventional Phased Arrays 

In a conventional phase array system (shown in Fig. 1.5), each element in the 

array is connected to a phase shifter, which controls the phasing of each element thereby 

controlling the direction in which the array's beam is steered. 
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A drawback to this method is the cost associated with individual phase shifters. 

Phase shifters are generally an expensive component and because one is needed for each 

element, a large antenna array can quickly become very expensive. In addition to cost, 

there is an increase in system complexity since each phase shifter also requires some type 

of control input. 

1.2.2 Frequency- and Heterodyne-Scanning Arrays 

Another method of controlling element phasing is through a frequency-scanned 

array (2). Shown in Fig. 1.6, this array exploits the linear relationship between electrical 

length (phase) and frequency given by 

cp = kL, (1.3) 

where k is the wave number given by (1.2) and L is the physical length of the delay line. 

Progressively phased delay lines feed the antenna elements in the array. If a 

variable-frequency local oscillator (La) source like a voltage-controlled oscillator (VeO) is 

used, the output frequency can be tuned. This changes the electrical length of the delay 

lines, varies the phase progression across the array, and steers its beam. 

Normally, L is chosen to be 

L = n>.., (n = 1,2,3, .... ), (1.4) 

where>.., is the wavelength of the center frequency (fc) of the variable La source. Substi

tuting (1.2) and (1.4) into (1.3) gives 
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where AT is the wavelength of the tuned frequency (IT). Recalling that 

c 
A=-

f' 

where c is the velocity of propagation in free space, we have 
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(1.6) 

(1.7) 

Equation (1.7) shows that when the LO source frequency (fT) is tuned to fe, all of 

the elements in the array are in phase, which results in broadside radiation (0=0°). When 

the frequency is tuned such that IT > fe or IT < fe, the induced phase progression steers 

the array's beam. 

The frequency-scanned array eliminates the need for costly phase shifters. How-

ever, another problem arises since there are multiple transmit frequencies and most com-

munication systems require a single, constant one. Fig. 1.7 shows what is known as a 

frequency-controlled phased array. A constant transmit frequency is achieved by placing 

a heterodyne mixer before each element in the array [2], [3]. As Fig. 1.7 shows, the radio 

frequency (RF) product seen at each antenna element is a product of the LO signal that 

controls phasing and an intermediate frequency (IF) signal. As the LO source is tuned, 

the IF frequency is also varied such that the sum of the LO and IF frequencies (the RF 

frequency) always remains the same. 

While this solves the problem of multiple transmit frequencies, it introduces an 

additional level of complexity to the system since now there are two frequency sources that 
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Figure 1.7: Frequency-controlled phrured array. Two variable-frequency oscillators, simul
taneously tuned, allow for a constant transmit frequency. 

must be controlled. To eliminate the need for controlling two sources, the IF frequency 

source can be replaced with another heterodyne mixer and a fixed-frequency source as 

shown in Fig. 1.8 [4J. The fixed-frequency source is mixed together with part of the LO 

signal, creating a downconverted IF product that varies as the LO signal is tuned. The 

IF signal is upconverted at the output mixer with the phased LO signal, resulting in a 

signal product that contains the induced phrure gradient and that will remain at a constant 

frequency equal to that of the fixed-frequency source. 
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Figure 1-8: Heterodyne-scanning array with a variable-frequency and fixed- frequency os
cillator requiring only one control signaL 

1.3 Smart Antennas 

A phased array provides the capability for electronic beam steering. However, to 

use this capability, the location of the intended target must be known and in many mobile 

co=unication schemes target location is unknown and changing. A solution to this is to 

use a phased array with self-steering capabilities. One type of antenna capable of this is the 

smart antenna [5]. As shown in Fig. 1-9, smart antennas determine location by analyzing 
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the incoming signal from a user. Digital signal processing (DSP) algorithms determine the 

angle of arrival (AOA) of an incoming transmission and, in turn, form a beam directed back 

toward the user. 

The algorithms can perform a wide variety of complex frmctions such as com pen-

sation for multipath fading and, by analyzing incoming signals, determination of null and 

beam placements to selectively transmit to and receive from multiple users. The downside 

of these algorithms is that the DSP requires a large amount of processing power, which can 
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significantly increase the cost and complexity of the system. A smart antenna therefore 

may not be suitable for low-cost systems where complex beam formation is unnecessary. 

1.4 Retrodirective Arrays 

An alternative to a smart antenna, and the primary focus of this thesis, is a 

retrodirective array (RDA) [6]. RDAs have the unique property in that when interrogated, 

the array will automatically steer, or retrodirect, its beam back toward the interrogator. 

Unlike the smart antenna, which utilizes DSP algorithms, the RDA achieves self steering 

through relatively simple analog circuitry. In this manner, the cost and complexity associ

ated with smart antennas are avoided while still maintaining the benefits associated with 

phased arrays such as increased link efficiency and added security. 

1.4.1 Corner Reflector 

The 900 comer reflector [7] is the simplest example of a retrodirective device. 

As shown in Fig. 1.10, the comer reflector, which is made up of two orthogonal metal 

plates, reflects an incoming signal back in the direction it originated. Although well suited 

for applications such as radar targets or markers, size and and difficulty in integrating 

electronics make comer reflectors unsuitable for wireless co=unications. 

1.4.2 Van Atta Array 

Another method for achieving retrodirectivity is through the use of a Van Atta 

array [8]. Shown in Fig. 1.11, the Van Atta array consists of pairs of equally spaced antenna 
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Figure 1.10: 90° corner reflector. 
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elements with equal-length lines. This means that the progressive phase shift associated 

with the outgoing signal is the reverse of that of the incoming signal, resulting in an outgoing 

signal that is sent back in the originating direction. Since the lengths of all the lines are 

physically equal, the only frequency-dependent components of the Van Atta array are its 

antenna elements. Using a broadband element and non-dispersive transmission lines would 

allow the array to reflect broadband signals. 

Although the Van Atta array's simplicity and broadband performance make it a 

good candidate for some applications, one of its major drawbacks is that the incoming wave 

front must be planar for it to achieve retrodirectivity. 
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Figure 1.11: Van Atta array. 

1.4.3 Phase-Conjugating Array 

15 

The ph8.'le-conjugating or Pon array [9J achieves retrodirectivity through analog 

phase conjugation, typically using a heterodyne mbcer. As shown in Fig. 1.12, an incoming 

wave induces a progressive ph8.'le delay 'P across the array. The incoming RF signal from 

each element is mbced with an La signal that is fed in phase to each mixer in the array. If 

the La signal is set to be twice the RF frequency, the resulting IF signal will be a ph8.'le-

conjugated copy of the RF signal. This effectively reverses the gradient of the incoming 

signal such that the outgoing wave is redirected back towards its original source. 

