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1. Introduction 

1.1 Propagation Research Requirements 

The increased demand for new telecommunication systems in point-to-point, broadcast 

and mobile communications has quickly saturated currently used frequency bands, such 

as C band and Ku band.[1] This demand for greater bandwidth has led to the 

investigation of higher frequency bands, in particular Ka band (20/30 GHz), for use in 

future satellite communication systems. At Ka band, small size antennas can be used 

for the ground segment terminals.[2] Such very small aperture terminals (VSATs) reduce 

the cost of earth stations. Further, in VSATs, satellite tracking requirements can be 

relaxed or eliminated, and real estate and system power requirements are substantially 

reduced.[3] VSATs, then, represent a promising new technology that fulfills the 

increased demand for telecommunications bandwidth. 

VSAT systems at Ka band, however, imply systems with very low fade margin. At these 

frequencies, attenuation and depolarization of the signal have a pronounced effect when 
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atmospheric particles absorb energy from radio waves and also scatter energy away from 

the propagation path. These attenuation and depolarization effects are caused by rain, 

snow, ice crystals, and other atmospheric constituents. The interaction of these particles 

with radio waves is strongly frequency dependent and becomes more severe as frequency 

increases. [4] More data on the propagation effects at this band must be collected prior 

to adopting Ka band frequencies for VSATs. 

Currently, good propagation data and statistics exist for frequencies below 15 GHz (X 

band). Propagation effects at these frequencies are much less severe and have a lower 

probability of occurrence than at frequencies above 15 GHz. At Ka band frequencies, 

VSAT systems will sustain longer and more frequent outages than at frequencies below 

15 GHz due to the greater attenuation effects caused by clouds and rain. Therefore, new 

Statistics are required on rain fades and other propagation effects at these higher 

frequencies before low margin VSAT systems are deployed. These propagation statistics 

will aid in developing fade countermeasures and will help define future systems at higher 

frequencies. An example system of a propagation beacon measurement system is shown 

in Figure 1. In general, the satellite broadcasts a directional continuous wave carrier or 

beacon signal.[1] This signal is detected by a receiving system and its power is monitored 

to quantify the fade effects of rain and clouds. The receiver in this system must 

accurately locate and track the beacon signal even as it is attenuated during rain events. 

In order to obtain these data, new receivers must be designed which can accurately track 

and measure satellite beacons. This thesis proposes a highly innovative beacon receiver 

design which can be used with Ka band receiving systems. 
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Figure 1. Example of a beacon propagation measurement system. 
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1.2 Olympus Beacon Characteristics 

The recent launch of the European Space Agency’s (ESA) OLYMPUS satellite and the 

impending launch of the NASA’s ACTS satellite offer new opportunities to study 

propagation effects at Ka band. 

The OLYMPUS satellite was launched July 12, 1989 and was designed for propagation 

measurements. It contains a very sophisticated beacon package which consists of three 

linearly polarized unmodulated continuous-wave signals at approximately 12.5, 20 and 

30 GHz. These signals have been designated BO, BI, and B2. Note that two of these 

beacons are at ka band. This offers some excellent opportunities to monitor 

propagation effects at these frequencies. Table 1 shows the frequency and EIRP toward 

Blacksburg, Virginia for each of the three beacons. [5] 

The 12.5 and 30 GHz beacons have fixed polarization, while the 20 GHz beacon 

switches between two orthogonal polarizations at a rate of 1866 switches/second. All 

three beacon frequencies are derived from a common voltage-controlled oscillator 

through frequency multiplication as shown in Figure 2. [1] This beacon package allows 

propagation measurements to be made simultaneously at X band and at two frequencies 

in Ka band. Since the beacon frequencies are derived from a common oscillator, they 

are phase coherent. Therefore, the experimenter can take advantage of this and phase 

locking one receiver to the less fade susceptible X band beacon. This allows the 20 GHz 

and 30 GHz receivers to be phase locked to the 12 GHz beacon. Phase locking to the 

12 GHz beacon increases the effective dynamic range of the 20 and 30 GHz receivers 

and allows fade events of greater severity to be examined at 20 GHz and 30 GHz. [5] 
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Table 1. Summary of the OLYMPUS beacon frequencies. 

  

  

  

Beacon Frequency Blacksburg I: IRP 
BO 12501.866 MHz 9.1 dBW 
Bl 19770.393 MHz 17.7 dBW 
B2 29655.589 MHz 17.7 dBW       
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Table 2 and Table 3 list the beacon frequency stability and beacon power stability 

characteristics for the OLYMPUS spacecraft. [6] 

1.3 Beacon Receiver Characteristics 

We have shown the need to gather more propagation statistics at higher frequencies. 

To accurately gather these statistics at low elevation angles requires measurement 

equipment with greater sensitivity and dynamic range than those currently available. 

This need has led to the design of many specialized beacon receivers for OLYMPUS 

propagation experiments. In general, these receivers measure signal amplitude with an 

accuracy of 0.2 dB and make relative phase measurements with an accuracy of 2 degrees. 

[7] 

Due to the low received power from the OLYMPUS beacons, an ideal receiver must 

have a very narrow bandwidth to achieve a large dynamic range. As the beacon’s 

frequency drifts, the receiver must track the signal and hold it within the receiver's 

passband. Conventional beacon receivers use phase-locked loops (PLLs) to track the 

incoming signal. However, phase-locked loops require a minimum signal-to-noise ratio 

(SNR) of approximately 10 dB for reliable operation. As the signal fades, the PLL 

bandwidth must be narrowed to maintain a high signal-to-noise ratio. Phase noise on 

the incoming signal, as weil as the phase noise associated with the receiver's local 

oscillator, however, limits the loop bandwidth to a minimum of 50 Hz.[8] At microwave 

frequencies, the 50 Hz minimum loop bandwidth causes the PLL to lose lock after the 
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Figure 2. Block diagram of OLYMPLS beacon signal generation. 
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Table 2. Beacon frequency stability of the OLYMPUS satellite. 

  

  

        

Frequency 12.501866 GHz 19.770393 GHz 29.655589 GHz 
Over 24 hours + /- 1.2 kHz + /- 2 kHz +/- 3 kH 
Over | year + /- 36 kHz + /- 60 kHz i 90 kHz 
Over 7 years +/- 120 kHz + /- 200 kHz + /- 300 kHz 
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Table 3. Beacon power stability of the OLYMPUS beacons. 

  All OLYMPUS Beacons EIRP Variation 
  Over any | sec 
Over any 24 hours 
Over any | year 
Over 7 years     

+/- 0.05 dB 
+/-0.5 dB 
+/- 1.0 dB 
+/- 2.0 dB 
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signal has faded only a few dB. [8] This is undesirable in propagation measurements and 

Suggests that another method should be found for receiving satellite beacons. 

Frequency locked loops (FLLs) do not have the pronounced threshold effect of PLLs in 

the presence of receiver phase noise. Therefore, it is possible to operate them with 

narrower loop bandwidths. The lower threshold and narrower loop bandwidths of the 

FLL imply that deeper beacon signal fades can be measured. [8] Additionally, ifthe FLL 

is implemented with digital signal processing techniques, the receiver will not experience 

the drift and offset problems associated with analog circuitry. 

1.4 Thesis Organization 

In this thesis, | compare several different digital beacon receiver designs and propose a 

high performance alternative to these designs. My design incorporates several 

innovative digital signal processing techniques and exploits new VLSI technology to 

achieve extremely high performance and stability. Further, my design digitizes the 

incoming beacon signal at a greater RF than existing receiver designs. This allows my 

design to capitalize on the advantages of digital signal processing and decreases the 

dependence on analog components. The intent of this research is to provide a low cost, 

high resolution digital receiver to track deep fades at Ka band without requiring phase 

locking information. 
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Following this introductory chapter, Chapter 2 discusses several state-of-the-art digital 

beacon receivers and compares their design, performance, and cost. The four digital 

receivers discussed are: 

1) Virginia Tech Hybrid Analog’Digital Beacon Receiver 

2) Electronik Centralen Beacon Receiver 

3) Norwegian Institute of Technology (ELAB) Digital Beacon Receiver 

4) Signal Processors Limited Digital Beacon Receiver 

Chapter 3 gives a theoretical description of my digital beacon receiver design. The signal 

processing algorithms are described and simulation results are presented. Chapter 4 

includes a detailed analysis of the hardware which implements the signal processing 

algorithms described in Chapter 3. Chapter 5 provides the performance characteristics 

of the receiver design. These include the receiver's bandwidth, sensitivity, dynamic 

range, and output data rate. Chapter 6, the final chapter, provides conclusions, results, 

and suggestions for further study. 
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2. Digital Beacon Receivers 

2.1 Overview of Beacon Receivers 

Many digital beacon receivers have been designed to make measurements with the 

OLYMPUS satellite. Each of these receivers has some analog downconversion in their 

RF input. Signal detection is performed on this downconverted signal and coherent 

signal detection is accomplished in the digital domain. [9] This detection scheme is 

generally accomplished via a dedicated, microprocessor-based digital signal processing 

system or with an application specific DSP architecture. 

Digital receiver designs have many inherent advantages over conventional analog or 

PLL receivers. These include long term stability, high measurement accuracy, and 

repeatability. Traditional analog receivers suffer performance loss since their 

components are subject to thermal and electrical instabilities such as amplifier gain 

variations and phase locked loop nonlinearities. Digital circuitry maintains constant 

2. Digital Beacon Receivers 
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performance over a wide range of ambient conditions. Also, the gain from digital 

processing is insensitive to temperature. 

Other than quantization noise and round-off error, no further noise is introduced with 

a digital system. Traditional analog noise sources, such as electromagnetic interference 

(EMI), crosstalk and transistor shot noise are eliminated. In addition, digital signal 

processing techniques can be used to achieve a narrower noise bandwidth. This lowers 

the effective noise power and significantly improves the dynamic range of the digital 

receiver. 

Another advantage of digital receivers lies in their performance during deep signal fades. 

Traditional analog receivers which use PLLs to track the incoming signal lose lock and 

drift when deep signal fades occur unless some form of memory is incorporated into the 

system. To reacquire the carrier signal, a PLL system must widen its bandwidth and 

search for the beacon signal over the entire received spectrum. This widening of 

bandwidth results in increased noise power and consequently, the signal must be 

reacquired at a much higher signal level than that prior to the loss of the signal. Further, 

the time to reacquire the beacon signal may be great. These are undesirable 

characteristics as important propagation data is available during the period of lost lock. 

Digital receivers have the ability to frequency lock to the beacon signal rather than 

phase lock. When the signal fades, the digital receiver monitors that portion of the input 

spectrum where the signal was last detected until it reappears above the noise. [10] By 

tracking the frequency of the signal rather than the phase, it is possible to reacquire the 

beacon without widening receiver bandwidth. 

2. Digital Beacon Receivers 13



In general, the use of digital signal processing techniques also implies flexibility. Once 

the incoming signal is digitized, various adaptive signal processing techniques can be 

used to obtain the digitized beacon power data. For example, the filter windows within 

the receiver and the tracking algorithms can be easily modified in software. This can be 

accomplished without hardware redesign and results in a flexible system. Also, output 

filtering or decimation performed on the data can be readily changed in software, again 

providing a much more versatile design than receivers which use analog circuitry. 

