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Abstract

Simulation, design and construction of a small size, receiving, dual polarized phased array antenna as a prototype for Low Frequency Array project. Antenna performance was evaluated using MATLAB based electromagnetic solver. Design enabled computer controlled beam forming and steering. Power of the received signal was evaluated as a function of beam position and made available to the computer interface. A MATLAB interface was developed for two-dimensional scanning.
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Chapter 1: Introduction


The phased array antenna discussed in this report is a prototype for a LOFAR (Low Array Frequency) project. LOFAR will have approximately 13,000 dipole antennas clustered in roughly 100 stations spread over a region 400 kilometers across. This will provide a collecting area of one square kilometer at 15 MHz. Multiple, simultaneous beams will be digitally formed and electronically steered allowing extreme agility in frequency and the ability to perform simultaneous observations on different targets in the sky.


Initial MATLAB simulations were performed in order to optimize the antenna for a broadband application in the frequency range 120 - 240 MHz. Different antenna element structures and their arrangement on a ground plane were investigated what led to a final design of a 7-element array. Elements used are crossed bowties, which are capable of picking up both co- and cross-polarization. In order to realize the array prototype construction the original size of the antenna was scaled down for operation at a higher frequency. The original design description calls for a broadband array, however, due to time constraints our antenna is designed to function at a single frequency of 915 MHz. The prototype is a phased array and it contains no moving parts. The phased array beam is steered electronically by changing relative phase shifts between antenna elements. This is accomplished via digital control and analog hardware. A user-friendly interface was created using MATLAB software.


The principle of operation of the phased array antenna is described in this report and the data is presented demonstrating the functionality of the design.

1.1 Design Specifications

Listed below are the design specifications for the small size phased array antenna as a prototype for LOFAR project.

The following specifications apply:

Small-size phased array antenna

Scanning Frequency:


915 MHz

Pattern Coverage:


+/- 45(
Minimum Gain:


10dB

Ground Plane: 


Hex Structure

Height/Width



0.52m

Elements: 



7 Crossed Bowties

Height above Ground:

0.1018m

Element Size: 



0.122m

Bowtie Width (Bottom):

0.05m

Distance Between Centers:

0.15m

Flare Angle:



60º
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Figure 1.1: Physical Layout of Antenna Array

Chapter 2: Background

This chapter provides background information related to the objectives of this project. As mentioned above our report focuses on the design of a seven-element phased array antenna.  In order to gain understanding of the antenna performance and to determine the best overall design we researched the following topics.

 
We first define a phased array, its scanning abilities and phase shift. Then we consider the simplest case: a linear array, its pattern and specifications.  A linear array can be described as a uniform array of identical elements all of identical magnitude and each with a progressive phase placed along a line.  Next we discuss a planar array or as one could describe it: a linear array of linear arrays.  In both the linear and planar arrays, the element spacing usually is uniform.  Lastly, we introduce a phased array with elements placed densely together what introduces mutual coupling between elements. We discuss the dense array theory and its application to our design.

2.1 Phased Array

A phased array is a directive antenna made up of a number of individual antennas, or scanning elements (Skolnik, 2001). Its greatest advantage is the ability to be rapidly steered from one direction to another without any moving mechanical parts. The scanning pattern is determined by the phase of the incoming signal at each of its elements assuming constant amplitude of the signal. By controlling the progressive phase difference between the elements, the maximum radiation can be peaked in any direction to form a scanning array. Let us assume that the maximum radiation of the array is required to be oriented at an angle 0  0  180.  In order to meet that goal, the  excitation between elements must be as follows

 = kdcos + |  = o = kdcos0 +  = 0   = -kdcos0




(2-1)

2.2 Linear Array Theory

In an N-element linear array with uniform amplitude and spacing, it is assumed that each succeeding element has a β progressive phase lead current excitation relative to preceding one (Balanis, 1997).  The array factor (AF) is a function of the number of elements, their relative magnitudes, relative phases, spacing and geometrical arrangement.  AF can be calculated by considering the individual elements as point (isotropic) sources:

AF = 1 + e+j(kdcosθ + β) + e+j2(kdcosθ + β) + … + e+j(N-1) (kdcosθ + β) =  ej(n-1) (kdcosθ + β)

(2-2)

AF = ej(n-1)Ψ , where Ψ = kdcosθ + β







(2-3)

In uniform arrays the amplitude and phase of the AF can be controlled by properly selecting the relative phase Ψ between the elements as shown in Figure 2.1.


[image: image1.png]



Figure 2.1: Far-field geometry of an N-element array of isotropic sources positioned along z-axis.

A planar array is formed by placing linear arrays beside one other, causing the elements to be spaced in two dimensions.  A planar array provides greater versatility by providing an additional number of variables that can be used to control and shape the pattern of the array.  Planar arrays are in fact more versatile and can provide more symmetric patterns with lower sidelobes.  They can also be used to scan the main beam of the antenna toward any point in space.  The “classical method,” or pattern multiplication procedure is among the most widely used array synthesis techniques.  The total field of the array is derived by the superposition of the vector fields of each of the individual elements.  One way to simplify the process of calculating the total field radiated by all elements in a planar array is to first find the array factor: 
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(2-4)

The total field radiated can be found by using pattern multiplication for arrays of identical elements (assuming uniform spacing and orientation) and can be expressed by:

E (total) = [E (single element at reference point)] x [
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(2-5)

This technique provides only an approximation and can only be considered legitimate for well-behaved arrays because the method does not account for the presence of mutual coupling.    The method however, can be calculated with relative simplicity and fast computation. 