The Pon array is an elegantly simple way to achieve retrodirection and has even 

been shown to help mitigate multipath fading [lOJ. However, there is a drawback to the 

Pon array - and to most reflective type RDAs - in that the incoming and retrodirected 

signa! travel a roundtrip distance of 2R, where R is the distance between the signal's 
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Figure 1.12: Phase-conjugating (Pon) array. 

original source and the RDA. The roundtrip distance traveled corresponds to an increase 

in path loss proportional to If!!, which in most practical cases negates any benefits of using 

a retrodirective array [11]. 

1.4.4 Phase-Detecting / Phase-Shifting Array 

To avoid the K' roundtrip path loss, an RDA utilizing phase detecting and phase 

shifting was developed [12]. The phase-detecting/phase-shifting array is composed of three 

subsystems as shown in Fig. 1.13: the phase-shifting array (which is the same as that 

discussed in Section 1.2.1), a phase-detecting array and circuit, and a control circuit. 

An incoming interrogating signal is first incident on the phase-detecting array 
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Figure 1.13: Phase-detecting / phase-shifting array. 
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where a phase-detecting circuit determines the AOA of the interrogating signal. The output 

of the phase-detecting circuit is an error voltage ( Verr) that is related to the phase difference 

between the two elements in the phase-detecting array. VerT is sent to the control circuit 

which translates it into the N tuuing voltages (Vtune ) used to control the phase shifters in 

the phase-shifting array. The control circuit is designed such that it produces the gradient 

necessary to steer the transmitted signal toward the interrogating source. 

1.4.5 Phase-Detecting / Heterodyne-Scanning Array 

The phase-detecting/heterodyne scanning array [13] also overcomes the H! roundtrip 

path loss problem. As shown in Fig. 1.14, the RDA is similar to the phase-detecting/phase-

shifting array. A phase-detecting array and circuit are also used to determine the inter-
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rogating AOA and a control circuit translates the Verr. The difference, however, is that 

the phase-detecting/heterodyne-scanning architecture utilizes the heterodyne-scanning ar-

ray discussed in Section 1.2.2. This means that, unlike the phase-detecting/phase-shifting 

array, the control circuit only needs to output a single Vtune to control the variable LO 

source in the heterodyne-scanned array. This makes the control circuitry for the phase-

detecting/heterodyne-scanning array much simpler than that of the phase-detecting/phase-

shifting array. 

1.5 Characterization 

Monostatic and bistatic radar cross sections (ReS) are used to characterize the 

retrodirective arrays. These measurements test the ability of the arrays to accurately steer 
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toward and track an interrogating signal originating from different angles. 
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Shown in Fig. 1.15 is the experimental setup for measuring a monostatic ReS. In 

this measurement interrogating and receiving horn antenna are collocated, mounted on a 

computer-controlled rotational arm, and scanned from -600 :5 8 :5 +600
• By ranging and 

positioning the horns as such, the main lobe of the RDA should always be directed towards 

the swept receiving horn and the received power should be uniform across the steering range. 

This means that the radiation pattern should show no nulls or lobes. 

The bistatic ReS setup is shown in Fig. 1.16. In this measurement the interrogat-

ing horn antenna is fixed while the receiving horn is mounted on the computer-controlled 

rotational arm and scanned from -600 :5 8 :5 +600
• In this case the main lobe of the 

measured array should always be directed towards the stationary interrogator. As a result, 

sidelobes, nulls, and a mainlobe corresponding to the measured array's size should be visible 

in the radiation pattern. 
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1.6 Thesis Organization 
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Chapter 2 discusses the design and characterization of a self-phasing receive array 

for use as an RF sensor. Chapter 3 covers the design and characterization of a retrodirective 

array based on phase detecting and heterodyne scanning proposed for use in transmitting 

data from the sensor to a collection vehicle. Finally, Chapter 4 makes conclusions and 

suggestions for future work and improvements. 
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Chapter 2 

Self-Phasing Receive Array for 

RF-Sensing and Tracking 

Applications 

2.1 Introduction 

In the intelligence-gathering scenario discussed in Chapter 1, a hostile RF emitter 

can function unwittingly as an interrogating source. Rather than responding with a trans

mission back to that source, the self-phasing array directs its gain towards the incoming 

signal and operates as a receiver only, which is all that is necessary for a passive sensor. 

The prototypical self-phasing heterodyne array [9J cannot be used for this purpose, 

since it automatically transmits a response signal toward the interrogator. Worse, the 

heterodyne array will respond to any and all interrogating signals, compromising the covert 
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This chapter presents what is believed to be the first demonstration of a self-

phasing array for covert receive-only purposes that operates in an RF environment composed 

of multiple signals or-varying frequencies. 

2.2 Design Overview 

The design is based on the phase-detecting and phase-shifting method [12], in 

which an interrogator signal induces a phase difference between two elements in the array, 

which is then detected and used to tune phase shifters that steer the arrays beam in the 

direction of the interrogator. The system consists of three parts: phase-shifting array, 

phase-detecting circuit, and control circuit (Fig. 2.1). 

The design for the antenna elements, phase-detecting circuit, and control circuit 
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Figure 2.2: Schematic of the phase-shifting array. Ports Al and A2 lead to the circuit 
shown in Fig. 2.3. 

are from [11], which provides further details. Measurements are conducted at 2.3, 2.4, and 

2.5 GHz, confirming that the array is capable of tracking over a range of frequencies within 

the operating band of the array. 

This section gives an overview of the array and illustrates how the phase-detecting 

circuit also provides the frequency-tuning and filtering capabilities that allow it to operate 

in a multi-signal/frequency environment. 

The overall array schematic is shown in Fig. 2.2. An S-band quasi-Yagi element 

was chosen to ensure operation over a range of frequencies. The S-band design is a scaled 

version of one previously reported at C-band [14], with a bandwidth of 1.85-3.05 GHz (49%). 

The array is fabricated on Rogers TMMlOi (thickness = 2.54 mm, er = 9.8) with a one-half 

wavelength element spacing at 2.45 GHz. 