2.2 OLYMPUS Digital Receivers 

The OLYMPUS program has generated much interest in the design of digital receivers 

for propagation measurements. As a result, several receivers have been developed with 

varying levels of complexity. The following subsections give an overview of four of these 

receivers in increasing order of digital complexity. The first receiver is an analog design 

which digitizes the in-phase and quadrature-phase (I,Q) receiver output after analog 

detection. The second receiver performs analog downconversion to 10 kHz and then 

detects I and Q at the 10 kHz IF. The last two receivers discussed are digital receivers 

which digitize the signal at an intermediate frequency prior to detection. 

2.2.1 Elektronik Centralen Beacon Receiver 

Elektronik Centralen of Denmark has developed a dual-frequency receiving system 

which is designed for simultaneous measurement of the 20 and 30 GHz (BI and B2) 

2. Digital Beacon Receivers 
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co-polar signals. The BI! and B2 receivers are integrated into a single system using one 

antenna to receive both beacons. The dynamic range for both receivers is approximately 

30 dB for co-polar signal measurements with an accuracy of greater than 0.5 dB. If the 

receiving equipment for both beacons is synchronized to the BI beacon, the dynamic 

range for the B2 beacon measurements increases to approximately 40 dB. A single host 

computer is used for data collection and processing. 

Figure 3 shows a block diagram of the receiving system. The receiver contains separate 

RF front ends which include low-noise amplifiers and double frequency downconversion 

for the BI and B2 signals. The two front ends are synchronized since the local oscillator 

signals are derived from a common oscillator. The performance of the local oscillator 

assembly is similar to that of the OLYMPUS satellite local oscillator in terms of 

frequency stability and phase noise characteristics. After the double downconversion 

of the received signals, detection occurs. 

In the detector, the polarization-switched B! signal is decommutated and the co-polar 

and cross-polar signals are detected. The voltage controlled oscillators, VCXOs, of the 

B! and B2 chains may be synchronized by locking to either the BI or B2 chain. This 

increases the flexibility of the receiver and potentially extends the dynamic range for B2 

measurements.[11] Tracking is accomplished through a high quality PLL circuit. The 

pre-detection bandwidth is 50 Hz, but an optional 100 Hz bandwidth is available. Here, 

the predetection bandwidth is defined as the bandwidth of the low-pass filter that 

precedes the A/D converter in the I and Q channels. [10] 

The detectors produce I and Q components for each of the received signals. These 

components are then digitized and transmitted in digital form to a personal computer 

(PC). Weather sensor and system status signals are also stored on the PC. 

2. Digital Beacon Receivers 
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Figure 3. Block diagram of the Elektronik Centralen beacon receiver. 
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The host computer provides efficient control and monitoring of the overall operation of 

the system and alarms the operator if any malfunction occurs. It processes the received 

beacon data and stores the data to hard disk. A local graphics display and hard copy 

output are also available at the receiver site. 

The receiving system has a G/T of 18 dB/°K at 20 GHz and 20dB/°K at 30 GHz. In 

Europe, this ensures that the dynamic range for attenuation measurements on co-polar 

signals are 29 dB for BI and 31 dB for B2 when the two receivers are unsynchronized. 

When the B2 receiver is synchronized to the B1 receiver, its dynamic range is extended 

by approximately 10 dB. An accuracy of 0.5 dB is achieved by this beacon measurement 

system. [11] 

Note that this system uses analog circuitry for signal detection and locking. Digital 

circuitry is only used to transform the data into a format that can be transmitted to the 

collection data computer. 

Table 4 gives the performance characteristics of the Elektronik Centralen beacon 

receiver. These data as well as cost data are discussed in Section 2.3. 

2.2.2 Virginia Tech Analog/Digital Receiver 

The Virginia Tech 12.5 GHz receiving system is shown in Figure 4. The incoming 

microwave beacon signal is first downconverted to 1120 MHz and then to 70 MHz. The 

microwave local oscillator 1s controlled by a frequency locked loop. The 70 MHz IF 

signal is then downconverted to 10 KHz. To reduce the possibility of false lock, the 69.98 

MHz image is suppressed in an image cancelling mixer. The 10 kHz signal is passed 
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Table 4. Performance characteristics of the Elektronik Centralen beacon receiver. 

  

EC Receiver Performance Characteristics 
  

  

  

Parameter Specification 
Input Frequency 70 MHz 
Dynamic Range 28.5 dB 
Predetection 100 Hz 
bandwidth 

Output sample rate > 100 Hz 
Measurement outputs 

  B1 and B2 copolar attenuation 
B1 polarization isolation 
(XPD)     
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through a limiter which removes amplitude variations. This prevents the loop gain from 

varying with input signal level. The output of the limiter is bandpass filtered and then 

input to the frequency detector. 

The frequency detector mixes the incoming 10 kHz IF signal with quadrature 10 kHz 

reference signals. The mixing products are then low pass filtered and the result is the 

quadrature of the frequency difference between the reference and the IF signal. These 

quadratures are delayed in an R-C network and then cross multiplied. The filtered 

output is then used to control the local oscillator so that the IF output to the A/D 

converter is always 10 kHz.[8] 

IQ detection is accomplished by multiplying the signal with quadratures of its carrier 

frequency using a sampling process. The I and Q samples are then separated by 

multiplexing and are low pass filtered to produce the detected output. 

As shown in Figure 4, the IQ detection system consists of a 12 bit analog to digital 

converter, a programmable timer, an 80286 microprocessor, memory and a clock 

generation circuit. A 200 Hz wide filter with a center frequency of 10 kHz is placed 

before the A/D to ensure that the IF signal is bandlimited. The A/D converts the input 

signal to digital form and the microprocessor performs a digital low pass filter on the 

data. After performing the filtering operation, the microprocessor outputs the measured 

I and Q values to a data acquisition and display system. Coordination of the sampling 

and filtering as well as handshaking to a data acquisition system is accomplished by the 

microprocessor. [12] 

The low pass filter is a finite impulse response (FIR) filter which implements a Kaiser 

window of 1116 points. The Kaiser window forms a digital 3 Hz low pass filter to ensure 

2. Digital Beacon Receivers 
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2. Digital Beacon Receivers



that the detected signal is sufficiently bandlimited for the desired 10 Hz output rate. 

Although the detector was programmed to produce output at 10 Hz, the hardware 

design is flexible enough to implement other algorithms with varying sampling rates. 

The software of the digital detector implements two low pass digital filters on the 

incoming IF data, one each for I and Q. The use of integer mathematics allows the 

system to operate without the complexity and cost of a math co-processor chip. During 

normal operation, the hardware continuously collects I and Q data from the 

analog-to-digital converter and stores them in two buffers. These buffers are somewhat 

larger than the size of a complete filter set to allow the 80286 to concurrently perform 

a filter calculation and store new data samples.[12] 

The cost and performance of this receiver are discussed in Section 2.3. 

2.2.3 ELAB Digital Beacon Receiver 

The Norwegian Institute of Technology (ELAB) has also developed beacon receivers to 

make propagation measurements with the OLYMPUS satellite. A block diagram of the 

ELAB receiver is shown in Figure 5. The ELAB beacon detector uses two TMS32010 

signal processors for digital signal processing and a third processor, a Motorola 68000, 

which interfaces to a host machine. [10] The receiver samples the beacon signal at 194 

kHz which yields an approximate bandwidth of 40 kHz for each of the two channels 

(horizontal and vertical polarization) in the 20 GHz beacon. A stepable oscillator is 

used to track the changes in signal frequency. [10] 
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2. Digital Beacon Receivers 

output 

22



In designing their receiver, ELAB used several innovative techniques to find and 

separate the carrier from the switching sidebands on the 20 GHz beacon. As outlined 

in Chapter 1, the 20 GHz beacon switches polarization at a rate of 1866 switches/second. 

The energy in the 20 GHz beacon is therefore divided between the carrier and the 

sidebands. Since each polarization branch receives one half of the transmitted power, 

the carrier power is reduced to 3dB below the total signal power. This poses a major 

problem in signal detection as it is possible to false lock to one of the sidebands.[7] The 

ELAB solution uses the relative distance between the spectral components of the 

incoming signal, 933 Hz, to discriminate between the sidebands and the carrier. As 

shown in the spectrum of Figure 6, the center frequency is the only component which 

has symmetric neighbor components at + /- 933 Hz.[10] To correctly identify the carrier, 

the receiver has only to ensure that these spectral components exist in the correct 

relative frequencies. 

The ELAB beacon detector is modeled after a second order phase-locked loop which 

tracks the center frequency and verifies that the +/- 933 Hz components are available 

by stepping up and down in frequency. A state machine guides this sequence. The state 

machine flow diagram is shown in Figure 7. If the PLL maintains lock, the center 

frequency is correctly identified. This state machine runs as a background task to the 

PLL processor and adds very little computing overhead to the TMC32010 processors. 

There are two output ports from this receiver, one parallel and one serial. The parallel 

port is a 16-bit TTL port which distributes system status to the external host. 

Information such as lock/unlock indication, calibration on/off, and 12.5/20/30 GHz 

beacon indication is included in one status byte, along with several error-condition bits. 
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The serial interface is the main interface for the receiver. It distributes the measurement 

data, radiometer data, phase noise data, and frequency data. 

The input sampling rate (48516 Hz complex) is reduced to 933 Hz by decimation filters. 

Further decimation is performed by ordinary FIR filters located in the same processor. 

The PLL processor tracks the reference to approximately 21 dBHz (1.5kHz/sec sweep 

rate). The detector also provides radiometer data and measures the phase noise in the 

system. [10] 

Table 5 gives the performance characteristics of the ELAB digital beacon receiver and 

these are discussed in Section 2.3. 

2.2.4 Signal Processors Limited Digital Receiver 

Another digital receiver for use with the OLYMPUS beacons has been developed by 

Signal Processors Limited (SPL) of Cambridge, England. This receiver uses digital 

frequency locking techniques to track the carrier. Although SPL has developed receivers 

which operate for each of the three OLYMPUS beacon frequencies (12.5, 20, and 30 

GHz), the following description focuses on the 20 GHz beacon receiver. This receiver 

is the most complex design as it tracks the 20 GHz beacon as it switches between two 

orthogonal polarizations. The hardware in the 12.5 and 30 GHz receivers forms a subset 

of the 20 GHz receiver. 

A block diagram of the SPL Digital Beacon Receiver Unit (DBRU) is shown in Figure 

8. The receiver consists of an analog front-end interface, an analog-to-digital converter, 

a carrier tracking section, a polarization tracking section, and a digital output interface. 
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Table 5. Performance characteristics of the ELAB beacon receiver. 