2.3 Dense Array Theory

When working with dense phased array antennas, mutual coupling complicates the analysis and design.  Several methods have been developed that account for mutual coupling while some ignore the phenomenon.  The array factor multiplication, active element excitation, and numerical techniques are some examples. An accepted rule for the design of a broadband array with a large number of elements implies that in order to avoid sidelobes at a higher frequency, the element size d can be chosen to be approximately equal to /2, where  is the wavelength at the highest frequency of concern. The dense array theory predicts the (linear) gain per element for the rectangular array
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where b is the distance between element centers and d is the element size,  is the angle from zenith,  is wavelength. The total array gain is obtained in the form
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The minimum gain at zenith (( = 0) for our 7-element array can be predicted applying the above equations and using the array parameters introduced in the Design Specifications section.
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The predicted gain is somewhat ambiguous, because dense array theory assumes the infinite size array of closely spaced elements. Exciting the antenna elements and evaluating the scanning performance for all azimuthal angles while including both polarizations is not an easy undertaking. We employed the following scheme in the numerical algorithm.  First, we chose a scanning plane, e.g. the xz-plane. In that scanning plane two radiation patterns of the array (absolute directivity) are computed independently (Figure 2.2). One is the directivity for the coplanar polarization component 
[image: image8.wmf]||
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 and another is the directivity for the component perpendicular to the scanning plane - 
[image: image9.wmf]^

E

.  When the array elements are parallel to the x and y-axis, the coplanar radiation pattern in the xz-plane cross-section ( is equivalent to scanning in what will be called from here the E-Plane. The cross-planar radiation pattern in the xz-plane cross-section (corresponds to the H-plane scanning.
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Figure 2.2: Co-planar and cross-planar polarization planes
2.4 Simulations


In order to verify the functionality of the antenna design before construction, MATLAB simulations were performed. In this section, we discuss the procedures used to test the design, as well as the outcomes of the simulations. 
2.4.1 Procedure


MATLAB software was used to simulate the antenna’s behavior in order to find the best antenna design – it’s shape, size, antenna element type, etc. Single array elements were cloned in the software and arranged into a rectangular or hexagonal lattice. The method of moments (MoM) technique in the frequency domain (Peterson, 1998) was employed to model the problem. We used the RWG basis functions (Rao, 1982), the delta-gap voltage, the MATLAB 2D mesh generator delaunay, and the MATLAB built-in direct Gaussian solver. At first, we focused on achieving the best array performance for a broadband antenna as suggested by the LOFAR project. We analyzed different antenna elements and their arrangement on a ground plane and found a hexagonal lattice with seven crossed bowties to be the optimal solution for a small-size phased array. After the best performing design was chosen, we then scaled it to satisfy the conditions of a half wavelength distance between element centers for the frequency of 915 MHz. The resulting antenna array and a single bowtie are shown in Figure 2.3 below. 
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(a) 7-element antenna array



(b) Single bowtie antenna

Figure 2.3: Matlab generated figures: Hexagonal lattice with 7 antenna elements

(top view) and a single bowtie antenna.

2.4.2 Simulation Results

In order to validate antenna parameters chosen for the design, we once again simulated our array using MATLAB software. Shown below are the scanning patterns (Figure 2.4) and impedance values for each element (Table 2.2) obtained from the simulations.  
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(a) Co-Planar polarization (E plane) 

(b) Cross-Planar polarization (H plane)

Figure 2.4: Simulated scanning patterns at 915 MHz frequency

	
	0(
	15(
	30(
	45(
	60(

	El
	Re(()
	Im(()
	Re(()
	Im(()
	Re(()
	Im(()
	Re(()
	Im(()
	Re(()
	Im(()

	1
	56.99
	-32.88
	63.92
	-36.09
	91.34
	-45.63
	169.76
	-46.28
	285.84
	99.17

	2
	99.83
	1.29
	86.47
	17.80
	77.14
	28.94
	70.17
	37.27
	65.37
	43.63

	3
	101.49
	-2.26
	108.66
	16.51
	119.39
	44.46
	124.50
	79.43
	120.45
	109.88

	4
	101.47
	-2.36
	104.88
	-15.69
	127.10
	-24.87
	181.94
	-13.92
	240.24
	73.07

	5
	99.75
	1.13
	121.75
	-25.80
	164.36
	-75.96
	271.48
	-198.48
	822.06
	-805.39

	6
	101.53
	-2.32
	104.96
	-15.68
	127.24
	-24.86
	182.20
	-13.82
	240.41
	73.50

	7
	101.46
	-2.30
	108.69
	16.47
	119.49
	44.43
	124.65
	79.45
	120.61
	109.95


Table 2.1: Impedance values for cross-polarization, Frequency = 915 MHz, Scanning angles 0(, 15(, 30(, 45(, and 60(.

The antenna array was also simulated for other frequencies, to verify its functionality as a broadband antenna. Results for 615 MHz are shown in Figure 2.5 with the impedance values in table 2.2. 
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(a) Co-Planar polarization (E plane) 

(b) Cross-Planar polarization (H plane)

Figure 2.5: Simulated scanning patterns at 615 MHz frequency

	
	0(
	15(
	30(
	45(
	60(

	El
	Re(()
	Im(()
	Re(()
	Im(()
	Re(()
	Im(()
	Re(()
	Im(()
	Re(()
	Im(()

	1
	43.51
	27.31
	49.62
	22.25
	57.25
	1.16
	45.73
	-20.75
	31.70
	-26.54

	2
	11.50
	-88.95
	30.42
	-54.33
	51.48
	-43.12
	88.86
	-43.14
	170.01
	-94.75

	3
	126.57
	-48.00
	65.83
	-63.53
	45.40
	-47.55
	40.32
	-38.05
	39.50
	-33.40

	4
	126.82
	-47.97
	110.54
	24.94
	74.00
	24.82
	60.90
	13.49
	55.48
	4.39

	5
	11.41
	-89.00
	537.39
	-329.60
	51.00
	39.81
	36.41
	10.15
	28.02
	0.29

	6
	126.62
	-48.08
	110.58
	24.69
	74.07
	24.70
	60.94
	13.40
	55.49
	4.32

	7
	126.53
	-47.87
	65.87
	-63.45
	45.43
	-47.50
	40.35
	-38.01
	39.53
	-33.36


Table 2.2: Impedance values for cross-polarization, Frequency = 615MHz, Scanning angles 0(, 15(, 30(, 45(, and 60(.

Chapter 3: System Design

3.1 System Overview

The approach taken in designing the system was to break the system down into two major subsystems.  These subsystems were the RF/analog and digital subsystems.  The RF/Analog subsystem receives the RF signal and processes it.  The digital part of the system is responsible for controlling the analog subsystem, acquiring the signal processed by the analog subsystem, and the interfacing with the PC.  The block diagram of the entire system was created to define how the overall system works and how different modules would interact. This is shown in Figure 3.1. By designing the system with a modular approach, the group was able to test individual circuits for operation, simplifying the debugging process. In the event of failure of one module, it can be easily replaced, or bypassed without causing an entire system failure. The system can be easily upgraded or modified by simply swapping out the appropriate modules.