All four elements are used for reception, but only the two center elements are used 

for phase detecting. The signals from each antenna element pass through a 1:2 Wilkinson 

power divider fabricated on Rogers R03006 (thickness = 0.635 mm, er = 6.15). For the 
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Figure 2.3: Schematic of the phase-detecting and frequency-selecting circuit. V.,.,. leads to 
a control circuit and generates the tuning voltages (Vi",..,) that control the phase shifters in 
Fig. 2.2. 

center elements, this directs half of the received signal to the phase detecting circuit (ports 

A1 and A2) and the other half to the phase shifter. The outer two elements also have the 

same power divider to ensure symmetry across the array with a 50-n load placed on the 

unused ports. 

The phase-detecting circuit, shown in Fig. 2.3, is fabricated on Rogers RT /Duroid 

601O.2LM (thickness = 0.635 =, er = 10.2). The signals from ports A1 and A2 of the 

phase-shifting array are mixed with an LO signal via a Hittite HMC422 mixer. The resuiting 

IF products are sent to a COM DEV 162963 815-MHz SAW bandpass filter which has a 6% 

passband. 

This downconversion and filtering stage is what gives the the array the ability to 

select a signal from a specific frequency band. Tuuing the LO frequency that is fed to the 

mixers determines which IF product passes through the SAW filter, aJlowing a specific RF 

signal to be sent to the phase detector. This provides selectivity in steering towards an 

interrogator of a specific frequency. This process is illustrated in Fig. 2.4. 

After filtering, the specified IF signals are amplified by a Hittite HMC471 dual-
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channel gain block amplifier that is phase and gain balanced. The signals then pass through 

a Hittite HMC403 phase detector, whose differential outputs pass through an Analog De-

vices AD620 differential amplifier configured for unity gain. The voltage output from the 

differential amplifier (V err) forms the output of the phase-detecting circuit and is sent to 

the control circuit. 

The control circuit, shown in Fig. 2.5, transforms Verr into the four unique tuning 

voltages (\.'tune1,2,3,4) that control each of the four Pulsar ST-21-444A phase shifters in the 

phase-shifting array. The control circuit, which is realized on a prototyping bread board, 

performs a scaling function, a voltage-wrapping function, and a linearizing function that 

compensates for the nonlinearity of the phase shifter. Amplification, voltage summing, 

and comparator circuits use LM471 operational amplifiers, while Analog Devices AD633 

multipliers provide the voltage multiplication operations. 

The wrapping function of the control circuit extends the 3600 phase shift range of 

the phase shifters, which in turn increases the steering range of the array. When \.'tune is 
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increased so the shift reaches over 3600
, a voltage is subtracted from VI"". so that the phase 

shift returns to 00 and can then continue to increase. Similarly, when VI"ne is decreased to 

the point where the phase shift equals 00
, a voltage is added to VI,,= so that the phase shift 

returns to 3600
• The wrapping function is achieved using a combination of comparators 

and summing circuits. 

The final function of the control circuit is to compensate for the phase-shifter's 

nonlinear relationship between phase and tuuing voltage. This is done by applying a third-

order polynomial transfer function to the voltage before sending it to the phase shifter. The 

voltages are tuned such that the receive beam of the array is pointed in the direction of the 

selected signal. 

After passing through the phase-shifters, signals go to a 4: 1 Wilkinson power 
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combiner, fabricated on Rogers R03006 (thickness = 0.635 mm, er = 6.15), which combine 

the signals and forms the output of the self-phasing receive array. 

2.3 Experimental Results 

Three measurements were taken to confirm that this array architecture is not only 

capable of directing its receive beam in the direction of an incoming signal, but that the 

array can also selectively steer its receive beam toward a signal with a specific frequency 

even when interrogated by other signals of different frequencies. 

2.3.1 Single-Interrogator Receive Patterns 

Fig. 2.6 shows the experimental setup for the first measurement. TX Horn 1 (TX1) 

rotates through the entire range of our measurement system (±600) while transmitting a 
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2.3-GHz signal toward the self-phasing receive array, which is tuned to receive the 2.3 GHz 

signaL 

Fig. 2.7 plots the relative power of the 2.3-GHz signal received by the array as a 

function of the position of TXL As expected, the pattern is relatively fiat, verifying that the 

array is capable of tracking the 2.3-GHz interrogator as it moves through the ±60° range. 

The power variation throughout the steering range is within 5 dB. The dips near _350 and 

+300 are due to the operational amplif!er comparators in the control circuit [111. At these 

points, the comparators are switched and the finite slew rates of the operational amplif!ers 

limit the output switching speeds. Appendix A discusses this effect in more detaiL 

The measurement was repeated at 2.4 and 2.5 GHz, confirming that the array is 

capable of tracking over a range of frequencies within the operating band of the array. 
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.60· 

Figure 2.8: Experimental set-up used to show self-phasing 8Jld frequency selection. The 
array is tuned to steer its beam toward TX2, while false interrogator TXl sweeps across 
the measurement r8Jlge. 

2.3.2 Confirmation of Self-Phasing and Beam Steering 

Fig. 2.8 shows the experimental setup for the second measurement, which is to 

confirm that the array is capable of selecting a specific observation frequency 8Jld pointing 

its beam towards the source of said frequency. 

In this measurement, TX2 is held stationary at 25° 8Jld transmits a 2.4-GHz signai. 

The self-phasing receive array is tuned to respond to this signal by pointing its receive beam 

towards the TX2 position. Me8Jlwhile, TXl transmits a 2.5-GHz signal8Jld is swept through 

the ±600 steering r8Jlge. 

Fig. 2.9(a) plots the relative power of the 2.5-GHz signal received by the array 

as a function of the position of TXl. This plot clearly shows that the self-phasing receive 

array does not respond to the 2.5-GHz interrogator's position. The only inst8Jlce that it 

responds is when the position of TXl coincides with the position of TX2 at 250
• 
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Figure 2.9: Measured and simulated patterns showing the relative power received from TXl 
(2.5 GHz) when TX2 (2.4 GHz) is positioned at: (a) +25°, (b) 0°, and (c) _25°. 
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The measurement is repeated with TX2 positioned at 00 [Fig. 2.9(b)] and _250 

[Fig. 2.9(c)J. In each case, the receive pattern points towards TX2 rather than TXl. 

Fig. 2.9 also shows the measured patterns plotted against their simulated patterns 

(see Appendix B for simulation code). Simulated results take into account the beam-

pointing error that arises from the difference in interrogated and measured frequencies. 

This error arises because the phase shifters do not provide the exact phase shift necessary 

for complete constructive interference at the measurement frequency. 