  

ELAB Receiver Performance Characteristics 
  

Parameter Specification 
  

Input Frequency 
Initial acquisition level 
Amplitude and phase 
measurement threshold 

Input sample rate 
Output sample rate 
Measurement outputs     

70 MHz 
26 dBHz 
21 dBHz 

48516 Hz (complex) 
18.66 Hz 
fade data, radiometer data, 
phase noise data, 
frequency data (carrier and timing) 
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This receiver consists of two identical single polarization receivers which simultaneously 

process signals from both received polarizations at 20 GHz. The various frequency and 

phase references for the receiving sections are derived from only one of the co-polar 

signals, e.g. HH (horizontal transmit polarization, horizontal receive polarization) and 

are fed across to the second receiver. 

The analog front-end interface receives the beacon signal from the terminal at an 

intermediate frequency of 70 MHz. This signal is mixed with a 69.985 MHz local 

oscillator which downconverts the signal to an IF of 15 kHz. The local oscillator 

consists of a phase-locked loop synthesizer which is controlled by the digital receiver. 

The function of the synthesizer is to reduce the frequency drift experienced by the 

receiver. This is achieved by periodically adjusting the synthesizer frequency to minimize 

the IF carrier frequency error. The output of the analog front-end interface is a carrier 

with a center frequency of 15 kHz which contains the signal information. 

In the analog-to-digital converter section, the 15 kHz IF is first band limited by an active 

bandpass filter.[9] The 15 kHz IF is then digitized at 60 kHz by a 14-bit successive 

approximation analog-to-digital converter.[13] The digitized sample stream is converted 

to a complex sample stream by mixing it with in-phase and the quadrature oscillators 

at the IF frequency. This process is equivalent to the analog I and Q processing schemes 

used in conventional analog receivers. The outputs from the analog-to-digital section 

are the detected and digitized I and Q components. This is output to the carrier tracking 

block and the polarization tracking section. 

The carrier tracking section removes the frequency drift of the complex sample stream. 

Instead of using a PLL, carrier frequency tracking is performed using a digital Fast 

Fourier Transform (FFT) processor. The signal is Fast Fourier Transformed using a 
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1024 point FFT. The signal power in each bin is then computed using a power spectral 

density operation. The FFT bin with the greatest output power then provides an 

estimate of the carrier’s center frequency. This yields a frequency error of less than 1 

Hz. This, in turn, substantially improves carrier to noise performance when compared 

to the 50 Hz bandwidth of a PLL system. 

In the carrier tracking section, the carrier frequency estimate is used to modify the 

frequency of the reference oscillator. The oscillator output is then mixed with the signal 

stream to always provide an IF signal of 15 kHz with +/- 1 Hz maximum frequency 

error. Therefore, the tunable oscillator keeps the 15 kHz IF signal centered within the 

detection bandwidth. 

The next task is to separate the co-polar and cross-polar signals. The signal is filtered 

so that only the carrier and first sidebands remain. The task of the polarization tracker 

is to determine the peaks and troughs of the sinewave modulation which correspond to 

the optimum sampling instants in order to separate the two polarization states. [9] 

Polarization tracking is performed by decimating the digitized IF samples at a rate of 

four times the beacon switch rate, or 3732 samples per second. The decimated output 

stream is then fed sequentially into four integrators. Analysis of the bin contents 

provides an indication of the phase of the polarization modulation if the carrier to noise 

power is large. Having determined the sampling points, a variable group delay filter 

provides correct sample phase of the polarized signal, and a channel filter provides 

correct attenuation of the switching sidebands. [13] 

The two signal streams are then demultiplexed by sub-sampling at 1866 Hz. Following 

this demultiplexing operation, the individual signal streams are filtered to an output 

bandwidth of just under 50 Hz. 
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The final operation performed upon the signal streams is phase correction. Until this 

point the receiver does not make any attempt to track phase. It is now desired to 

remove the phase noise from the 50 Hz output bandwidth and to reference the phase 

of all signals to that of the HH channel. This process is achieved by measuring the phase 

of the HH component, and appropriately rotating the other signal vectors. However, 

the signal amplitude may still be measured as the frequency error remains less than 1 

Hz until the frequency tracking threshold is reached. Even below this level, the signal 

may remain within the | Hz filter bandwidth depending upon fade duration and carrier 

drift rate. [8] 

Table 6 gives the performance characteristics of the SPL receiver. 

2.3 Performance Comparison 

Table 7 compares the cost and performance of the four receiver designs presented in the 

previous sections. Except for the Virginia Tech hybrid analog/digital receiver, these 

receivers have been developed in Europe for OLYMPUS beacon reception. In the 

United States, reception of the OLYMPUS beacons is slightly more limited due to the 

position of the satellite. For instance, we are unable to accurately detect the switching 

polarization of the 20GHz beacon since we are far off boresight of the satellite. 

Therefore, we are concerned only with continuous wave beacon reception and its 

associated propagation measurements at low elevation angles. As shown in Table 7, the 

cost for beacon receivers increases with digital complexity. The most complex unit, the 

SPL, exceeds $25,000 for the base unit. 
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Table 6. SPL Receiver Performance Characteristics 

  

SPL Receiver Performance Characteristics 
  

Parameter Specification 
  

  

Input Frequency 
Initial acquisition level 

(CW Beacon) 
(Switched Beacon) 

Amplitude and phase 
measurement threshold 

Output sample rate 
(CW Beacon) 
(Switched Beacon) 

Tracking range 
Input overload C/No 
Tracking disable 
(CW Beacon) 
(Switched Beacon) 

Initial acquisition time 
+ /- 2 degrees phase accuracy 
Output signal resolution   

70 MHz 

32 dBHz 
38 dBHz 
23 dBHz 

100 Hz 
99.96 Hz 
+ /- 400 kHz 
66 dBHz 

9 dBHz 
15 dBHz 
2 secs 
30 dBHz 
12 bits     
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Table 7. Comparison of digital beacon receivers 

  

Performance Comparisons for 1024-point Complex FFTs 
  

  

  

Paramater EC VT ELAB SPL 
Input Frequency (MIIz) 70 70 70 70 

Tracking Range (kIIz) + /-250 40 + /-400 

Amplitude and Phase 
Measurement 28.5 2) 23 
Threshold (dBIIz) 

Output Sample Rate (I1z) > 100 10 18.66 100 

Price Range ($) N/A 4500 23,700 - 25,000 - 
j 39,500 47,000           
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The purpose of this study was to develop an accurate, low cost, digital receiver for 

OLYMPUS beacon reception in the United States. One of the primary goals has been 

to replace the traditional analog circuitry of receivers with digital signal processing 

hardware. Most existing beacon receivers, including the four designs presented in this 

chapter, receive a 70 MHz IF input. These receivers use an analog front end to 

downconvert the 70 MHz input to a lower IF prior to applying digital signal processing 

techniques. My design also uses a downconversion from 70 MHz to 10 MHz. 

The primary purpose of beacon receiver designs is the measurement of fading statistics. 

Consequently, another goal is to maintain a large dynamic range and a high degree of 

accuracy in amplitude and phase measurements. 

The following chapter presents a detailed description of the receiver design that has 

resulted from this study. 
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3. Theory of Operation 

After analyzing the current receiver designs for OLYMPUS beacon measurements, the 

algorithms of two receivers were combined to produce the Virginia Tech digital receiver. 

The novel 10 kHz IQ sampling scheme from the Virginia Tech analog/digital receiver 

was adapted to convert a 10 MHz input signal to baseband. The double FFT signal 

processing used in the SPL receiver was adapted to locate and track the beacon signal. 

The signal search implementation, power detection and schemes are original. Since the 

receiver relies heavily on FFT techniques, this chapter begins with some FFT 

preliminaries. 

The FFT section is followed by an algorithm definition section. The last section in this 

chapter details the simulation of the Virginia Tech receiver. 
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3.1 Background 

The following three subsections give an overview of the digital signal processing theory 

used in the digital receiver design. The first subsection is a development of the Discrete 

Fourier Transform (DFT). This algorithm is the basis for the signal detection scheme 

used in the receiver. The Fast Fourier Transform (FFT), described in the second 

subsection, is a computationally efficient algorithm for computing the DFT. The signal 

processing hardware of the digital receiver implements this algorithm. The final 

subsection discusses the advantages of using window functions when performing a DFT. 

3.1.1 Discrete Fourier Transform 

The Fourier Transform converts information between the time domain into the 

frequency domain. In discrete-time systems, the Discrete Fourier Transform (DFT) is 

the counterpart of the continuous-time Fourier transform. 

The continuous-time Fourier transform or frequency spectrum of an analog signal x(t) 

is defined as: 

X(w) = | ~ x(t) exp( —jws)dt (1) 

where, in general, x(t) and X(w) are complex functions of the continuous-time variable 

t and the frequency variable w, respectively. The continuous-time signal x(t) is 

converted to a discrete-time signal x(nT) by sampling every T seconds. With no 
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ambiguity, the sampling period T notation may be deleted and the discrete signal is 

represented by x(n). The Fourier transform of the discrete signal is then given by 

oOo 

X(w) = )° x(n) exp( —jwn) (2) 
n=—0o 

where w represents normalized frequency and takes on values between 0 and 2z. X(w) 

is periodic with period 2x. The periodicity of X(w) is a direct result of the sampled 

nature of x(n). In general, sampling in the time domain is associated with periodicity in 

the frequency domain and, conversely, sampling in the frequency domain is associated 

with periodicity in the time domain. This property is a basic result of Fourier theory, 

and forms the foundation of the DFT. 

Assume that a signal x(n) consists of N samples. Since no restrictions are imposed on 

the signal outside the interval of N points, it is convenient to assume that the signal is 

periodic. Under this assumption and due to the correspondence between sampling and 

periodicity, the Fourier transform becomes discrete with the distance between successive 

samples equal to the fundamental frequency of the signal in the time domain. This 

distance is 2z/N in normalized frequency units. The result is the DFT, given by 

N-1 

X(k) =) x(n) WH (3) 
n=0 

where W, = exp( —j2z2/N), and Wy is known as the phase or twiddle factor. Equation 

(3) is generally referred to as an N-point DFT. Because the number of complex 

multiplications and additions required is approximately N? for large N, the total number 

of arithmetic operations required for a given N increases rapidly with the an increase in 
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value of N. In fact, the excessively large amount of computations required to compute 

the DFT directly when N is large has prompted alternative methods for computing the 

DFT efficiently. The Fast Fourier Transform, discussed in the following section, is one 

computationally efficient method. [14] 

3.1.2 Fast Fourier Transform 

A more efficient method of computing the DFT that significantly reduces the number 

of required arithmetic operations is the decimation-in-time (DIT) Fast Fourier 

Transform (FFT) algorithm.[14] With an FFT, N is a factorable number that allows the 

overall N-point DFT to be decomposed into successively smaller and smaller transforms. 

The size of the smallest transform thus derived is known as the radix of the FFT. Thus, 

for a radix-2 FFT algorithm, the smallest transform or basic computational unit used is 

the 2-point DFT. For a radix-2 FFT, N must be a power of 2. These smaller transforms 

are then combined to give the total transform. [14] The FFT algorithm reduces the NV’ 

calculations required by the DFT to N log, calculations.{14] 

3.1.3 Window Functions 

One problem with the discrete Fourier transform is that the N point data window will 

create discontinuities in the sampled input signal. If the tume window matches the period 

of the input function, there is no problem, as illustrated in Figure 9 using a rectangular 

window. However, if the time window does not match the period of the input signal, the 

periodic function is disturbed, as shown in Figure 10. These discontinuities in the time 
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domain cause ripples and overshoot to be generated in the frequency domain, often 

called the leakage effect. 