[image: image11]
Figure 3.1: System Block Diagram

3.2 RF/Analog Subsystem

The phased array antenna design involves a great deal of RF and analog electronics.  The RF/analog subsystem works as follows: once the antenna receives the signal, its phase is shifted in the phase shifter module, after that all signals are combined in the power combiner. The combined signal is then filtered by the band pass filter and then the power of the signal is evaluated in the power-meter module. The design of the RF/Analog system consisted of the following tasks: design physical hardware in a modular way, test and debug each individual module, and test the entire subsystem. The methods used in design of the analog subsystem are presented and detailed in the following section.

3.2.1 Phase Shifter Module

The main purpose of the phase shifter module was to shift the phase of the received signal by a particular value. Each element of the array requires its own phase shifter for a total of fourteen phase shifters.  Designing the phase shifter module was done in several steps.  First, an appropriate phase shifter had to be selected and then the module board had to be designed.  The requirements for a phase shifter were: phase range from 0 to180 degrees, input impedance of 50 Ohms, operating frequency in the ISM band (902MHz - 928MHz) and low insertion loss.  Another important factor was price, because fourteen phase shifters were needed. After a long and tedious search, the JSPHS-1000 device manufactured by Mini-Circuits was selected. The JSPHS-1000 is an analog voltage controlled phase shifter that operates in the frequency range from 850MHz to 1000MHz.  Although this device met all the technical requirements, the cost of about $30 per unit was significant.  The JSPHS-1000 is manufactured in a fourteen-pin surface mount package.  It does not require any supply voltage and the phase shift is controlled by the voltage in the range from 0 to +15V.  Figure 3.2 (Mini-Circuits Data Sheet), which represent operational properties of the device shows that the device is non-linear and frequency dependent.  Non-linearity and frequency dependence was taken into account so that phase shift error is minimized.  The phase shifter circuit diagram is shown in Figure 3.3.  Pins 1 and 7 are RF input and output, respectively.  Pins 4 and 6 are bias voltages.  To protect the phase shifter from possible over-voltage or over-current situations, bias signals are connected via 1KΩ resistors.  All other pins are grounded.  [image: image12.png]PHASE SHIFT (DEG)
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Figure 3.2: Phase Shifter Transfer function (Mini-Circuits Data Sheet)
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Figure 3.3: Phase Shifter Module Circuit Diagram

Because the JSPHS-1000 is a surface mount device, a printed circuit board had to be designed.  The phase shifter circuit was implemented on the 3.8” x 2.5” PCB that can be seen in Figure 3.4.  To minimize the cost of printed circuit board manufacturing, each board was designed to carry four phase shifter circuits.  Fourteen phase shifters were placed on the four identical PCBs.  Detailed process of PCB design will be explained in section 3.2.5. Header pins were used to connect the control signal from the digital subsystem to the phase shifter.  In order to couple the signal from the antenna element to the phase shifter and from the phase shifter to the power combiner, SMA connectors were used. The SMA connectors have characteristic impedance of 50 ( and comparably low insertions loss, which are critical parameters at high frequencies.  The phase shifter board was designed to be mounted on the rear of the antenna’s ground plate, and four mounting holes of 3.2 mm diameter were made in the board.  


[image: image14]
Figure 3.4: Phase Shifter Module PCB Layout

Once the phase shifter module was completed, proper functionality of the module was tested with HP 8722ET network analyzer.  Figure 3.5 shows how phase shift varies as a function of the control voltage for 915 MHz frequency.  As seen measured response of the phase shifter is very similar to the one shown on the datasheet.

[image: image15.png]



Figure 3.5: Measured Phase Shift versus Bias Voltage
3.2.2 Power Combiner Module

In order to combine signals received by the individual antenna elements, an RF power combiner was required, and the signals had to be combined vectorially.  In our application the major parameters in the combiner selection were phase unbalance and low insertion loss. The selected device was ZC8PD1 power combiner made by Mini-Circuits.  ZC8PD1 is an 8-to-1 power combiner that has maximum phase unbalance of 8 degrees and maximum insertion loss of 1.4 dB (above the 9dB).  The operating frequency range is from 300 to 1000MHz. Detailed datasheet is attached at the appendix #. Figure 3.6 shows the picture of the ZC8PD1.
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Figure 3.6: ZC8PD1 8 to 1 Power Combiner (Mini-Circuits Datasheet)

3.2.3 Filter Module

One of the main reasons for choosing bow ties as individual antenna elements was the fact that it is a broadband element.  Therefore, the received signal was in the wide frequency range.  In the purpose of this project the useful signal will be only at some particular frequency and a wide bandwidth will only increase the amount of the received noise.  To eliminate possible noise and to improve antenna sensitivity, band-pass filters were introduced to the system. When looking for a filter we considered the following parameters: operating frequency, bandwidth and VSWR.  At first, we considered purchasing a pre-made tubular filter, but as we have found the price for such a component would be around $400, so we decided to implement the filter module from a cheaper surface mountable component.  The 4DFA-915E-10 device, made by TOKO seemed to be perfectly suitable for our purposes and budget.  The 4DFA-915E-10 is a dielectric band-pass filter, which has a 915 MHz center frequency, +/- 13 MHz 3-dB bandwidth, and 2 dB insertion loss. As with most RF filters, this filter had surface mountable packaging. For the reasons mentioned above, the filter circuit was implemented ( the filter circuit is represented in Figure 3.7 ) on the individual PCB with a size of 1.5” x 1.5”.  The layout for this PCB is shown in Figure 3.8.   To make all of the modules compatible, SMA connectors were utilized to interconnect the filter module with the power combiner and power meter.  The completed module was tested with the network analyzer for proper operation.  Signal attenuation versus frequency is represented in Figure 3.9.
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Figure 3.7: Band Pass Filter Schematic
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Figure 3.8: Band Pass Filter PCB Layout
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Figure 3.9: Filter Module Attenuation versus Frequency