Additional measurements with TX1 and TX2 set at different frequencies can be 

seen in Appendix C. 

2.3.3 Receive Patterns with Multiple Signal Incidence 

To show that the array can steer in an environment with multiple signals of various 

frequencies, a third measurement was taken. This time the array is interrogated by three 
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horn antennas shown in Fig. 2.10, each set to a different frequency. For each pattern the 

array is tuned to steer towards TX1, which is being swept through the ±600 range. 

Fig. 2.11 shows the receive patterns, which, as expected, are similar to the ones in 

Fig. 2.7. Variation in received power is ~7 dB and the patterns show good agreement with 

the patterns in Fig. 2.7. As stated previously, the dips near _400 and +300 are due to the 

operational amplifier comparators in the control circuit. 
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Chapter 3 

A Full-Duplex, Two-Dimensional 

Retrodirective Array Utilizing 

Phase Detecting and Heterodyne 

Scanning 

3.1 Introduction 

The previous chapter introduced a self-phasing receive array for use in a covert 

remote RF sensor network. Since it is likely that the sensor is located in a hostile environ

ment, the sensor must also have some sort of secondary antenna system to communicate 

with a collection vehicle. 

The sensor's covert nature does not allow for an omnidirectional antenna to be 
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Figure 3.1: Block diagram for phase-detecting/heterodyne-scanning retrodirective array. 

used, since an omnidirectional radiator leaves the transmission vulnerable to interception 

by opposing forces and could be used to locate the sensor itself. In this chapter, an RDA 

based on the phase-detecting/heterodyne-scanning architecture is proposed for use in this 

application. The directivity and autonomous beam-steering capabilities of the retrodirective 

array make it an ideal candidate for covert communications with a mobile target. 

3.2 Design 

The RDA design is an improvement on the phase-detecting/heterodyne-scanning 

array demonstrated in [13]. The new design reduces insertion loss by eliminating the need for 

phase-addition circnitry, and fnll-duplex retrodirective communication is enabled through 

the use of a diplexer array that allows different phase gradients to be applied to the transmit 

and receive signals. 

The array operates at X-band with receive and transmit frequencies at 7.145 
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GHz and 8.495 GHz, respectively. These frequencies are based on an existing commercial 

transponder [151 to demonstrate the possibility of plug-and-play operation with co=ercial

off-the-shelf (COTS) parts. 

The phase-detecting/heterodyne-scanning array is composed of three major sub

systems illustrated in Fig. 3.1. An incoming interrogating signal is received by a phase

detecting array, which consists of two independent antenna arrays and phase-detecting cir

cuits that measure the phase difference in the E-plane (x- or vertical-axis) and the H-Plane 

(y- or horizontal-axis). Upon interrogation, these circuits output an error voltage that is 

proportional to the phase difference detected at their input. The error voltages are passed to 

a control-circuit module that contains two independent steering-control circuits whose out

put voltages are used to tune veos that control beam steering in the heterodyne-scanuing 

array. 

3.2.1 Heterodyne-Scanning Array 

A simplified schematic of the phase-shifting networks is shown in Fig. 3.2. The 

theory of operation is similar to that described in Chapter 1, except that instead of a 

corporate feeding structure, a network of series-connected branchline couplers and phase

delay lines are used [41. The power coupling ratio C of the coupled ports is designed so that 

the power is divided equally amongst the four mixers. Delay lines are designed to provide 

1080· of phase shift at the center frequency of the veo. When the veo is tuned through 

its frequency range, the electrica1length of the delay line is changed, altering the amount of 

phase shift and providing a frequency-dependent progressive phase shift across the output 

of the network. 
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Figure 3.2: Heterodyne scanning utilizing a series feeQing network composed of branchline 
couplers and delay lines. 

In the previous design [16], the phasing in the E- and H-planes were separated 

into two beam-forming networks. Phasing for each plane was then combined through a 

series of phase-addition circuits composed of mixing and power-dividing stages. In the 

current design, phasing for horizontal and vertical beam forming are also done on separate 

networks. However, the horizontal beam-forming network is split into four identical boards. 

By connecting the vertical and horizontal phase-shifting networks as shown in Fig. 3.3, the 

need for phase-addition circuitry is eliminated. This reduces the number of mixing stages 

seen by the transmitted signal from three to two. With mixer conversion losses typically at 

8.5 dB [17], the insertion loss is reduced from 25.5 dB to 17 dB. 

A Hittite HMC506 VCO operating from 7.8 - 8.8 GHz and a vertical phase-shifting 

network shown in Fig. 3.4 provide steering in the E-plane. The 7.8 • 8.8 GHz signal from 

the HMC506 passes through an unequal power divider where the majority of the VCO's 
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co 

Figure 3.3: illustration of how vertical and horizontal phase-shifting networks are connected. 
This arrangement eliminates the need for the phase addition circuitry utilized in previous 
designs. 

signal is mixed via a Hittite HMC220 mixer with half of the 5.4 - B.2 GHz signal coming 

from the Hittite HMC 431 VCO that controls the steering in the horizontal phase-shifting 

networks. The resulting 1.B - 3.4 GHz IF product is amplified (Hittite HMC311), passes 

through a one-to-four way Wilkinson power divider and is applied in phase, through SMA 

cables underneath the board to the IF ports of the four Hittite HMC220 mixers at the 

output of the vertical phase-shifting network. 

The smaller portion of the HMC50B signal is sent to a Hittite HMC451 power 

amplifier and is then passed through the vertical delay-line network before being applied to 

the La port of the output mixers. When the HMC50B is tuned, a progressive phase shift 

is induced on the La signal. The resulting RF products are at the same frequency as the 
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Figure 3.4: Schematic for the vertical phase-shifting network. Also shown are the VCO 
connections. 

horizontal control veo and contain the phase gradient for steering in the E-plane. Each 

output of the network is then sent to one of the four horizontal phase-shifting boards. 

The Hittite HMC431 VCO and four identical horizontal phase-shifting networks 

shown in Fig. 3.5 provide steering in the H-plane. The second half of the HMC431 's signal 

is amplified by a Hittite HMC407 and a Hittite HMC31l, passes through a one-to-four way 

Wilkinson power divider, and is sent to each of the four horizontal phase-shifting boards. 