In order to reduce the leakage effect, special windows are often used rather than the 

rectangular window. The purpose of the special windows is to reduce the discontinuity 

in the time domain, usually by reducing the amplitude of the data near the window 

edges. The special window limits the data size and simultaneously reduces the 

magnitude of the discontinuity at the periodic extension of the data. [15] 

Many different window functions can be used to modify the input signal. A common 

one is the Hamming window, illustrated in Figure 11. For each of the n sample points 

in the DFT calculation, the corresponding Hamming window coefficient is calculated 

by: 

Wat) = 0.54 — 0.46cos( at ) (4)   

where M 1s the total number of sample points in the DFT calculation. The Hamming 

window function reduces the sidelobe levels to -43 dB. [15] The Hamming window is used 

in the design of the proposed digital receiver. 

3.2 Theory of the Digital Receiver 

My digital receiver design focuses on the reception of the OLYMPUS beacons in the 

Virginia Tech experiment system shown in Figure |. In the Virginia Tech experiment 

system all beacons are downconverted through several IF stages to lower the beacon 
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Figure 9. Time window matching the period of input signal. [15] 
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Figure 10. Time window not matching the period of input signal. [15] 
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frequency to 70 MHz. As an example, in Figure 12, the 12.5 GHz signal is mixed with 

11.38 GHz and filtered to yield a first IF of 1120 MHz. This signal is subsequently 

mixed with 1050 MHz and filtered to produce a 70 MHz second IF. To simplify 

development and testing, an additional mixing stage lowers the frequency to 10 MHz. 

The frequency input of the Virginia Tech receiver is then 10 MHz with a maximum 

bandwidth of +/- 60 kHz. The +/- 60 kHz bandwidth is the one year maximum 

frequency drift of the 20 GHz or Ka band system. 

The following two subsections describe the theory behind the sampling and detection 

schemes used to process the incoming 10 MHz IF signal. 

3.2.1 Sampling Scheme 

In the receiver system, the incoming 10 MHz is bandpass filtered, IF sampled, and 

quantized by an A/D converter operating at 8 MHz. Note that the ratio of the sampling 

clock period (125ns) to the nominal IF period (100ns) is 5:4. Figure 13 illustrates this 

sampling scheme. In general, quadrature detection can be accomplished by sampling the 

carrier by an odd number of quarter cycles of the incoming carrier frequency.[8] For the 

digital receiver, this means the sampling frequency must satisfy: 

1 Fy=F(N+—) (5) 

where F, is the incoming IF frequency, F, is the sampling clock frequency, and N is any 

integer. The only restriction on F, is that it must be at least twice the bandwidth of the 

incoming sampled IF signal.[16] In our example F, must be at least 120 kHz if the 20 

GHz OLYMPUS beacon has maximum bandwidth of 60 kHz. 

3. Theory of Operation 43



  

  

  
  

  

  
  

                    

    

  

      
  

      

  

    
        

                    

          

  

  

  

      

  

| LNA AND R IF - 70 MHz 10 be ta 
DOWNCONVERTER| 1120 az | RECEIVER [2 tg, | RECEIVER > DETECTOR | to 

. DAS 

A 

LO / Ww 
1050 MHz 69.99 MHz}+—< 40. kHz 

TOTAL POWER 4 . 
RADIONETER “ 

FREQUENCY 
MULTIPLIER 

1 48.45 MHz] | © (10 Hz BW) < 
A\ OFFSET 

TO 20 GHz LL FREQUENCY 
RECEIVERS <———}_ Np < SYNTHESIZER       

  

  
  

  

TO 30 GHz 
RECEVER S| N3 

A oFPscr 

12 GHz RECEIVER, FREQUENCY LOCKED LOOP AND MASTER OSCILLATOR 

    aN
         

Figure 12. Overview of 12.5 GHz receiving system. 

3. Theory of Operation 
44



—
—
-
)
o
 

{\ Li LZ 
| 

|____—125ns —_—_—_-» 

—
—
—
 

—
 

a
o
 

Figure 13. Quadrature sampling of the beacon input signal. 

3. Theory of Operation 

f\ 
LF WS 

45



The output sequence from the A/D converter is illustrated in Figure 14. The samples 

(SO,SI,...) arrive at a rate of 8 MI1z and are stored as complex pairs, 1+jQ. At an 8 

MHz sample rate, the pattern of the sample sequence is: +1, + Q,-I,-Q,+1,+Q,-I,-Q,etc. 

Only the first I and Q sample pair out of every eight pairs is retained, yielding a complex 

pair rate of 0.5 MHz. With this decimation scheme, the positive I and Q pair will always 

be retained. 

With this system, we can acquire and track a signal which is between 9.75 MHz and 

10.25 MHz. The input bandwidth capability is, therefore, + /- 250 kHz around a center 

frequency of 10 MHz. Since the 20 GHz OLYMPUS satellite beacon has a maximum 

yearly excursion of +/- 60 kHz, my receiver design can easily track OLYMPUS signals. 

3.2.2 Signal Detection Algorithm 

Figure 15 illustrates the frequency tracking algorithm for my digital receiver. The 

tracking algorithm is similar to the SPL algorithm as it uses sequential FFTs to extract 

the signal frequency. 

After 1024 IQ sample pairs have accumulated, a complex fast Fourier transform (FFT) 

is performed on the data. The FFT operation is equivalent to passing the signal through 

a filter bank where the number of filters is the order of the FFT. [16] The frequency 

resolution of the FFT is defined as the smallest frequency interval or “bin” available in 

a spectrum. 
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Figure 14. Output sequence from the A/D converter. 
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Figure 15. Frequency tracking algorithm for proposed digital receiver. 
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where T, is the signal duration time, M is the total number of samples or period, and 

AT is the sampling interval. [17] In my receiver, M= 1024 and AT=2 microseconds, 

since the complex pair sample rate is 0.5 MHz. With these values, the resolution of each 

frequency bin from the first FFT is approximately 488 Hz. 

The data resulting from this FFT is the complex value of the frequency components in 

each bin. To locate the the bin which contains the greatest signal strength and hence, 

the carrier, a power spectral density operation is performed on the FFT data. The PSD 

operation finds the power as /? + Q? . 

After the bin which contains the greatest signal strength is located, the complex data pair 

for that bin is then placed in memory. The process is repeated until 1024 sequential 

complex pairs have been stored from 1024 complete FFT cycles in the first FFT. 

Assuming the carrier remains within the 488 Hz bandwidth of the first FFT, these 1024 

complex data pairs represent the carrier. A second FFT is then performed on the data 

stored from the first FFT. If the second stage receives one data point for every 1024 

points processed by the first stage, the data interval to the second stage is 2*1024 

microseconds, or 2.05 milliseconds. For the second FFT, M=1024 and AT=2.05 

milliseconds, and the frequency resolution of each bin is approximately 0.47 Hz. After 

the FFT operation, the results are again sorted to find the bin with the greatest signal 

power. The bin which contains the greatest signal power corresponds to the frequency 

of the carrier to within +/- 0.24 Hz. 

From the first FFT operation, a unique bin number which contained the largest power 

was located. If we name this bin BI and the corresponding bin from the second FFT 

B2, we can calculate the carrier frequency very precisely from the values for B1 and B2. 
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If Bl < 512, the frequency is calculated as: 

. 500 B2 > 512: f= 10.25E6 — (ene (Bl + 512) — (Tenayi02 \(B2 — 1024) (7) 

B2 < 512; f= 10.25E6 — (20000 yp) + 512)— (Team o9H 22) (8) 

If Bl > 512, the frequency is calculated as: 

500000 B2 > 512; f= 10.25E6 — ( 7°00 (Bi — 512) - (Teaay1079 \(B2 — 1024) (9) 

500000 500000 B2 < 512; f= 10.25E6 — (a (Bl — 512) ~ (Top ayo24 )(B2) (10) 

These equations are derived from the linear relationship of the bin number to the carrier 

frequency. Figure 16 illustrates the relationship between the frequency and the 

maximum power bin for the first stage 1024 point complex FFT. The bin numbers range 

from 0 to 1023 over the corresponding frequency range of 9.75 MHz to 10.25 MHz, with 

each bin having a bandwidth of approximately 488 Hz. 

Figure 17 illustrates the relationship of the second stage FFT bin number to input 

frequency. The symbol /, represents the center frequency of a 488 Hz bin from the first 

FFT. The bin numbers for the second stage FFT range from 0 to 1023 as the frequency 

changes within a single 488 Hz bin from the first FFT. Each bin in the second FFT has 

a frequency resolution of 0.477 Hz. 
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Figure 16. Frequency relationship of the first FFT stage. 
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Figure 17. Frequency relationship of the second FFT stage. 
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3.3 Simulation of Digital Receiver Design 

The frequency tracking algorithm was simulated using the Fortran program listed in 

Appendix A. Figure 18 shows a flow chart of this program. 

The program first accepts from the user an input frequency for the beacon. This 

frequency should be within the range of the receiver, 9.75 MHz to 10.25 MHz. 

The program then calculates the in-phase (1) and quadrature phase (Q) components of 

a sinewave at the given input frequency, using an 8 MHz sampling rate. These values 

are calculated as follows: 

I = cos(2zft,) (11) 

Q = cos(2nft,) (12) 

Here, ¢, and /, are 125 ns apart to achieve the 8 MHz sample rate. After each I and Q 

value has been calculated and stored, ¢, and ¢, are incremented by 16*125ns. This time 

increment skips the appropriate number of samples to reflect the one of eight decimation 

scheme that is used in the receiver. 

When i024 complex pairs have been calculated and stored, the program performs a 

Hamming window on the data. It then executes a 1024-point complex FFT and PSD 

on the windowed data. The 1024 point vector resulting from the PSD is then searched 

to locate the bin with the greatest energy. Next, the I and Q value from the bin with the 

greatest energy is saved and 1023 additional FFTs are performed with the data from the 

greatest power bin being saved after each FFT. Once 1024 pairs from 1024 of the first 
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Figure 18. Flow chart of Fortran simulation program. 
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FFTs have been accumulated, an FFT is performed on this data and the resulting vector 

searched for the bin with the maximum power. In all, over one million data samples are 

required to produce one frequency output point. 

After this operation, the program calculates the frequency of the input based on the bin 

numbers resulting from the first and second stage FFTs. The frequency is calculated as 

given in equations (7) through (10). 

The results of the program were written to an output file and include the following: 

1) Input frequency 

2) Calculated frequency 

3) Deviation between input and calculated frequencies 

4) Power in bin | (B1) 

5) Sum of power in B2 and the two adjacent bins 

Table 8 shows the results of a simulation using this Fortran program. The simulation 

starts at a frequency of 9.750260 MHz and increments the input frequency in 2 Hz steps. 