3.2.4  Power Meter Module

The kind of information we want to extract from the received signal was one of the key decisions in selecting a power meter.  Because the project’s goal was to build a prototype of a phased array antenna that could be used for astronomical purposes, the power level of the received signal would be the most important information.  As a result, the power meter module was designed. Prior to designing any type of system one needs to know input and output requirements.  At first we had to calculate approximate received power by the antenna.  The power extracted from the electromagnetic wave by a receiving antenna is dependent on both physical size and gain of an antenna and calculated as:
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(3.1)

where PT – total transmitted power, GT – gain of the transmitting antenna, r – distance from the transmitter, and Aeff  – effective area of the antenna which is:
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(3.2)

where ( - wavelength of the signal, and GR – receiving antenna gain as a power ratio. The received power level was estimated according to the formula above with the following parameters: transmitting power of 20 dBm, range from 0 to 30 m, transmitting and receiving antenna gain of 1 as a power ratio.  The predicted received power in dBm and Watts versus distance between transmitting and receiving antennas is shown in Figure 3.10, which is in the range from -20dBm to 5dBm.  This is the range our power-meter would have to be able to measure. 
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Figure 3.10: Received Power versus Distance

Based on this calculation, we designed an appropriate power meter device.  Typically in this kind of system one would use low-noise amplifiers after each antenna element or at least after the power combiner.  First design consideration was to amplifying the RF signal before sending it to power detector and then use RMS power detector.  Later on, we discovered a true RMS power meter – AD8362, made by the Analog Devises Corp, which has a built in logarithmic preamplifier.  This device provides accurate RMS to DC conversion in the frequency range from 50 Hz to 2.7 GHz with the input dynamic range of 60 dB: –52 dBm to +8 dBm.  This power meter is also waveform and modulation independent.  Additionally, usage of AD8362 is relatively easy; it requires a 5V supply and a few capacitors. The characteristics of this device match our requirements quite well.  The AD8362 has two modes of operation: measurement and a controller mode.  In the measurement mode, the AD8362 operates as an RF power detector. In the controller mode operation is analogous to that of a classical proportional/integral/derivative (PID) loop.  Figure 3.11 (Analog Devices Datasheet) represents the basic configuration of the AD8263 in RF power measurement mode. 
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Figure 3.11: AD8362 Measurement Mode Connection (Analog Devices Datasheet)

The input RF signal is coupled to the device in differential form via INHI and INLO inputs. Input impedance of the differential drive is 200(.  The balun transformer used in the circuit has two important purposes. First, it was used to transform the single-sided input signal to a differential form. Secondly, the transformer has 1:4 impedance ratio (or 1:2 turns ratio) that converts 50( impedance on the input to the transformer to the 200( differential input resistance. The output DC voltage for the measurement mode with a 5V supply voltage is in the range from 0.5V to 3.4V.  The function of the output voltage from AD8362 versus input amplitude (dBm) is shown in Figure 3.12 (Analog Devices Datasheet).  
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Figure 3.12: AD8362 transfer function (Analog Devices Datasheet)
The datasheet for this device supplies the schematic for the evaluation board.  We had a chance to work with the evaluation board before designing the power meter module and found that performance of the board was very similar to the desired performance of our future power meter.  Although the design of the power meter module was based on the AD8362 evaluation board that is shown in Figure 3.13, some important changes were made. 
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Figure 3.13: Evaluation Board Schematic
The evaluation board allows both modes of operation.  In the controller operation mode external control voltage is applied to the VSET.  The fraction of VOUT that is applied back to VSET determines the slope of the logarithmic amplifier.    Switch SW2 and VSET input were eliminated.  VSET was directly connected to VOUT, as was suggested for the measurement mode.  By altering VTGT voltage, the device sensitivity can be adjusted.  We decided to keep the VREF input for the sake of being able to adjust the device sensitivity.  In this configuration AD8362 has a sensitivity of 50 mV per dBm input power. The PWDN input was eliminated as well, because it was not intended for this module to interact with any digital part of the system.  Switch SW3 was saved since it allowed one to manually turn the device on and off. Decoupling and filtering capacitors C1 –C10 were kept with the values suggested by the evaluation board design.  The datasheet attached in the appendix provides more information about AD8362 parameters and operation. The final circuit for the power meter module is shown in Figure 3.14.  In the same manner as previous modules the power meter module was implemented on separate PCB. Corresponding layout is shown in Figure 3.15. The circuit was made on the 2.5” x 3.8” PCB.  The top layer contains all the pads for components, most of the traces to interconnect the components, and a copper area for ground plane. The bottom layer consists of a large ground plane copper area, and a few traces to connect some components that could not be connected on the top layer. The populated power meter module was tested in the following manner; signal generator was connected directly to the input of the power meter and the corresponding output voltage was measured. We verified that the output voltage is proportional to the input power in dBs and the slope is 50mV per dB. 
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Figure 3.14: Power Meter Module Schematic
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Figure 3.15: Power Meter Module PCB Layout

3.2.5 RF/Analog Subsystem Testing

Once all the modules of the RF/analog subsystem were made and tested for proper functionality, analog subsystem was assembled. To transfer the RF signals from one module to another coaxial cables were used. It was very important to use low noise cables when connecting antenna elements to rest of the system. The amount of noise introduced in this stage, is very critical because it determines future signal to noise ratio and antenna sensitivity. That was a reason for using RG-404 a low noise coaxial cable that has an attenuation of 68dB/100ft at 1000MHz, and a diameter of 0.072”. The price for this cable was $350 for 100’.

To connect the phase shifter to the power combiner cheaper coaxial cable was used. We used RG-174 coaxial cable that an attenuation of 27.4dB/100ft at 1000MHz and a diameter of 0.1”. Both cables had impedance if 50(. We tried to keep all the cables of the same length in order to not to introduce any phase difference between the signal from individual antennas. Since the cables were connected to the SMA connectors manually, we have tested each cable with the network analyzer to make sure the proper operation. The RG-174 cable used to connect the phase shifter and the power combiner modules introduced 1.5dB attenuation.  Further testing was done with inclusion of the digital subsystem which is described in the completed system testing subsection.