At the horizontal phase-shifting board, the signal is mixed via a Hittite HMC220 with the 

7.1 - 8.5 GHz signal from the eOTS transceiver via a one-to-four way Wilkinson power 
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Figure 3.5: Schematic for the horizontal phase-shifting network. 
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divider. As in the vertical phase-shifting network, the resulting 0.9 - 3.1 GHz IF product 

passes through a one-to-four way Wilkinson power divider, and is applied in phase through 

SMA cables underneath the board to the IF ports of the four Hittite HMC220 mixers at 

the output of the board. 

The 5.4 - 6.2 GHz signal from the vertical phase-shifting board (which already 

contains the E-plane phase component) is amplified by Hittite HMC407 and HMC311 am-

plifiers, passes through the horizontal delay-line network, and is applied to the LO ports 

of the Hittite HMC220 mixers at the outputs of the four horizontal phase-shifting boards. 

This induces an additional progressive phase shift on the LO signal which corresponds to the 

H-plane phase component. When the HMC431's frequency is tuned, the output frequency 

of the vertical phase-shifting network is also changed, which in turn alters the H-plane phase 

gradient. The resulting 16 RF products output by the horizontal phase-shifting boards con-
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Figure 3.6: Photo of single quasi-Vagi element. 

Figure 3.7: Photo of 16-element (4 x 4) quasi-Vagi aray. 

tain both the E- and H-plane phase components needed for two-dimensional beam steering. 

The 16 outputs from the hori zontal phase-shifting network are sent to each of 

the elements in a 16-elemenl (4 x 4) quasi-Vagi array. The quasi-Vagi element (Fig. 3.6), 
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Figure 3.8: FUlly integrated 2-D heterodyne-steering array. 

as in Chapter 2, is a scaled version of one prev iously reported a t C-band [14J and has a 

bandwidth of 6.0 - 8. 7 GHz (37%) . Four four-clement arrays were fabricated on Rogers 

TMMlOi (thi ckness = 1.016 mm, Er = 9.8). The four arrays were epoxied onto a ridged 

backing (Fig. 3.7), which ensures uniform, half-wavelength spacing at 7.82 GHz (19 mm) in 

all directions. 

Both horizontal and vert ical phase-shifting networks were fabricated on Rogers 

R03006 (thickness = 0.635 mm, Er = 6.15). Fig. 3.8 shows the fu lly integrated heterodyne-

scanning array. 
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Figure 3_9: Phase-detecting array_ 

3.2.2 Phase-Detecting C ircuit 
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For steering in two dimensions, it is necessary to determine the interrogator 's 

AOA _ This can be done by measuring the received phase difference on an incident array 

in two orthogonal directions_ A 7_145-GHz interrogation signal is received by two pairs of 

two-element patch antenna arrays, spaced 42 mm apart (A/2 at 7_145 GHz) and fabricated 

on Rogers R03006 (th ickn ess = 0_635 mm, Or = 6_15)_ As shown in Fig_ 3_9, the pair 

aligned with the x-axis is used for E-plane detecti ng, while the pair aligned with the y-axis 

is used for H-plane detecting_ The signals from the phase-detecting array are passed to two 

identical circuits, one which measures the phase difference in the E-plane and the other in 

the H-plane_ 
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Figure 3.10: Schematic of phase-detecting circuit. 

43 

The phase-detecting circuit, shown in Fig. 3.10, is similar to the phsse-detecting 

circuit used in Chapter 2. The received signals from a pair of elements in the phase-

detecting array are passed through ports A1 and A2 of the phase-detecting circuit. The 

signals are downconverted via a Hittite HMC220 mbcer and a 7.96-GHz LO source and 

are then passed through a COM DEV 162963 81S-MHz SAW bandpass filter to filter out 

unwanted mixing products. The 81S-MHz signal is amplified by two Hittite HMC471 dual 

channel gain-block amplifiers that are both phase- and gain-balanced. The signals are then 

passed to a Hittite HMC439 phase detector, whose differential outputs pass to an Analog 

Devices AD620 instrumentation amplifier whose voltage output (V err) forms the output of 

the phase-detecting circuit. 

3.2.3 Control Circuit 

The control circuit translates the error voltages (V.,.,.) from the phase-detecting 

circuits so that it can point the array's beam back in the direction of the interrogator by con-

trolling the tuning voltages (Viune) of the VCOs in the vertical and horizontal phsse-shi.fting 
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Figure 3.11: Characterization of the relationship between VeTr and interrogator AOA for 
E-plane (a) and H-plane (b). Results plot measured data against a third-order polynomial 
curve fit. 
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Figure 3.12: Characterization of the relationship between Vi and steering angle for E-plane 
(a) and H-plane (b). Results plot measured data agalnst a third-order polynomial curve fit. 
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Figure 3.13: Plot of V.,.,. - Vi for E-plane (a) and H-plane (b). A third-order polynomial curve 
fit is used for the transfer function. Results plot data against actual circuit performance. 
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networks. The relationships between Viune and steering angle, and Ve,.,. and interrogation 

angle are first determined. The heterodyne-scanning array is characterized for steering at 

7.82 GHz, which is the center frequency between the 8.495-GHz and 7.145-GHz transmit 

and receive bands. The phase-detecting circuit is characterized at the 7.145-GHz receive 

band, which is also the interrogating frequency. Characterization in both E- and H-planes 

are shown in Fig. 3.11 and Fig. 3.12. 

By equating interrogating angle with steering angle, the relationship between Verr 

and Vi,,= can be plotted as shown in Fig. 3.13. A third-order polynomial curve fit that 

closely approximates the measured data can be found as follows: 

Vi(E) = 0.3162v,,::"'(E) + 0.9821 V!.(E) + 2.8633Verr(E) + 3.0876, (3.1) 

Vi(H) = 2.9734 V!.(H) + 1.1595V!.(H) + 2.0438VerT(H) + 4.5023. (3.2) 

The error voltages from the phase-detecting circuits are each fed to a third-order 

polynomial circuit and transformed into the appropriate tuning voltages. Fig 3.14 shows the 

schematic for the polynomial circuits, which are identical, with the exception of multiplier 

and amplifier gains. The entire control circuit is realized on a prototyping bread board. 

For multiplication operations, Analog Devices AD633s are used while standard LM471 

operational amplifier circuits are used for all amplification and summing operations. 
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Figure 3.14: Schematic for the control circuit. The circuit for E- and H-planes are identical 
with the exception of the multiplier and amplifier gains which are listed in the table. 