The range of the simulation spans 500 Hz, which is greater than the width of a single 

bin in the first FFT. The results from this simulation illustrate the measurement 

accuracy that can be expected with this frequency tracking algorithm and are shown in 

Figure 19. 

From these results, we can see that the lower limit of the frequency range is 

approximately 9.750270 MHz. The error in the calculated frequency is always less than 

1 Hz within the bandwidth of the receiver. 
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Table 8. Simulation results of frequency tracking algorithm. 

  

  

  

          
  

Simulation Results 

Input Calculated Deviation Power Power 
Frequency Frequency (B1) (B2) 

9750266.0 9750266. 1 -0.128 0.45252 0.25380 
9750268.0 9750268.0 -0.035 0.45693 0.30194 
9750270.0 9750269.9 0.058 0.45193 0.36864 
9750272.0 9750271.8 0.150 0.45328 0.44562 
9750274.0 9750274.2 -0.234 0.46047 0.43627 
9750276.0 9750276.1 -0.141 0.46022 0.45244 
9750278.0 9750278.0 -0.049 0.46538 0.46073 
9750280.0 9750280.0 0.044 0.46410 0.46130 
9750282.0 9750281.9 0.137 0.46781 0.45407 
9750284.0 9750284.2 -0.248 0.46583 0.43969 
9750286.0 9750286.2 -0.155 0.46780 0.45723 
9750288.0 9750288.1 -0.062 0.46411 0.46673 
9750290.0 9750290.0 0.030 0.46546 0.46839 
9750292.0 9750291.9 0.123 0.47157 0.46216 
9750294.0 9750293.8 0.216 0.47225 0.44773 
9750296.0 9750296.2 -0.169 0.47632 0.46157 
9750298.0 9750298. 1 -0.076 0.47537 0.47230 
9750300.0 9750300.0 0.017 0.47873 0.47508 
9750302.0 9750301.9 0.109 0.47696 0.46988 
9750304.0 9750303.8 0.202 0.47918 0.45644 
9750306.0 9750306.2 -0.182 0.47606 0.46542 
9750308.0 9750308. 1 -0.089 0.47737 0.47743 
9750310.0 9750310.0 0.003 0.48297 0.48135 
9750312.0 9750311.9 0.096 0.48238 0.47721 
9750314.0 9750313.8 0.188 0.48699 0.46478 
9750316.0 9750316.2 -0.196 0.48672 0.46878 
9750318.0 9750318.1 -0.103 0.48925 0.48210 
9750320.0 9750320.0 -0.010 0.48641 0.48718 
9750322.0 9750321.9 0.082 0.49038 0.48413 
9750324.0 9750323.8 0.175 0.48769 0.47273 
9750326.0 9750326.2 -0.209 0.48897 0.47164 

9750328.0 9750328.1 -0.117 0.49392 0.48629 

9750330.0 9750330.0 -0.024 0.49117 0.49257 

9750332.0 9750331.9 0.069 0.49657 0.49063 

9750334.0 9750333.8 0.161 0.49728 0.48029 

9750336.0 9750336.2 -0.223 0.49845 0.47399 

9750338.0 9750338.1 -0.130 0.49487 0.48999 

9750340.0 9750340.0 -0.038 0.50042 0.49749 

9750342.0 9750341.9 0.055 0.49903 0.49668 
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Simulation Results 

Input Calculated Deviation Power Power 
Frequency Frequency (B1) (B2) 

9750344.0 9750343.9 0.148 0.50025 0.48743 
9750346.0 9750346.2 -0.236 0.50328 0.47580 
9750348.0 9750348. 1 -0.144 0.49958 0.49319 
9750350.0 9750350. 1 -0.051 0.50414 0.50194 
9750352.0 9750352.0 0.042 0.50584 0.50228 
9750354.0 9750353.9 0.134 0.50553 0.49414 
9750356.0 9750355.8 0.227 0.50355 0.47716 
9750358.0 9750358.2 -0.157 0.50808 0.49588 
9750360.0 9750360. 1 -0.065 0.50912 0.50590 
9750362.0 9750362.0 0.028 0.51007 0.50741 
9750364.0 9750363.9 0.121 0.51005 0.50039 
9750366.0 9750365.8 0.213 0.50880 0.48453 
9750368.0 9750368.2 -0.171 0.51000 0.49804 
9750370.0 9750370.1 -0.078 0.51182 0.50935 
9750372.0 9750372.0 0.014 0.51130 0.51206 

9750374.0 9750373.9 0.107 0.51309 0.50618 

9750376.0 9750375.8 0.200 0.51351 0.49145 
9750378.0 9750378.2 -0.185 0.51611 0.49967 

9750380.0 9750380. 1 -0.092 0.51687 0.51229 

9750382.0 9750382.0 0.001 0.51494 0.51621 

9750384.0 9750383.9 0.093 0.51719 0.51150 

9750386.0 9750385.8 0.186 0.51783 0.49792 

9750388.0 9750388.2 -0.198 0.51720 0.50075 

9750390.0 9750390. 1 -0.105 0.52055 0.51471 

9750392.0 9750392.0 -0.013 0.51903 0.51986 

9750394.0 9750393.9 0.080 0.51939 0.51632 

9750396.0 9750395.8 0.173 0.52056 0.50391 

9750398.0 9750398.2 -0.212 0.52315 0.50129 
9750400.0 9750400. 1 -0.119 0.52153 0.51660 

9750402.0 9750402.0 -0.026 0.52254 0.52299 

9750404.0 9750403.9 0.066 0.52310 0.52065 

9750406.0 9750405.8 0.159 0.52361 0.50942 

9750408.0 9750408.2 -0.225 0.52593 0.50127 

9750410.0 9750410.1 -0.133 0.52558 0.51795 

9750412.0 9750412.0 -0.040 0.52561 0.52560 

9750414.0 9750413.9 0.053 0.52688 0.52446 

9750416.0 9750415.9 0.145 0.52778 0.51443 
9750418.0 9750418.2 -0.239 0.52752 0.50070 

9750420.0 9750420.1 -0.146 0.52741 0.51875 

9750422.0 9750422.1 -0.054 0.52794 0.52768 

9750424.0 9750424.0 0.039 0.52928 0.52776 
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Simulation Results 

Input Calculated Deviation Power Power 
Frequency Frequency (B1) (B2) 

9750426.0 9750425.9 0.132 0.52970 0.51893 
9750428.0 9750427.8 0.224 0.53071 0.50088 
9750430.0 9750430.2 -0.160 0.53086 0.51901 
9750432.0 9750432.1 -0.067 0.53156 0.52923 
9750434.0 9750434.0 0.026 0.53106 0.53052 
9750436.0 9750435.9 0.118 0.53222 0.52292 
9750438.0 9750437.8 0.211 0.53197 0.50610 
9750440.0 9750440.2 -0.173 0.53242 0.51871 
9750442.0 975044?.1 -0.081 0.53332 0.53023 
9750444.0 9750444.0 0.012 0.53271 0.53276 
9750446.0 9750445.9 0.105 0.53375 0.52637 
9750448.0 9750447.8 0.197 0.53418 0.51082 
9750450.0 9750450.2 -0.187 0.53420 0.51785 
9750452.0 9750452. 1 -0.094 0.53401 0.53068 
9750454.0 9750454.0 -0.002 0.53484 0.53445 
9750456.0 9750455.9 0.091 0.53519 0.52930 
9750458.0 9750457.8 0.184 0.53542 0.51500 
9750460.0 9750460.2 -0.201 0.53536 0.51644 
9750462.0 9750462. 1 -0.108 0.53548 0.53058 
9750464.0 9750464.0 -0.015 0.53553 0.53561 
9750466.0 9750465.9 0.077 0.53580 0.53169 
9750468.0 9750467.8 0.170 0.53588 0.51866 
9750470.0 9750470.2 -0.214 0.53634 0.51447 
9750472.0 9750472.1 -0.121 0.53622 0.52994 
9750474.0 9750474.0 -0.029 0.53650 0.53622 

9750476.0 9750475.9 0.064 0.53658 0.53353 
9750478.0 9750477.8 0.157 0.53659 0.52177 
9750480.0 9750480.2 -0.228 0.53687 0.51195 
9750482.0 9750482.1 -0.135 0.53683 0.52874 
9750484.0 9750484.0 -0.042 0.53686 0.53627 
9750486.0 9750485.9 0.050 0.53695 0.53483 
9750488.0 9750487.9 0.143 0.53697 0.52434 
9750490.0 9750490.2 -0.241 0.53696 0.47370 
9750492.0 9750492.1 -0.149 0.53696 0.52698 
9750494.0 9750494.1 -0.056 0.53695 0.53579 
9750496.0 9750496.0 0.037 0.53688 0.53558 
9750498.0 9750497.9 0.129 0.53688 0.52636 
9750500.0 9750499.8 0.222 0.53677 0.50782 
9750502.0 9750502.2 -0.162 0.53666 0.52468 
9750504.0 9750504. 1 -0.070 0.53670 0.53475 
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Simulation Results 

Input Calculated Deviation Power Power 
Frequency Frequency (BI) (B2) 

9750506.0 9750506.0 0.023 0.53651 0.53578 
9750508.0 9750507.9 0.116 0.53634 0.52783 
9750510.0 9750509.8 0.208 0.53629 0.51063 
9750512.0 9750512.2 -0.176 0.53619 0.52184 
9750514.0 9750514.1 -0.083 0.53595 0.53316 
9750516.0 9750516.0 0.010 0.53564 0.53543 
9750518.0 9750517.9 0.102 0.53545 0.52875 
9750520.0 9750519.8 0.195 0.53546 0.51288 
9750522.0 9750522.2 -0.189 0.53511 0.51845 
9750524.0 9750524.1 -0.097 0.53512 0.53104 
9750526.0 9750526.0 -0.004 0.53485 0.53454 
9750528.0 9750527.9 0.089 0.53461 0.52911 
9750530.0 9750529.8 0.181 0.53396 0.51457 
9750532.0 9750532.2 -0.203 0.53407 0.51453 
9750534.0 9750534.1 -0.110 0.53367 0.52837 
9750536.0 9750536.0 -0.018 0.53340 0.53310 
9750538.0 9750537.9 0.075 0.53307 0.52892 
9750540.0 9750539.8 0.168 0.53237 0.51571 
9750542.0 9750542.2 -0.217 0.53210 0.51008 
9750544.0 9750544.1 -0.124 0.53184 0.52517 
9750546.0 9750546.0 -0.031 0.53124 0.53112 
9750548.0 9750547.9 0.061 0.53106 0.52818 
9750550.0 9750549.8 0.154 0.53045 0.51629 
9750552.0 9750552.2 -0.230 0.53032 0.50511 
9750554.0 9750554.1 -0.137 0.52981 0.52144 
9750556.0 9750556.0 -0.045 0.52901 0.52860 
9750558.0 9750558.0 0.048 0.52911 0.52690 
9750560.0 9750559.9 0.141 0.52820 0.51631 
9750562.0 9750562.2 -0.244 0.52760 0.49963 