3.2.6 RF PCB Design

The design of the RF/analog subsystem involved creating a number of printed circuit boards and then mounting electrical components.   All the boards were designed in a PCB software package called Eagle.  This package allows user to place pad for components and connect them via traces.  Pads for components can be either chosen from Eagle’s component library or pads layout could be made for custom components.  Eagle also provides the capability of placing copper plates that could be used as power or ground plates, and to place vias to connect top and bottom layers of PCB.  At sufficiently high frequencies, traces on a PCB have to be treated as transmission lines, due to the reflections from the impedance mismatches that begin to effect signal more and more as frequency becomes higher.  To minimize the losses introduced by the PCB, we tried to make PCB trace’s widths so that their impedances would be as close to 50 ( as possible.  To calculate impedance of the trace the following formula was used which approximates trace as a narrow (w/h < 1) microstrip line with zero thickness
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(3.3)

where Zf is the wave impedance in free space (376.8 (), h is a substrate thickness, w is a width of the trace and (eff is the effective dielectric constant given by:
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(3.4)

For all of our boards, the thickness of the boards, h, was chosen to be .  The relative dielectric constant, (r, of the PCB is a physical property of the material that it is made from. Our PCB’s were made of a fiberglass known as FR-4 with a dielectric constant of approximately 4.5.  Based on these numbers, impedance was calculated for a trace of particular width.  The ideal 50 ( trace would have to be more then 100 mills wide which is unpractical. Traces were made 50 mills wide that was the maximum width that could be physically realizable.  At this width impedance of the trace is 76.9 (.  In the design process we have followed some general rules of PCB design.  Large ground plane area was always placed on the bottom layer beneath the traces in order to match traces on the top to the specific impedances.  Placing the ground plane on the bottom also helps to shield traces from any outside noise.  The components were generally spaced about 200 mills apart, so that components could be easily mounted by hand and easily accessed for testing.  All traces besides RF input and output traces had a width of 24 mills.  Once the PCB layouts were completed and checked for errors, they then were sent to a PCB manufacturing company.  Sierra Proto Express, a company specializing in PCBs, manufactured the power meter and phase shifter module PCBs. Alberta Printed Circuit Boards manufactured the filter modules PCBs.  Once the PCBs were manufactured, they were populated with components. It was decided to solder each component on the board by hand using a solder iron.

3.3 Digital System Design

The basic idea of the digital subsystem is to provide a means for controlling the phase shifters, and for reading the power meter. In order to do this simply and quickly, a personal computer (PC) based control method was decided upon. The digital subsystem is the connection between the PC and the analog components of the antenna. 

3.3.1 Design Requirements


The requirements for the digital subsystem were the output of fourteen control voltages, one for each phase shifter, input of two voltages from the power meters, and a means for setting the control voltages, and reading the power meter outputs. The phase shifters required a control voltage from zero to fifteen volts. The voltage output from the power meters ranged from zero to five volts. 


It was decided to use the parallel port on the PC for communication with the digital subsystem for several reasons. The parallel port is available on most computers, and allows bi-directional data flow in most cases. The parallel port has an eight-bit data bus, and four other control lines for output. It also offers a maximum data rate of 300,000 reads or writes per second, which is sufficient for this project (Parallel Port Complete, 1996). Using the parallel port also allowed the group to use the MATLAB software in conjunction with the Data Acquisition Toolbox, to directly control the parallel port. MATLAB offers very strong mathematical capabilities, and the ability to create a self-contained user interface, so the entire software component of the digital subsystem was accomplished with MATLAB.


With the decision to use the parallel port, it was decided to use eight-bit digital-to-analog converters (DACs) to supply the analog control voltage to the phase shifters. Eight-bit analog-to-digital converters (ADCs) were chosen to read the values from the power meters. This allowed all of the converters to directly connect to the eight-bit parallel port bus without difficulty. In order to access only one converter at a time, a four-to-sixteen decoder was used with the four control lines from the parallel port. This required each of the converters to be addressable, and be able to put its bus connection into a high-impedance state when not addressed. 


One disadvantage to using the parallel port is a somewhat low source/sink current for each pin, approximately 12 mA for most PCs (Parallel Port Complete, 1996). A bi-directional buffer/line driver was required for the eight-bit data bus, in order to be able to supply enough current to properly control the converters digital connections. 


In order to supply the required zero-to-fifteen volt signal to the phase shifter, where the DACs only supply zero to five volts, one op-amp per DAC. The op-amps were set up as simple amplifiers with a multiplier of 3, giving the required zero-to-fifteen volt operation. 


To facilitate simple testing and assembly of the digital subsystem, all of the components selected were dual in-line package (DIP). This allowed testing on a standard prototype board, and final assembly using a solder pad board.

3.3.2 Component Selection

Analog-to-Digital Converter


The ADCs chosen for use were the National Semiconductor ADC0804. These feature a tri-state, eight bit data bus connection, an on-chip clock generator, and no zero adjust. Figure 3.16 shows the pin layout of the ADC.
[image: image29.png]ADC080X
Dual-in-Line and Small Outline (SO) Packages





Figure 3.16: ADC0804 Analog-to-Digital Converter


With this particular ADC, pulling the WR_ pin low begins the process of converting the analog signal to a digital number. While the ADC is busy converting, the INTR_ pin is set high. When the conversion process is finished, the INTR_ pin returns low to signify completion of the conversion. In self-clocking mode, the WR_ and INTR_ pins are connected directly together, providing continuous sampling of the analog signal. This was done to facilitate the limited addressing capabilities provided by the parallel port and decoder. To enable the output to the digital bus, the CS_ pin is pulled low by the address decoder, and the most recent converted value was read. In order to begin the self-clocking process on power up, the WR_ and INTR_ pins need to be momentarily grounded. This was accomplished with a simple momentary switch connected to ground, pressed after each power up of the circuit. CLKR and CLKIN provide timing necessary for the conversion process, to guarantee an accurate measurement. The connections are identical to Figure 3.17 shown below, with the one difference being the CS_ pin connected to the address decoder. 
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Figure 3.17: ADC0804 free-running mode

Digital-to-Analog Converter


Texas Instruments’ TLC-7524 eight-bit DAC provided the analog control signals for each of the fourteen phase shifters. These DACs provide an on-chip data-latch, retaining the output voltage after it is no longer addressed. When operated in voltage mode, the OUT2 pin is grounded, and OUT1 is connected to the power supply voltage. The converted voltage is output at the REF pin. Rfb is unused for this application, and was left floating. To provide addressing to this component, the CS_ pin was grounded, and the WR_ pin was connected to the address decoder. Figure 3.18 shows the pin layout.
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Figure 3.18: TLC-7524 Digital-to-Analog Converter

Address Decoder


The address decoder used to provide addressing to each of the individual 16 voltage-converters is Texas Instruments’ SN74154. It has four inputs, and sixteen outputs. The four inputs were connected to the four control lines from the parallel port, containing a binary-encoded address. The 74154 enables the corresponding output pin with a low voltage. The G1 and G2 enable pins were both tied low to enable continuous operation. Figure 3.19 below shows the pin layout.
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Figure 3.19: SN74154 Address Decoder