3.2.4 Full-Duplex Implementation 

The difference between an array based on heterodyne scanning versus one based 

on phase shifters is the way the phase gradient is applied to both the transmit and receive 

signal. Shown in Fig. 3.15 is a conventional phased array using phase shifters. Fig. 3.15(a) 

shows phasing for the transmit case where the phase shifters add a progressive phase gradient 

(-I") that becomes more negative moving from the left-most element to the right. Ail was 

shown in Section 1.2, this will steer the array's beam at go. 

In Fig. 3.15(b), if a signal is received from the same angle g, this sets up a phase 
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o· 

(b) 

Figure 3.15: Phasing in a conventional phased array for (a) transmission and (b) reception. 
In both (a) and (b) the phase gradient induced by the phase shifters is added to the outgoing 
or incoming wave. 

progression across the array that is the reverse of what was seen in the transmit case, in 

that the gradient becomes more negative moving from the right-most element to the left. 

The incoming signals pass through the phase shifters which add their gradient, and the 

resulting phase summation is such that the signals from each element will have the same 

phase, allowing for completely constructive interference upon combination. 

Shown in Fig. 3.16 is the heterodyne-scanning array where the phase gradient is 

applied through heterodyne mixing. From basic trigonometry, 

(3.3) 
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o 

o 

(e) (b) 

Figure 3.16: Phasing in a heterodyne-scanning array for (a) transmission and (b) reception. 
The phase gradient is induced through heterodyne mixing. In transmission, the gradient 
is applied through upconversion process and in reception, the gradient is applied through 
downconversion. 

which shows that the product of two sinusoidal signals is the sum of a higher-frequency signal 

(upper sideband) and a lower-frequency signal (lower sideband). In a heterodyne mixer the 

upper and lower sidebands are associated with the up- and downconversion products. 

In transmission (Fig. 3.16(a)), a progressive phase gradient is induced on the LO 

signal and applied through an upconverting mixer. A1; the upper sideband product of 

(3.3) shows, for upconversion, phase components are summed resulting in the array's beam 

being steered at 80
• In reception, however (Fig. 3.16(b)), the incoming signal, received 

from the same angle 8, is downconverted. A1; the lower sideband product of (3.3) shows, 

downconversion takes the difference of the phase components and as Fig. 3.16(a) shows, the 

downconverted products will each have a different phase resulting in destructive interference 

upon combination. 
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This can be further verified through analysis of the array factor (AF) equations. 

The AF equation for a M x N element array with uniform excitation is [181 

M N 
AF = 10 L e1(m-l)'I/J. L e1(n-l)'I/J •• (3.4) 

m=l n=l 

In transmission, 1/J", and 1/Jy are equal to 

1/J", = kd., sin 8 cos <P + (3"" (3.5) 

(3.6) 

where kd", and kdy are related to the array spacing in the x and y directions, and (3", and 

(31/ are related to the progressive phase shifts, applied through the upconversion process, in 

the x and y directions and are given by 

(3", = -kd., sin 80 cos <Po, . (3.7) 

(3y = -kdy sin 80 sin <Po. (3.8) 

By substituting (3.5) and (3.6), into (3.4) it can be shown that the maxinlum value 

of the AF will be seen at 8 = 80 and <P = <Po, meaning that the progressive phase shifts (3", 

and (31/ steer the transmit beam of the array in the 80 and <Po direction. 
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In reception, 'l/Jz and 'l/Jy are changed and are given by 

'I/J" = kd", sin () cos <P - /3", (3.9) 

'l/Jy = kdy sin () sin <P - /3y, (3.10) 

where /3z and /3y are now subtracted to account for the phase difference in the downconver

sion process. Substituting (3.9) and (3.10) into (3.4) shows that for receive, the maximum 

value of AF will be seen at () = -()o and <P = -<Po, which means that the progressive phase 

shifts /3z and /3y steer the receive beam of the array in the -()o and -<Po direction. 

This behavior, where the same phase gradient results in transmit and receive beams 

being steered in different directions, can be seen in the simulations shown in Fig. 3.17 and 

WB8 also observed experimentally. For full-duplex, retrodirective implementation, both 

transmit and receive beams need to be directed along the interrogating AOA, and as this 

is not the CB8e, full-duplex operation is not possible at this point. 

To steer both beams in the same «()o, <Po) direction, it is necessary to reverse the 

phase gradient applied to the receive signal in both the x and y directions. To do this, it 

is first required that the receive and transmit signals be separated, so that two different 

gradients can be applied. Since the transmit and receive signals are already separated in 

frequency, a diplexer can be used to physically separate the signals. Two diplexer arrays, 

each with 16 diplexers, were fabricated and SMA cables were used to separate and route both 

transmit and receive signals to and from the appropriate input/output ports of the phase

shifting networks. Fig. 3.18(a) shows the phase routing for transmission and Fig. 3.18(b) 
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Figure 3.17: Simulated receive and transmit patterns demonstrating that receive beam 
points in -EhnteTrogatoT direction. E-pIane cut for interrogation at (a) _25° and (b) +10°. 
H-plane cut for interrogation at (c) _25° and (d) +10°. 

shows the routing for reception. By routing the signals this way, the phase gradient applied 

to the receive signal is the reverse of what is applied to the transmit resulting in both beams 

pointing in the same direction. 

3.3 Experimental Results 

To verify that the RDA is capable of self steering, measurements were taken for op-

eration in simplex (transmit only) and full-duplex (transmit and receive) modes. In simplex 

mode the array is operated without the diplexer array and is only capable of retrodirect-
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ta) (b) 

Figure 3.18: Phase routing for full-duplex operation. 

ing its transmit beam. In full-duplex mode, the diplexer array is attached, allowing for 

retrodirection of both transmit and receive beams. 

3.3.1 Simplex Operation 

Bistatic patterns taken for both E- and H-plane cuts demonstrate that the array 

is capable of steering in both planes. The results shown in Fig 3.19 and Fig 3.20 plot the 

measured patterns against simulated ones. Simulation takes into account the steering error 

that arises from the element spacing in the array and from phase difference between the 

7.82-GHz center frequency at which the array was characterized and the 8.495-GHz transmit 

frequency. The results show good correlation between measured and simulated results. 
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Figure 3.19: Bistatic radiation patterns for simplex operation (TX at 8.495 GHz). E-plane 
cut for interrogation at (a) 0', (b) + 15', and (c) -20'. 
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Figure 3.20: Bistatie radiation patterns for simplex operation (TX at 8.495 GHz). H-plane 
cut for interrogation at (a) 0°, (b) +15°, and (e) _20°. 
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3.3.2 Full-Duplex Operation 

Bistatic and monostatic radiation patterns were taken for full-duplex operation. 