9750564.0 9750564.2 -0.151 0.52734 0.51719 

9750566.0 9750566. 1 -0.058 0.52700 0.52556 

9750568.0 9750568.0 0.034 0.52624 0.52508 

9750570.0 9750569.9 0.127 0.52542 0.51578 

9750572.0 9750571.8 0.220 0.52490 0.49740 

9750574.0 9750574.2 -0.165 0.52478 0.51243 

9750576.0 9750576.1 -0.072 0.52377 0.52199 

9750578.0 9750578.0 0.021 0.52365 0.52273 
9750580.0 9750579.9 0.113 0.52307 0.51471 
9750582.0 9750581.8 0.206 0.52227 0.49771 

9750584.0 9750584.2 -0.178 0.52116 0.50716 
9750586.0 9750586.1 -0.086 0.52098 0.51792 
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Simulation Results 

Input Calculated Deviation Power Power 
Frequency Frequency (B1) (B2) 

9750588.0 9750588.0 0.007 0.52046 0.51985 
9750590.0 9750589.9 0.100 0.51977 0.51309 
9750592.0 9750591.8 0.192 0.51863 0.49746 
9750594.0 9750594.2 -0.192 0.51815 0.50141 
9750596.0 9750596. 1 -0.099 0.51699 0.51333 
9750598.0 9750598.0 -0.006 0.51626 0.51645 
9750600.0 9750599.9 0.086 0.51560 0.51094 
9750602.0 9750601.8 0.179 0.51538 0.49666 
9750604.0 9750604.2 -0.205 0.51406 0.49519 
9750606.0 9750606. 1 -0.113 0.51318 0.50826 
9750608.0 9750608.0 -0.020 0.51237 0.51254 
9750610.0 9750609.9 0.073 0.51197 0.50826 
9750612.0 9750611.8 0.165 0.51096 0.49532 
9750614.0 9750614.2 -0.219 0.51053 0.48849 
9750616.0 9750616.1 -0.126 0.50967 0.50270 
9750618.0 9750618.0 -0.034 0.50870 0.50813 
9750620.0 9750619.9 0.059 0.50761 0.50506 
9750622.0 9750621.8 0.152 0.50685 0.49344 

~9750624.0 9750624.2 -0.232 0.50566 0.48135 

9750626.0 9750626. 1 -0.140 0.50484 0.49668 
9750628.0 9750628.0 -0.047 0.50386 0.50324 
9750630.0 9750630.0 0.045 0.50324 0.50135 
9750632.0 9750631.9 0.138 0.50221 0.49103 
9750634.0 9750634.2 -0.246 0.50085 0.47378 
9750636.0 9750636.2 -0.153 0.50043 0.49020 
9750638.0 9750638. 1 -0.061 0.49901 0.49788 
9750640.0 9750640.0 0.032 0.49793 0.49716 
9750642.0 9750641.9 0.125 0.49717 0.48810 
9750644.0 9750643.8 0.217 0.49633 0.47048 
9750646.0 9750646.2 -0.167 0.49509 0.48328 
9750648.0 9750648. 1 -0.074 0.49381 0.49205 
9750650.0 9750650.0 0.018 0.49280 0.49247 
9750652.0 9750651.9 0.111 0.49215 0.48466 
9750654.0 9750653.8 0.204 0.49066 0.46843 
9750656.0 9750656.2 -0.181 0.48998 0.47594 
9750658.0 9750658.1 -0.088 0.48892 0.48578 
9750660.0 9750660.0 0.005 0.48762 0.48732 
9750662.0 9750661.9 0.097 0.48623 0.48073 
9750664.0 9750663.8 0.190 0.48536 0.46585 
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Simulation Results 
Input Calculated Deviation Power Power 

Frequency Frequency (BI) (B2) 
9750666.0 9750666.2 -0.194 0.48439 0.46819 
9750668.0 9750668. 1 -0.102 0.48319 0.47908 
9750670.0 9750670.0 -0.009 0.48166 0.48172 
9750672.0 9750671.9 0.084 0.48082 0.47632 
9750674.0 9750673.8 0.176 0.47928 0.46277 
9750676.0 9750676.2 -0.208 0.47805 0.46006 
9750678.0 9750678. 1 -0.115 0.47701 0.47196 
9750680.0 9750680.0 -0.022 0.47601 0.47567 
9750682.0 975068 1.9 0.070 0.47458 0.47144 
9750684.0 9750683.8 0.163 0.47318 0.45920 
9750686.0 9750686.2 -0.221 0.47197 0.45155 
9750688.0 9750688. 1 -0.129 0.47103 0.46445 
9750690.0 9750690.0 -0.036 0.46942 0.46921 
9750692.0 9750691.9 0.057 0.46843 0.46610 
9750694.0 9750693.9 0.149 0.46717 0.45513 
9750696.0 9750696.2 -0.235 0.46570 0.44269 
9750698.0 9750698. 1 -0.142 0.46432 0.45656 
9750700.0 9750700.0 -0.050 0.46305 0.46233 
9750702.0 9750702.0 0.043 0.46188 © 0.46034 
9750704.0 9750703.9 0.136 0.46048 0.45061 
9750706.0 9750706.2 -0.248 0.45892 0.43350 
9750708.0 9750708.2 -0.156 0.45788 0.44830 
9750710.0 9750710.1 -0.063 0.45634 0.45507 
9750712.0 9750712.0 0.029 0.45493 0.45415 
9750714.0 9750713.9 0.122 0.45370 0.44562 
9750716.0 9750715.8 0.215 0.45219 0.42932 
9750718.0 9750718.2 -0.169 0.45091 0.43971 
9750720.0 9750720.1 -0.077 0.44939 0.44744 
9750722.0 9750722.0 0.016 0.44803 0.44756 
9750724.0 9750723.9 0.109 0.44665 0.44021 
9750726.0 9750725.8 0.201 0.44504 0.42524 
9750728.0 9750728.2 -0.183 0.44360 0.43079 
9750730.0 9750730. 1 -0.090 0.44218 0.43945 
9750732.0 9750732.0 0.002 0.44066 0.44059 
9750734.0 9750733.9 0.095 0.43938 0.43439 
9750736.0 9750735.8 0.188 0.43989 0.42301 
9750738.0 9750738.2 -0.197 0.44140 0.42673 
9750740.0 9750740.1 -0.104 0.44280 0.43935 
9750742.0 9750742.0 -0.011 0.44464 0.44449 
9750744.0 9750743.9 0.081 0.44592 0.44220 
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Simulation Results 

Input Calculated Deviation Power Power 
Frequency Frequency Deviation (B1) (B2) 

9750746.0 9750745.8 0.174 0.44779 0.43228 
9750748.0 9750748.2 -0.210 0.44922 0.43136 
9750750.0 9750750.1 -0.118 0.45040 0.44526 
9750752.0 9750752.0 -0.025 0.45142 0.45151 
9750754.0 9750753.9 0.068 0.45310 0.45023 
9750756.0 9750755.8 0.160 0.45475 0.44124 
9750758.0 9750758.2 -0.224 0.45599 0.43552 
9750760.0 9750760. 1 -0.131 0.45687 0.45074 
9750762.0 9750762.0 -0.038 0.45893 0.45815 
9750764.0 9750763.9 0.054 0.45996 0.45791 
9750766.0 9750765.9 0.147 0.46124 0.44988 
9750768.0 9750768.2 -0.237 0.46292 0.43922 
9750770.0 9750770. 1 -0.145 0.46372 0.45579 
9750772.0 9750772.1 -0.052 0.46558 0.46439 
9750774.0 9750774.0 0.041 0.46675 0.46521 
9750776.0 9750775.9 0.133 0.46815 0.45818 
9750778.0 9750777.8 0.226 0.46912 0.44294 
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Figure 19. Simulation results of the input beacon frequency vs. calculated frequency. 
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The output power in the last column of Table 8 represents the power of the input 

beacon. This value should remain constant since the amplitude of the input signal 

remains constant in the simulation. However, as seen from the table, this value changes 

slightly with frequency. The power begins to drop off toward the edges of the bin due 

to the effects of the Hamming window. Additionally, the program approximates the 

power in the signal by summing only the maximum power bin and the two adjacent bins. 

However, the sum of three bins provides a fairly stable estimate of the power within the 

center of the 488 Hz bin. 

The simulations verified the theoretical operation of the receiver. The hardware to 

implement the receiver is discussed in the next chapter. 
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4. Hardware Implementation 

The following sections describe the circuitry which implements the signal processing 

algorithms described in Chapter Three. The hardware is divided into three sections - 

analog front-end, digital signal processing hardware, and output interface. Following a 

brief overview, each hardware section is discussed in detail. 

4.1 Hardware Overview 

Figure 20 illustrates the functional block diagram of the digital receiver hardware. The 

10 MHz IF is sampled and quantized by an analog-to-digital converter operating at a 

sample rate of 8 MHz. As described previously, the sample sequence forms a pattern 

of in-phase (I) and quadrature phase (Q) samples: +1,+ Q,-I,-Q,+1,+Q, etc. However, 

since our decimation scheme retains only the first I and Q pair out of every eight pairs, 

the I and Q pairs stored for computation are always +I and +Q pairs. 
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Figure 20. Block diagram of proposed digital receiver. 

4. Hardware Implementation 
66



After 1024 sample pairs have been stored in a dual ported memory, the first FFT 

processor performs a Hamming window function on the raw data. The choice of 

window function can be easily changed in firmware. The window coefficients are stored 

in an external coefficient ROM and are accessed by the FFT processor during the 

windowing operation. After completing the window operation, the FFT processor 

executes a 1024-point FFT on the windowed data. 

After the window and FFT operations are complete, the FFT processor stores the real 

and imaginary components of the results into the dual ported RAM. The processor then 

performs a power spectral density operation on the data from each frequency bin and 

outputs this information to a maximum power search circuit. This circuit finds the bin 

which contains the greatest power and hence the signal. After the search is complete, 

the complex data from the bin which contains the greatest power is stored in the second 

bank of dual ported memory. This process is repeated until the second dual ported 

memory bank accumulates 1024 samples. 

A second FFT processor then performs a Hamming window and a 1024-point FFT on 

the data stored in the second dual ported memory bank. After this FFT is complete, 

the processor performs a power spectral density operation and a second comparator 

Circuit searches for the maximum power. The bin which contains the largest energy is 

located in a manner similar to that of the first stage. The bin containing the maximum 

power is assumed to contain the center frequency of the carrier. After the maximum 

power bin has been determined, an interrupt is generated to the output display 

processor. 

The output display processor responds to the interrupt by reading the bin addresses 

which contained the signal in each FFT stage. The corresponding power data from the 
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FFT processing is also retrieved from memory. Based on this data, the output processor 

calculates the beacon frequency and power. These values are output to an LCD display 

unit. 

4.2 Analog Front End 

The analog portion of the receiver consists of an input amplifier, a front-end filter, and 

an analog-to-digital converter board. The analog circuitry is isolated from the digital 

circuitry to avoid interference from digital switching noise. The input amplifier amplifies 

the incoming signal to a level suitable for the A/D converter board. The front-end filter 

is a bandpass filter which is 700 kHz wide and has a center frequency of 10 MHz. Two 

separate analog-to-digital converter boards were tested with the digital portion of the 

receiver. The first board contained an eight-bit A/D converter and its support circuitry. 