Buffer / Line Driver


The 74ACT244 octal Buffer/Line Driver by Fairchild Semiconductor was chosen for its high output source/sink current capability (24 mA), and its three-state outputs. In order to accomplish a bi-directional buffer, two 74ACT244s were used with outputs connected to the inputs of the other buffer. To enable only one direction at a time, the output enable pins of each direction were connected through two logic gates (a 74hct04 inverter and a 74hct08 and gate) to the enables for the two ADCs on the address decoder. This provides operation in one direction for all of the DACs, and the opposite direction for the two ADCs, to avoid bus contention. See Figure 3.20 for the pin layout.
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Figure 3.20: 74ACT244 Buffer/Line Driver

Op-Amp


Fourteen op-amps were used, one for each DAC to give the final voltage output range of zero to fifteen volts. The op-amps were set up as non-inverting amplifiers with a gain of three (Figure 3.21).
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Figure3.21: Non-inverting op-amp

3.3.3 System Simulation


Before any components were ordered, the digital subsystem was simulated using a variety of techniques to ensure correct operation. Both voltage and current compatibility analyses were performed on the data bus, the address lines, and the parallel port lines. A timing analysis was performed on the entire system for read and write cycles. An order of operations was developed for use by the MATLAB software when writing or reading to the digital subsystem.

Current Compatibility


Current compatibility tests were performed on the bus from the buffer to the converters, the bus from the buffer to the parallel port, the lines for the parallel port to the address decoder, the lines from the address decoder to the converters, and the lines to and from the logic gates used to determine the bus direction. All cases of operation were examined.

Table 3.1: Current Compatibility Test on Main Data Bus

	Output Device
	Output State
	Current Supply Max. (mA)
	Required Current (mA)

	Parallel Port
	0
	12
	-0.0025 - 0.0035

	
	1
	-12
	0.0025 + 0.0035

	Buffer to Port
	0
	24
	-0.0025 - 0.02

	
	1
	-24
	0.0025 + 0.02

	Buffer to DAC
	0
	24
	-0.01 - (13)0.0002 - (2)0.003

	
	1
	-24
	0.01 + (13)0.0002 + (2)0.003

	ADC
	0
	16
	-0.0025 - (14)0.0002 - 0.003

	
	1
	-6
	0.0025 + (14)0.0002 + 0.003


Voltage Compatibility


All of the digital devices used were tested to be voltage compatible for each connection, to ensure that the different components would be able to communicate correctly. The two paths for digital signals were along the main data bus, and the enable signals from the decoder. All values in the following six tables are volts. 

Table 3.2: Parallel Port to Buffer Voltage Compatibility Test

	Parallel Port
	Buffer

	VOH
	VOL
	VIH
	VIL

	2.4
	0.4
	2.25
	1.35

	VIH
	VIL
	VOH
	VOL

	2.0
	0.8
	2.4
	0.8


Table 3.3: Parallel Port to Decoder Voltage Compatibility Test

	Parallel Port
	Decoder

	VOH
	VOL
	VIH
	VIL

	2.4
	0.4
	2.0
	0.8


Table 3.4: ADC to Buffer Voltage Compatibility Test

	ADC
	Buffer

	VOH
	VOL
	VIH
	VIL

	4.5
	0.4
	2.25
	1.35


Table 3.5: Buffer to DAC Voltage Compatibility Test

	Buffer
	DAC

	VOH
	VOL
	VIH
	VIL

	2.4
	0.8
	2.4
	0.8


Table 3.6: Decoder to DAC enable Voltage Compatibility Test

	Decoder
	DAC

	VOH
	VOL
	VIH
	VIL

	2.4
	0.4
	2.4
	0.8


Table 3.7: Decoder to ADC enable Voltage Compatibility Test

	Decoder
	ADC

	VOH
	VOL
	VIH
	VIL

	2.4
	0.4
	2.0
	0.8


Timing Analysis


A timing analysis was performed to verify that the system would work at the maximum possible sampling rate theoretically achieved by the parallel port. At a speed of 300,000 samples per second, that gives 3.3 (s for every change of data on the parallel port. There are two operations that can be performed: a write to the DAC, and a read from the ADC. 

A write to the DAC involves selecting the correct device with the address decoder, and then putting the desired data value onto the bus. The required time for the enable on the DAC is 40 ns, and the given time is 6.6 (s. The required setup time for the data is 25 ns, and the given time is 3.3 (s. Accounting for propagation delays through the decoder still leaves more than enough time for correct operation. The DAC also requires 100 ns after the digital value is collected to produce the corresponding analog output. Figure 3.22 illustrates the DAC write procedure. 
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Figure 3.22 Timing Diagram of DAC Write Cycle


A read from the ADC consists of selecting the device with the address decoder, and then reading the supplied value from the ADC. The time required for the enable of the ADC is 100 ns, and the given time is 6.6 (s. The data becomes valid 200 ns after the enable. The read from the parallel port happens 3.2 (s later. With the propagation delays through the decoder, the functions have more than enough time to complete. Figure 3.23 illustrates an ADC read cycle. 
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Figure 3.23: Timing Diagram of ADC Read Cycle

3.3.4 System Layout


The circuit layout was designed with simplicity in mind, with all of the voltage converters residing on the same data bus, the address decoder connected directly to each. The following circuit diagram is the final completed digital subsystem. The parallel port connection is represented as an IC type device, because the cable the project group had to connect to the parallel port ended in an IC style connector. The schematic for the entire circuit layout can be found in Appendix B.

3.3.5 Digital System Testing


The digital system was tested prior to final assembly. The DACs were found to not operate as expected, due to some confusion with the datasheet. The datasheet specifies five to fifteen volt operation. It was not realized until testing that the digital and analog power supply pins had to be at the same voltage in order to prevent high current flow inside of the component. So, to achieve zero to fifteen volt output levels, the digital inputs had to be zero to fifteen volts as well. To remedy this situation, it was decided to use the op-amps to boost the output up to the required voltage levels at this point in time. A minor problem with the ADCs involving the self-clocking mode clock capacitor values was resolved at this time as well. The entire circuit was assembled on a standard prototyping board, and test software was written for MATLAB. Dummy values were written to the DACs to verify correct voltage output for the corresponding value. Full zero to five volt operation was not realized by the DACs (measured 4.6 volts at maximum digital signal), so the resistor values determining the multiplier of the op-amps were adjusted slightly to accommodate for this to provide the full zero to fifteen volt final operational voltage. A variable voltage source was connected to the ADCs to test their proper operation. A momentary-on pushbutton had to be added to start the self-clocking function of the ADCs, pushed after each power up of the system. The 1 kΩ over-current protection resistors between the parallel port and the buffers proved to be too large for the parallel port to reliably drive, so they were replaced with 200 Ω resistors.