Bistatic patterns for reception are shown in Fig 3.21 (E-plane) and Fig 3.22 (H-pJane), 

while patterns for transmission are shown in Fig 3.23 (E-pJane) and Fig 3.24 (H-plane). 

For the receive patterns, measurements were taken at 7.2 GHz to differentiate it from the 

interrogating signal. 

As done for simplex measurements, the full-duplex results are plotted against 

simulated patterns. Results show good correlation between measurements and simulation. 

As expected, the full-duplex patterns do not match simulation as well as the simplex patterns 

match theirs. In some cases sidelobe levels are increased by ~4 dB and in many cases 

beamwidth is increased by as much as 10°. This is a result of the additional amplitude 

and phase imbalance introduced by the diplexer arrays and SMA cables used to route the 

transmit and receive signals. 

Monostatic patterns, shown in Fig. 3.25, were also taken to show that the array 

is capable of actively tracking a target moving through its steering range. All expected, 

results are relatively flat through the measured range, demonstrating that the array is 

indeed capable of tracking a mobile target. 
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Figure 3.21: Bistatic radiation patterns for full-duplex operation (RX at 7.2 GHz). E-plane 
cut for interrogation at (a) 0°, (b) -20°, and (c) +25°. 
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Figure 3.22: Bistatic raciiationpatterns for full-duplex operation (RX at 7.2 GHz). H-pJ;me 
cut for interrogation at (a) 0°, (b) -15°, and (c) +20°. 
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Figure 3.23: Bistatic radiation patterns for full-duplex operation (TX at 8.495 GHz). E
plane cut for interrogation at (a) 0°, (b) +15°, and (c) -15°. 
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Figure 3_24: Bistatie radiation patterns for full-duplex operation (TX at 8.495 GHz)_ H
plane cut for interrogation at (a) +5°, (b) +10°, and (c) _20°_ 
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Figure 3.25: Monostatic radiation patterns for full-duplex operation. Receive patterns for 
(a) E-plane and (b) H-plane, and Transmit patterns for (e) E-plane and (d) H-plane. 
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Chapter 4 

Conclusions and Future Work 

4.1 Conclusions 

The ability to gather intelligence in a covert, simple, and cost-effective manner is 

of great interest to the intelligence community. With the widespread use of wireless co=u

nication, technology that can capture information transmitted over wireless communication 

links could be extremely useful. One or more remote intelligence-gathering sensors could be 

used to eavesdrop or intercept RF emissions from possibly hostile emitters. In this thesis, 

two retrodirective technologies were presented that could be employed in a remote terrestrial 

sensor network. Relatively simple and less expensive than their nsp based counterparts, 

the RDA would be an ideal candidate for use in small remote sensors where power and 

processing is limited. Additionally, the directivity and autonomous beam-steering charac

teristics of RDAs add a physical layer of security, making them attractive for use in covert 

networks placed in possibly hostile environments. 

An S-Band self-phasing receive array based on phase detecting and phase shifting 
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shows promise for use BB a remote RF sensor. The array was configured to work in receive

only mode, generating no RF signature of its own, making it undetectable by other sensors 

in the area. Results showed that the array is capable of selecting and steering toward a 

specific frequency source in an environment with multiple signals of various frequencies. 

Its ability to selectively steer toward a specific frequency signal makes it ideal for use in a 

communication network employing FDMA. However, a drawback to phase detecting is that 

it cannot differentiate between different sigoals of the same frequency and therefore would 

not work in a TDMA- or CDMA-based network. 

To transmit the information gathered by the self-phasing receive array, 2-D phase

detecting / heterodyne-scanning array was presented. Desigo improvements included reduc

ing insertion-loss and implementing full-duplex communication. In this manner, commands 

can be sent to the sensor and information can be transmitted to the collection vehicle. Its 

directive beam and self-steering nature mean that information transmitted will not be in

advertently sent to adversaries. Additionally, the use of heterodyne scanning eliminates the 

need for costly phase shifters and requires fewer control inputs. One drawback, however, 

is the phasing networks and mixing stages BBsociated with heterodyne scanning that can 

become quite complex and may become unwieldy in much larger arrays. 

Before the self-phasing receive array and the phBBe-detecting / heterodyne-scanning 

RDA can be employed in practical applications, their operating ranges would need to be 

known to properly configure a network. In addition to the insertion loss and conversion loss 

characteristics of the electronic components, the range also depends on the receiver sensi

tivity, frequency, path loss effects, and environmental factors such as weather and foliage. 
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Figure 4.1: Self-phasing receive array with 2:1 power dividers removed. 

4.2 Suggestions for Future Work 

4.2.1 Self-Phasing Receive Array 

63 

The current design for the self-phBBing receive array is capable of steering in only 

one dimension. The next logical step would be to implement 2-D steering. Realization 

using the current design would be relatively straightforward. An M x N array, along with 

the corresponding power dividing and combining circuitry, would need to be fabricated. A 

second phBBe-detecting circuit is needed to determine the incoming AOA in both the x and 

y directions. Additionally, the control circuit would need to be expanded to provide the 

control voltages for each phase shifter in the array. 

Another improvement would be to increase the power efficiency of the system. In 

the current design, only half of the received signal is sent to the RF output. A quarter 

of the signal is sent to the phase-detecting circuit and the remaining quarter is WBBted. A 
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solution to this is shown in Fig. 4.1 where the 1:2 power dividers are removed and branch

line couplers are placed after the elements being used for phase detection. The couplers can 

be designed such that a majority of the received signal is passed on to the phase shifters. 

Delay lines are placed after the elements not used for phase-detection in order to compensate 

for the phase shift in the couplers, and attenuators are used to compensate for amplitude 

imbalance. 

4.2.2 A Full-Duplex, Two-Dimensional Retrodirective Array Utilizing 

Phase Detection and Heterodyne Scanning 

In the current design, the biggest drawback is the amplitude and phase imbalance 

introduced by the diplexing array and SMA cables. A possible solution would be to USe a 

dual-frequency bi-orthogonally polarized antenna element [19], and to orthogonally polarize 

the transmit and receive signals. This would eliminate the need for one of the diplexer arrays 

and reduce the amount of SMA cables used, thereby reducing the amount of amplitude and 

phase imbalance. 
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Appendix A 

Control Circuit for Self-Phasing 

Receive Array 

Fig. A.l, taken from [11], shows the relationship between Vi"ne and VerT for the con

trol circuit used in the self-phasing receive array. As shown in Fig. A.l{a) and Fig. A.l{d), 

there are two transitional periods at which the operational amplifier comparators in the 

control circuit switch the outputs. Ideally, the voltages would make an instantaneous tran

sition; in reality, the fiuite slew rates of the operational amplifiers will limit the output 

switching speeds. During the switching periods, Vi .. ne1 and Viune4 will be incorrect, which 

means the array will be incorrectly phased. It is this error in phasing during the switching 

periods that causes the dips, seen in Fig. 2.7 and Fig. 2.11, to occur. 
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Appendix B 

Simulation Code 

Matlab code for plotting measured radiation patterns and generating simulated patterns. 