This board is described in subsection 4.2.1. The second board is a ten-bit A/D converter 

board built by TRW and is described in the following subsection. This board is four 

times as expensive as the eight-bit A/D converter board, but substantially improves the 

receiver's performance. Part of this improvement is due to the extended dynamic range 

of a ten-bit A/D converter versus an eight-bit A/D converter. However, a major part 

of the performance improvement is due to the superior construction of the ten-bit board. 

The eight-bit A/D converter board is a prototype board built using wirewrap techniques. 

Its performance could be greatly improved using a printed circuit board construction 

with a ground plane. For purposes of comparison, both designs are presented in this 

section. 
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4.2.1 Eight-Bit A/D Converter Board 

The eight-bit A/D converter board contains an input signal amplifier, an eight-bit A/D 

converter, and circuitry for generating reference voltages. The circuit schematic is shown 

in Figure 21. 

The incoming IF signal is first amplified with a high-speed inverting amplifier, Analog 

Devices part number AD9617, before reaching the analog input on the A/D converter. 

The amplifier gain is approximately 1.6. If the A/D converter analog input range is set 

for 0 V to -2.0 V, the maximum input voltage range to the buffer amplifier is limited to 

1.35 V p-p. To center the incoming IF signal in the range of the A/D converter, a DC 

offset equal to one-half the voltage range of the A/D converter is added to the incoming 

signal. This is achieved through a summing circuit at the inverting terminal of the 

AD9617. 

The analog-to-digital converter is an eight-bit, ultra-high speed device manufactured by 

Analog Devices, part number AD9012. The AD9012 can operate at sampling rates in 

excess of 100 megasamples’second and has an analog signal input bandwidth of 180 

MHz.[18] Due to the wide input bandwidth of the A/D converter, an external 

sample-and-hold circuit is not required in this design. 

The output data of the AD9012 is internally buffered through TTL compatible output 

latches. All data is delayed by one clock cycle before becoming available at the outputs. 

Both the analog-to-digital conversion cycle and the data output occur on the rising edge 

of the TTL compatible ENCODE signal as shown in the timing diagram in Figure 
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Figure 21. Electrical schematic of the eight-bit A/D converter board. 
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22.[17] The ENCODE signal is generated by the A/D Input Data Controller, a state 

machine design which resides on the digital signal processing module. 

The voltage range on the analog input pins, AIN, of the AD9012 is determined from the 

voltages on the positive and negative reference voltage pins + V,, and — V,,,. With the 

positive reference voltage, + V,,,, grounded and the negative reference voltage, — V,,, , 

set to -2.0 V, the range of the analog input is then 0 V to -2.0 V. An input of OV on 

AIN will then be converted to a digital output of 11111111B. An input of -2.0 V on 

AIN will be converted to a digital output of 00000000B. The OVERFLOW INHIBIT 

pin of the AD9012 determines how the converter handles overrange inputs, i.e. 

AIN>+¥,, With this input grounded, the OVERFLOW output will be ‘0’ for 

overrange inputs, and all other data outputs will be ‘1’. 

4.2.2 Ten-Bit A/D Converter Board 

The ten-bit A/D Converter board is an assembled circuit board custom designed and 

built by TRW, part number TDCIO20EIC. This board was designed to help evaluate 

TRW’s TDC1020 ten-bit, 20 MSPS flash A’D converter.[19] We received this board and 

all its support chips at a fraction of their $1200 list price. We are extremely grateful to 

TRW and their generous support of our efforts. The board contains circuitry for 

buffering the input signal, generating reference voltages, registering output data and a 

D:’A converter for reconstruction of the input signal. All digital inputs and outputs are 

TTL compatible. Adjustments for gain, linearity, and offset are also provided. 

The TDC1020EIC has an input impedance of 50 Ohms and an analog input voltage 

range of +0.5V to -0.5V. These may be changed as needed in different applications. 
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For our design, the buffer amplifier is set to a gain of four to provide a full scale signal 

of -2V to + 2V to the A/D Converter. 

The input bandwidth of the TDC1020 A/D converter is 7 MHz. We installed an 

optional track-and-hold circuit, TRW part no. THC4940, to increase the small signal 

bandwidth to 150 MHz. 

Two jumpers are provided to set the format control inputs on the TDC1020 A/D 

converter in order to select the desired format of the output data. These controls were 

set to read the output data in two’s complement format, which is required for the digital 

signal processing circuitry that follows. 

Data from the A/D converter is registered on the rising edge of the sample clock by an 

external register. This register improves the output drive and fan-out capability for the 

board while adding one clock cycle of pipeline delay. 

Full specifications and schematics for this analog board are given in the TDC1020E1C 

data sheet. [19] 

4.3 Digital Signal Processing Module 

The following subsections describe the digital signal processing hardware and its 

associated controller circuitry. 
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4.3.1 Timing Constraints 

To implement this receiver design, several timing constraints were first addressed. The 

first FFT operation is performed on 1024 complex I and Q pairs. With I and Q pairs 

arriving at a rate of 0.5 MHz, approximately 2 ms are required to accumulate 1024 

complex sample pairs. For a single processor to process this data in real time requires 

that the 1024-point FFT must be computed in less than 2 ms to avoid losing any 

samples. 

Table 9 compares the FFT computation time of several commercially available digital 

signal processors. [20] The first four devices are single-chip programmable digital signal 

processors. One advantage of using this type of processor is the increased design 

flexibility attained from software programming. However, a major disadvantage of using 

these chips is lower throughput. In fact, none of these processors meet the 2 ms 

throughput requirement of the first 1024-point FFT unless several devices are used in 

parallel. A parallel architecture, however, increases the hardware and software 

complexity, as well as the size, design time and cost of the receiver. 

The last device in Table 9 is the TRW TMC2310, an application-specific FFT 

processor.[20] This device may be more accurately considered a dedicated hardware 

controller rather than a programmable processor. The TMC2310 is designed to execute 

DSP algorithms in hardware, rather than executing software instructions from a stored 

program. This allows the TMC2310 to achieve higher throughput than software 

programmable DSP chips on specific algorithms such as FFTs. For example, the 

TMC2310 can execute a 1024-point complex FFT in 0.5 ms, which is much less than the 

2 ms system requirement. In addition, the TMC2310 performs pre-FFT windowing as 
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Fable 9. Comparison of FFT computation of commercially available DSP chips. 

  

Performance Comparisons for 1024-point Complex FFTs 
  

  

    

DSP Device 1024-point Complex FFT 

TMS320C10 (TI) 69.4 ms 
TMS320C25 (TI) 15.9 ms 
ADSP-2100 (Analog Devices) 7.2 ms 
DSP56000 (Motorola) 5 ms 

TMC2310 (TRW) 0.5 ms 
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well as power spectral density operations, which is required in this receiver 

implementation. 

The 0.5 ms execution time for the 1024-point complex FFT assumes the TMC2310 is 

operating at its maximum clock rate of 20 MHz. In our system, we do not require this 

maximum throughput rate to meet our FFT timing requirement. To simplify timing and 

system design for our receiver, it is advantageous to operate the TMC2310 at a lower 

clock speed, 8 MHz. This clock rate was conveniently chosen to match the clock 

frequency used to sample the analog input. At 8 MHz, a 1024-point complex FFT 

executes in 1.3 ms, including the windowing operation. The PSD operation for 1024 

complex points executes in 0.26 ms and the maximum power search is performed 

synchronously with the PSD. Therefore, the total time to find the maximum power bin 

from 1024 complex samples is 1.56 ms. Since this is less than the 2 ms time requirement, 

the TMC2310 operating at 8 MHz easily meets the system timing requirements. 

4.3.2 Digital Signal Processing Circuitry 

Figure 23 illustrates the digital signal processing hardware, which consists of the I and 

Q demultiplexing circuitry, the FFT processors, and the comparator circuitry for 

locating maximum power bins. All of the hardware shown resides on a single wire 

wrapped digital board. 

The input to the digital module is data from the A/D converter board. The signal 

processing hardware requires that the input data be in sixteen-bit, two’s complement 

format. If the ten-bit AD converter board is used, the output data is already in two’s 
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Figure 23. Block diagram of the digital signal processing hardware. 
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complement form. Therefore, we simply extend the data to the sixteen-bit input range 

before storing the data in memory. 

If the digital module is interfaced to the eight-bit A/D converter board, the data must 

be converted into two’s complement and extended to the sixteen-bit input range. Recall 

from Section 4.2.1 that the original analog input to the A/D converter board is first 

inverted and then added to a DC offset equal to half of the voltage range of the A/D 

converter. The output of the A/D converter is then a representation of an inverted 

analog input with a DC offset. To obtain a two’s complement representation of the 

original analog input, we must invert the digital output from the A/D converter and 

subtract the DC offset. Consequently, on the digital module, the incoming eight-bit data 

is first inverted and a binary value equivalent to one-half the output range, 10000000B, 

is subtracted from the eight-bit sample. Subtracting 10000000B from the output data is 

equivalent to inverting the most-significant bit (MSB) of the data sample. The resulting 

eight-bit value is the two’s complement representation of the original signal. The 

eight-bit two’s complement value is input to the eight center bits of the sixteen-bit input 

range on the storage memory. The four least-significant bits of the sixteen-bit input are 

grounded while the four most-significant bits are sign extended. This configuration 

provides the best dynamic range without creating arithmetic overflow problems during 

subsequent FFT processing. 

Preprocessing of the data from the A/D converter and storage into the proper memory 

locations are controlled by the A/D Input Data Controller. The A/D Input Data 

Controller is a state machine implemented with two erasable programmable logic devices 

(EPLDs); Intel part number 5C031. This controller generates signals to 1) initiate an 
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initiate an analog-to-digital conversion cycle, 2) latch the incoming data from the A/D 

converter, and 3) write the I and Q data samples to the appropriate memory address. 

After the input data is in the appropriate format, the A/D Input Data Controller 

generates a WR strobe to write the data into the next sequential location of memory 

bank A. Memory bank A consists of 4K x 16 bits of dual-ported random access memory 

(RAM), 2K x 16 bits for the real (I) data and 2K x 16 bits for the imaginary (Q) data. 

An 11-bit counter generates the address for the RAM in bit-reversed order. This 

addressing scheme allows the TMC2310 FFT controller to perform an in-place FFT on 

the data, thereby reducing the amount of memory required. The A/D Input Data 

Controller also generates the CLEAR and INCREMENT signals for the 11-bit address 

counter. When the counter reaches a value of 1024, the 11th counter bit toggles. This 

bit generates an interrupt to the Stage 1 Controller to indicate that one complete data 

frame is in place in memory bank A to perform the first 1024-point FFT. 

The Stage 1 Controller is a state machine implemented with three EPLDs, Intel part 

number 5C031. This state machine generates signals to 1) configure the TMC2310, 2) 

initiate FFT processing, 3) initiate PSD operations, and 4) write data into memory bank 

B. 