3.4 Graphical User Interface


In order to use the antenna in a functional way, software needed to be written to control the scanning beam angle, to interpret the received signal, and to present it in a format easily understandable by the user. We considered MATLAB and the C programming language as possibilities to accomplish this task. C offers a faster execution speed, and versatile control of the parallel port. MATLAB has the ability to control the parallel port in a simple manner, and although slower, offers very powerful mathematical capabilities, and the ability to quickly graphically display information. Because the group was more experienced in MATLAB, and because of the features it offered, it was chosen as the base software. 


The system enables the user to scan in one of two dimensions and be able to receive two polarizations of the signal. A simple version of the software was developed for testing purposes, to verify correct operation of the system. The MATLAB software requires a minimal input from the user to operate correctly. When started, the user interface asks to select a scanning plane. The selected scanning plane defines which subset of antenna elements will be used, horizontally or vertically oriented elements. Once a plane is specified, the system begins to scan continuously from positive 45( to negative 45( in twenty discrete steps. In each step, the software writes appropriate values to the phase shifters for the current scan angle. As each new scanning angle is defined, the power received is sampled a number of times and averaged, to eliminate noise. This recorded value is stored in memory, until one scanning pass has been completed. At the end of one pass, the graph displaying power versus angle is updated on the graphical user interface. 

Chapter 4: Completed System Testing


As the entire completed project was assembled from its sub components, the now connected sub systems were tested to verify correct operation in conjunction with one another. A network analyzer was used to demonstrate correct operation of the phase shifters when controlled via the parallel port and the digital subsystem. The signal from the power combiner was measured both by an external voltmeter and the digital ADC component, and compared. The digital subsystem was successfully able to interface to the analog subsystem to provide the phase shifts, and read the power level. With the connection of the analog and digital subsystems it was found that the orientation of some antenna elements was incorrect. Each individual antenna element was tested for the correct orientation. After initial testing we discovered that the RF and analog grounds were connected which possibly contributed to the then poor system operation. 

Once the correct hardware operation was achieved we proceeded to test the antenna as one functional unit. To provide a test signal for the antenna to receive, we used a signal generator and a broadband slot antenna with single polarization. The approximate distance between the transmitter and the antenna was between six and seven meters. Figures 4.1 and 4.2 show the setup of the transmitter and antenna during testing. The interface to the antenna with the MATLAB code was set up to display received signal power versus the scanning angle. Figure 4.2 shows the graphical user interface designed to control the system. 
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Figure 4.1: Testing Layout
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Figure 4.2: Transmitter Setup
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Figure 4.3: Graphical User Interface


During testing, the transmitter was moved left to right across the scanning field of the antenna. The antenna continuously scans a 45( left and right of zenith, and as the transmitter is moved left to right, the output of the user interface changes correspondingly. The location of the peak power in the figure corresponds to the direction of the maximum received power, which is the location of the transmitter. Ideally, when the transmitter is moved left or right at an angle to the receiving antenna, the indicated peak power on the display will also have moved by this angle. When the transmitter was directly in front of the antenna, the peak occurred at the center of the graph. The center of the graph corresponds to a scan angle of zero degrees (shown in Figure 4.4) 
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Figure 4.4: Zero scan angle

The transmitter was moved by 15( off the axis to the right. As shown in Figure 4.5, the peak power has also shifted by approximately 15(. The following figures show the direction of maximum signal at a variety of different transmitter locations. 
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Figure 4.5: 15( scanning
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Figure 4.6: -15( scanning
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Figure 4.7: -30( Scanning
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Figure 4.8: 30( Scanning

The exact angle of the transmitter in relation to the antenna is somewhat ambiguous because of the noisy test environment. With a slot antenna, an equal amount of energy is radiated from both front and rear planes of the antenna. The signal transmitted in the reverse direction only serves to cause multipath reflections. To help alleviate some of the noise caused by reflections of the transmitter, a resonating cavity was attached to the transmitting slot antenna. This prevented the slot antenna from radiating in an unwanted direction, and also increased the gain of the antenna in the desired direction.

Chapter 5: Conclusions


This chapter contains the conclusions and recommendations of the group at the completion of the project. First, we discuss completion of the initial requirements for the project. Secondly we discuss future steps to be taken to further advance the project. 

5.1 Completion of Requirements


The initial design specifications were realized, though not fully at the completion of this project. However, the goal of achieving a scanning phased array antenna was met. The expected minimum gain of 10 dB at zenith was exceeded by 2 dB. The required scanning angle range was achieved, though only in one plane of scanning. The completed antenna is able to register signals 45( in two directions from zenith. A full 45( of scanning in any direction is possible, but was not accomplished due to time constraints. The completed antenna is optimized for 915 MHz operation, and other frequencies are rejected. The antenna is steered, controlled and monitored digitally, and contains no moving parts. 

5.2 Future Recommendations


The antenna is functional, however the full range of scanning angles has not yet been achieved. Accomplishing this is a matter of more testing and time. Although we achieved what was possible in the given time frame, further improvement in the scanning characteristics and overall system performance is very possible. Elimination of the ADC noise present in the system would improve scanning speed and signal to noise ratio greatly. Replacing the bandpass filters with variable filters would allow the system to receive in a broad range of frequencies.
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Appendix A – Datasheets
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Teforenc votaga erminal Figure 115 an examplo of  curent muliping DAC, which s opsralod in vollage
mods.
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Figure 1. Veltage Hodo Oparation
The relationship batween the foedinput volage and the analog oulput votage is given by the following
equation

Vo= Vi (07256)
where

In voltage-moda operation, these davias meet th fllsing specifcaion:
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74AC244 - T4ACT244

Octal Buffer/Line Driver with 3-STATE Outputs

General Description
T ACIACT244 . el e and ine cver desined
1o b empioye 2 3 memory adress e, cock cver
and busorenied. Tanamirecdver wiich pode
proved PG hoard ey,