Modifications are made based on array size and frequencies used. Text in brackets are user 

defined parameters. 

% Begin Code -

clear all 

close all 

clc 

%%%%%%%% Antenna Parameters %% 

d=[insert separation distance]; % Separation distance (m) Equal in x and y 

N=[insert element count]; % Number of Rows 

M=[insert element count]; % Number of Columns 



%%%%%%%% Constants %% 

c=2.997925e8; % Wave propagation in free space 

%%% Frequency List %% 

frx=[insert RX fraq.]; % RX freq 

fc= [insert center freq.]; % Center freq 

ftx=[insert TX fraq.]; % TX freq 

%%% Wavelengths %% 

larnrx=cjfrx; % RX. Freq. Wavelength 

larnc=cjfc; % Center Fraq. Wavelength 

larntx=cjftx; % TX Freq. Wavelength 

%%% Propagation Constants %% 

krx=2*pijlamrx; 

kc=2*pijlamc; 

ktx=2*pijlamtx; 
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%%% Steering Angles %% 

thetaO=[insert () steering]*pi/180; 

phiO=[insert '" steering]*pi/180; 

%%% Array Steering Parameters %% 

Bx=-kc*d*sin(thetaO)*cos(phiO); % Progressive phase shift in x-plane 

By=-kc*d*sin(thetaO)*sin(phiO); % Progressive phase shift in y-plane 

%%% Pattern Characteristics %% 

phi=[insert '" for cut]*pi/180; 

theta=-60:1:60; 

%% Determines the cut taken 

%%%%%%%% Calculate Array Factors %% 

%%% For RX Freq %% 

count=l; 

for x=1:size(theta,2) 

Sxm=O; 

% Measured Range 
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end 

psix=-krx*d.*sin(theta(x)*pi/180)*cos(phi)-Bx; 

for m=l:M 

end 

Syn=O; 

Sxm=Sxm+exp(j*(m-1)*psix); 

psiy=-krx*d.*sin (theta(x )*pi/ 180) *sin(phi)-By; 

for n=l:N 

Syn=Syn+exp(j*(n-1)*psiy); 

end 

AFrx(count)=abs(Sxm*Syn); 

count=count+ 1; 

% Normalize Array Factor so Max is at unity % 

AFrx=20*!oglO(AFrx); % Convert to dB 

mAFrx=max(AFrx); % Max AFc value 

nAFrx=AFrx-mAFrx; % Normalize 

%%% For TX Freq %% 

count=l; 
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for x=1:size(theta,2) % Measured Range 

end 

Sxm=O; 

psix=ktx*d.*sin(theta(x)*pi/180)*cos(phi)+Bx; 

form=l:M 

Sxm=Sxm+exp(j*(m-l)*psix); 

end 

Syn=O; 

psiy=ktx*d.*sin(theta(x)*pi/180)*sin(phi)+By; 

for n=1:N 

Syn=Syn+exp(j*(n-1)*psiy); 

end 

AFtx( count )=abs(Sxm*Syn); 

count=count+ 1; 

% Normalize Array Factor so Max is at unity % 

AFtx=20.!og10(AFtx); % Convert to dB 

mAFtx=max(AFtx); % Max AFc value 

nAFtx=AFtx-mAFtx; % Normalize 
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%%%%%%% Measured Pattern %% 

mRPat=dlmread('C:filename', "); 

nmRPat(l,:)=mRPat(l,:); 

nmRPat(2,:)=mRPat(2,:)-max(mRPat(2,:)); 

%%%%%%% Plot Results %% 

figure(l) 

hold on 

plot( theta,nAFrx,' -r' ,'linewidth' ,2); 

plot(theta,nAFtx,'-r','Iinewidth',2)i 

plot (nmRPat(l ,: ) ,nmRPat(2,:), '-k', 'Iinewidth' ,2); 

title('Measured and Simulated Patterns') 

xlabel('Theta [deg]') 

ylabel('NormaJized Power [dBm]') 

legend('Simulated RX','Simulated TX', 'Measured' ,'Location' ,'se') 

axis([-60 60 -40 1]) 

grid on 

box on 

% - End Code 
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Appendix C 

Additional Measurements 

Additional measurements from Section 2.3.2. 
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Figure C.l: Measured and simulated patterns showing the relative power received from 
TXl (2.4 GHz) when TX2 (2.3 GHz) is positioned at: (a) +25°, (b) 0°, and (e) _25°. 



+250 InterrogatIon. TX2 at 2.3 GHz and TX1 at2.6GHz 
Or---~--~----~--JP~~----' .. 

~ ·10 __ -"', I .15" 

·20 

I: 
40 60 

(a) 

o r __ ':I)O~"~lte~n~_~~"2TX2~ .. ~a!3~G~Hz~and~1X~'~at,,-a:5:GHz~'-_-, 

.. 

·20 o 
Ang~M 

(b) 

20 40 

-35 ••••••••• Shnulatecl 

60 

----~L---~--~--~~~==~~~ 
-60 ·20 0 20 40 60 

AngJeM 

(c) 

78 

Figure C.2: Measured and simulated patterns showing the relative power received from 
TXl (2.5 GHz) when TX2 (2.3 GHz) is positioned at: (a) +25°, (b) 0°, and (e) _25°. 
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Figure C.3: Measured and simulated patterns showing the relative power received from 
TXl (2.3 GHz) when TX2 (2.4 GHz) is positioned at: (a) +25°, (b) 0°, and (e) _25°. 
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Figure C.4: Measured and simulated patterns showing the relative power received from 
TXl (2.3 GHz) when TX2 (2.5 GHz) is positioned at: (a) +25°, (b) 0°, and (e) _25°. 
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Figure C.5: Measured and simulated patterns showing the relative power received from 
TX1 (2.4 GHz) when TX2 (2.5 GHz) is positioned at: (a) +25°, (b) 0°, and (e) _25°. 