Novernber 1985
Revised November 1999

Features

I and loz reduced by 50%

W 3STATE ouputs drive bus fines or buflsr mermory
address registers

 Outputs source/sink 24 mA

W ACT244 has TTLcormpatbie inputs

Ordering Code:

Ordar Number [ Package Numbar Packags Description
TARCZISE V205 |20 Lead Small Ouline =graled Crout (SOIC), JEDEC MS 513 0300 Wide Body
TARCZAST W00 [70-Lead Sl Oulline Packags (SOP ETA TYPE & 3 Wids

TARCZANITC WITC20 |20 =ad Thin SHink Small Ouine Packags (TSSOP), JEDEC MO-153, 4 4mim Wide
TARCZIPG N20A |20 ead Plastc Dual r-Line Package (PDIP), JEDEC MS-001, 0.300" Wide
TARCTZASC TI208_|20-Lead Small Oulins Wegrated Creul (SO1C), JEDEC MS 13,0300 Wide Body
TARCT2HS] 20D |70 Lad Small Oulline Packags (SOP) ETA TYPE & 3 Wide

TARCTZANSA | WSA20 __[26-Lead Shirk Smal Ouline Package (SSOP), ETA] TYPE 11,5 2mm Wik
TARCTZATC | G20 [20-Cead T Sk Small Guiin Padkage (TSSOPT, JEDEC MO-T53, 4.4 Wil
TARCTZPC NZ0R |20 Lead Plastc Dual i Package (PDIP) JEDEC WS-001_0.300" Wide
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ADC0801/ADC0802/ADC0803/ADC0804/ADC0805
8-Bit P Compatible A/D Converters

General Description

The ADCO801, ADCO0802, ADCO0803, ADC0804 and
ADCO8B05 are CMOS 8-bit successive approximation AD
converters that use a differential potenfiometric
ladder —similar to the 256R products. These converters are
designed to allow operation with the NSC800 and INS8080A
derivative control bus with TRI-STATE outputlatches directly
driving the data bus. These A/Ds appear like memory loca-
tions or /O ports to the microprocessor and no interfacing
logic is needed.

Differential analog voltage inputs allow increasing the
common-mode rejection and offsetting the analog zero input
voltage value. In addition, the voltage reference input can be
adjusted to allow encoding any smaller analog voltage span
to the full 8 bits of resolution.

November 1999

& Differential analog voltage inputs

= Logic inputs and outputs meet both MOS and TTL
voltage level specifications

orks with 2.5V (LM336) voltage reference

= On-chip clock generator

0V to 5V analog input voltage range with single 5V

supply

No zero adjust required

0.3" standard width 20-pin DIP package

20-pin melded chip cartier or small outine package

Operates ratiometrically or with 5 Ve, 2.5 Vo, or

analog span adjusted vohage referenice

Key Specifications

= Resolution 8 bits
= Total error +14LSB, 12 LSB and 1 LSB
Features = Conversion time 100 pis
® Compatible with 8080 uP derivatives—no interfacing
logic needed - access time - 135 ns
® Easy interface to all microprocessors, or operates “stand
alone’
Connection Diagram
ADC080X
Dual-In-Line and Small Outline (SO) Packages
Ve (OR Vgr)
ax
0e0(158)
ot
o6z
063
oot
065
006
087 (u5e)
See Ordering Information
Ordering Informa
TEMP RANGE ocTo70C ocTo70c -40°C TO +85°C
+V4 Bit Adjusted ADCOBO01LCN
ERROR | 1% Bit Unadjusted ADC0802L ADCOB0ZLEN
15 Bit Adjusted ADCOB03LCN
+1Bit Unadjusted ADCO0804LCWM ADCO804LCN ADCO805LCN/ADC0804LCJ
PACKAGE OUTLINE M20B —Small N20A—Molded DIP
Outine.

280+ is 8 eglored edomatk o Zicg o

National Semiconductor Corporation  DS005671

waninationl.com

siaeAu0) /Y @lqnedwod 4 311g-8 $0802AV/#0802AV/€0802AV/20800AV/L0802AY
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Self-Clocking in Free-Running Mode
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4-LINE TO 16-LINE DECODERS/DEMULTIPLEXERS

SDLS056

DECEWBER 1972 — REVISED MARCH 88

+ 154 is |deal for High-Performance Memory

Decoding SN54164 . J OR W PACKAGE

SN74154. N PACKAGE
« Decodes 4 Binary-Caded Inputs into One of ToP viEW)
16 Mutually Exclusive Outputs

* Performs the Demultiplexing Func:
Distributing Data From One Input Line to Any
One of 16 Outputs

* Input Clamping Diades Simality System
Design

* High Fan-Out, Low-Impadance, Totem-Pole
Outputs.

* Fully Compatible with Most TTL and MSI
Circuits

TYPICAL AVERAGE
PAOPAGATION DELAY
3LEVELS OF LOGIC  STROBE

2308 1908 170 mw

TYPICAL
POWER DISSIPATION  logic symbols (aiternatives)T

description

Each of these monolitic, 4-ine-to-16-line decoders
utiizes TTL circitry 10 60ds four Dinary-Coaed inputs
into one of sixeen mutually exclusive outputs when
both the strobe inputs, GI and G2, are low. The
demuliplexing funciion is perform ed by using the 4 in-
Ut s T eSS the Gutput f v, pussing data fro
one of the strobe inputs with the other strobe input low.
When ither strobe input s high, all outputs are high
Thesa demultplexers are deally suited for implementing
high-performance memory decoders. For ultra-hian
speed systems, SN54S138/SN745138 and
SN5A5739/SN/4S139 ere recommends

These circuits are fully compatible for use with most
other TTL cireults. All Inputs are buffered and input
clamping diodes are provided to minimize transmission-
line effects and thereby simplify system design.

The SN64 154 is charactarized for operation over the full
military temperature range of ~55°C to 125°C. The
SN74164 is characterizad for operation from 0°C to

70°C.
Tnasa symbols v in sceordancs wih ANSIISEE Sid. 311984 ana
JEC Publcation 017.12.
ProvuCTon Bave
Sl T i e Texas W
st T e o
Sextasarity nclde rssing o o Baametes INSTRUMENTS

2057 OFFICE B0 555012 - CALLAS "EXaS 7268
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Appendix B – Circuit Schematic
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