When memory bank A contains 1024 complex data samples, the Stage 1 Controller 

configures the TMC2310 to perform a window operation on the raw data and then 

execute a 1024-point FFT. The configuration data for the TMC2310 is stored in the 

upper half of the 2K x 16 bit window/configuration ROM (W/C ROM). To wnite 

configuration data to the TMC2310, the Stage | Controller enables the appropriate data 

from the W/C ROM onto the REAL bus lines and then issues a LOAD command to the 

TMC2310. After configuring the TMC2310, the Stage 1 Controller issues a START 
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command to the TMC2310 to begin the FFT. The TMC2310 first reads the I and Q 

data samples from memory bank A and multiplies the data by the window coefficients 

stored in the lower half of the W/C ROM. These coefficients correspond to a Hamming 

window function as described in Section 3.1.1. The TMC2310 then performs a 

1024-point FFT on the data and stores the resulting complex frequency data back into 

the same block of RAM in memory bank A. As the TMC2310 is calculating a transform 

on the data in the lower half of memory bank A, newly collected data is simultaneously 

loaded from the A/D circuitry into the upper half of memory bank A. In this manner, 

no data is lost while the FFT operations are being completed. 

When the windowing and FFT operation are complete, the TMC2310 activates its 

DONE output which indicates to the Stage 1 Controller that these operations are 

complete. The Stage 1 Controller now reconfigures the TMC2310 to perform a PSD 

operation on the FFT frequency data. After reconfiguring the TMC2310, the Stage 1 

Controller enables the magnitude comparator circuitry and issues a START command 

to the TMC2310. The TMC2310 reads each I and Q frequency sample from memory 

bank A, performs the PSD operation, and then writes the result onto the REAL data 

bus. During this write operation, memory bank A is disabled so the PSD results do not 

overwrite the I and Q frequency data. As each PSD result appears on the data bus, the 

comparator circuitry latches the data and its corresponding bin number. 

The sixteen-bit magnitude comparator compares the present data output with the 

max-power register which contains the current maximum power value. Initially, the 

output of this register is set to zero. If the present data value is greater than the 

max-power register value, the max-power register is clocked to latch in the present data 

value. Concurrently, the ten-bit bin number register is clocked to latch the address of 

4. Hardware Implementation 80



the max-power data, which represents the frequency bin number of the data. If the 

current power value is less than the value in the max-power register, then both the bin 

number and max-power registers remain unchanged. 

When the PSD values for all 1024 points have been calculated and subsequently 

compared, the TMC2310 generates DONE to the Stage | Controller. The Stage 1 

Controller then enables the output of the bin number register onto the address bus of 

memory bank A. The controller generates the appropriate read and write strobes to read 

the complex frequency data from memory bank A which corresponds to the bin with the 

maximum power. This value is written then into memory bank B. An external 11-bit 

address counter, controlled by the Stage | Controller, generates the address for memory 

bank B such that the I and Q values for the maximum power bin are stored in bit 

reversed locations. After this operation, the Stage 1 Controller returns to its initial state 

to monitor memory bank A and wait for the next 1024-point data frame. The next 1024 

points will be located in the upper half of memory bank A. Therefore, on the next 

transform, the role of the lower and upper portions of memory bank A will be reversed; 

the TMC2310 performs a transform on the upper half of RAM and new data is loaded 

into the lower half of RAM. The Stage | Controller also controls this switching 

operation. 

When memory bank B accumulates 1024 data samples from the first stage bin, the Stage 

1 Controller generates a strobe to write the contents of the first stage bin number register 

to the Output Display Processor. In addition, the Stage 1 Controller increments the 

external address counter to memory bank B, which causes the 11th bit of this counter 

to toggle. This change generates an interrupt to the Stage 2 Controller, a state machine 

similar in design to the Stage | Controller. After the interrupt, the Stage 2 Controller 
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sends commands to the second TMC2310 to perform a 1024-point window and FFT on 

the data stored in memory bank B. After that FFT is complete, the TMC2310 calculates 

the PSD for each bin and outputs these values to the comparator circuitry. The 

comparator searches all bins for the bin with the maximum power in a manner similar 

to the first stage. In addition, each power value is stored in an external RAM at an 

address corresponding to the bin number of the power data. Thus all 1024 PSD data 

values are stored in a third memory. The output display processor then accesses the data 

in this RAM to determine the beacon power. 

After all 1024 values have been compared, the number of the maximum power frequency 

bin is stored in the ten-bit bin number register. The Stage 2 Controller then generates 

a strobe to write the contents of the second-stage bin number register to the Output 

Display Processor. The I and Q output from the second FFT corresponds to the I and 

Q for the detected beacon signal. To find the total power, the output display processor 

sums the powers from several frequency bins. The number of bins used can be easily 

changed in firmware. 

4.3.3 Output Display Processor 

The output display processor (ODP) is an 8085-based system which calculates the power 

and frequency of the IF input based on the results of the FFT stages. It then outputs 

the calculated power and frequency values to an LCD display. Figure 24 shows a block 

diagram of the output display processor. 

The inputs to the ODP are the ten-bit bin numbers from the first and second stage FFTs. 

The ten-bit bin number from the first FFT stage is latched into the internal register ports 
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of the 8155 interface controller by the active low pulse BLLAT, which is generated by 

the Stage 1 Controller. The ten-bit bin number from the second FFT stage is latched 

into a set of registers by the active high pulse B2LAT. This signal is generated by the 

Stage 2 Controller. The active high pulse B2LAT also generates an interrupt to the 8085 

processor. 

When the 8085 receives the B2LAT interrupt, it reads the appropriate registers to obtain 

the two bin numbers. From the first bin number (B1) and the second bin number (B2), 

the processor calculates the carrier frequency according to the equations given in section 

3.2. Table 10 gives the error in the frequency calculation due to round-off errors in the 

8085 processor. 

The 8085 also interfaces with the RAM bank which stores the output power from all 

frequency bins of the second FFT. Based on the second stage bin number value, the 

8085 reads the value of the maximum power bin and its two adjacent bins. The 8085 

sums the power from these three frequency bins and calculates the output power as 

given in equation (13). 

Power = 10 log(./P ) 

where P is the sum of the maximum power bin and the two adjacent bins. Once the 

frequency and power values have been calculated, these values are output to an LCD 

display. This display is updated once every two seconds. 

Appendix B contains a listing of the assembly code for the 8085 processor. 
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Table 10. Frequency calculation errors due to round off in the ODP. 

  
  

  

  

Bin Actual 8085 Integer Error 
Number Frequency (Hz) Frequency (Hz) (Hz) 

B1-9 250,000 250,000 0 
B1-8 125,000 125,000 0 
B1-7 62,500 62,500 0 
B1-6 31,250 31,250 0 
B1-5 15,625 15,625 0 
B1-4 7,812.5000 7,813 + .5000 
B1-3 3,906.2500 3,906 + .2500 
B1-2 1,953.1250 1,953 + .1250 
Bl-1 976.5625 977 -.4375 
B1-0 488.2813 488 + 2813 

B2-9 244.1406 244 + .1406 
B2-8 122.0703 122 + .0703 
B2-7 61.0352 61 + 0352 
B2-6 30.5176 31 -.4824 
B2-5 15.2588 15 + .2588 
B2-4 7.6294 8 -.3706 
B2-3 3.8147 4 -.1853 
B2-2 1.9073 2 -.0927 
B2-1 9537 1 -.0463 
B2-0 .4768 0 + .4768         
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-§S. Performance 

This chapter provides the performance characteristics of the digital receiver hardware 

Bandwidth, dynamic range, sensitivity, and output data rate are discussed. 

5.1 Bandwidth 

The receiver hardware was tested over the 500 kHz tracking range in 1 kHz steps. The 

receiver accurately tracks the signal from 9.750270 MHz to 10.250200 MHz. At 

frequencies centered within one of the 488 Hz bins, the output frequency of the receiver 

agreed with the calibration signal generator frequency to within 10 Hz. This error was 

due in part to the accuracy of the signal generator which was limited to a 10 Hz 

accuracy. Additionally, errors are introduced by the output display processor in the 

frequency calculation, due to the fixed point arithmetic of the 8085 processor. 
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At frequencies corresponding to 488 Hz FFT bin crossings, the output of the receiver 

was unstable, alternating between two frequency readings 488 Hz apart. There are two 

possible solutions to this problem. The first solution is to monitor the bin number 

output from the first stage FFT over the 1024 passes and take an average of these 

numbers to use as the value for “Bin 1” in the frequency calculation. The second 

solution is to use a tracking loop to keep the input frequency centered within the stable 

range of a frequency bin. The latter solution is described in Section 6.1 

5.2 Dynamic Range 

The following two subsections present the dynamic range achieved with both the 

eight-bit and the ten-bit analog-to-digital converter boards. 

5.2.1 Dynamic Range with 8-Bit A/D Converter Board 

Figure 25 illustrates the receiver output power (y-axis) as the input power (x-axis) is 

varied from +3 dBm to -20 dBm. The frequency is held constant at 9.760240 MHz. 

The output power of the receiver is calculated in dB as given in equation 13 in Section 

4.3.3. As seen from the graph in Figure 25, the output power is linear for a range of 

approximately 22 dB. 
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Figure 25. Receiver output power for eight-bit A/D converter. 
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5.2.2 Dynamic Range with 10-Bit A/D Converter Board 

Figure 26 illustrates the receiver output power (y-axis) as the input power (x-axis) is 

varied from +3 dBm to -40 dBm. The output power of the receiver is calculated as given 

in equation 13 in section 4.3.3. As seen from the graph, the output power is linear for 

a range of approximately 43 dBm. 

5.3 Power Stability over Frequency Range 

Figure 27 illustrates the power output of the receiver over 488 Hz with a constant input 

power of -16 dBm. As seen from the graph, the power output begins to drop at the 

edges of the bin. This effect is partially due to the Hamming windows. In addition, at 

bin crossovers at the first FFT, the power starts to split between the two bins. A 

solution to this is discussed in Chapter 6. 
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Figure 26. Receiver output power for a ten-bit A/D converter. 
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5. Performance



6. Conclusions and Recommendations 

The performance of this digital beacon receiver design was satisfactory and we estimate 

the total cost for a production unit to be less than $6,000. This prototype was 

considerably less expensive as most components were donated by Analog Devices, TRW 

and Hallmark. With several minor and inexpensive modifications, the design could be 

significantly improved. These changes are outlined in the following subsections. 

6.1 Addition of VCXO 

The frequency and power outputs of the receiver become unstable at frequencies 

corresponding to 488 Hz first FFT bin boundaries. This effect is described in Sections 

5.1 and 5.3. One solution could be the addition of a tracking loop to keep the input 

frequency of the receiver centered within the stable range of a 488 Hz frequency bin. 

Figure 28 illustrates this configuration. Based on the carrier frequency estimate, the 

output processor modifies the frequency of a 60 MHz VCXO. The output of the VCXO 
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is then mixed with the incoming 70 MHz IF to produce a nominal 10 MHz IF input to 

the digital receiver. The VCXO is updated at a rate which ensures the input to the 

receiver is always centered within a 488 Hz bin. The update rate depends on the drift 

of the beacon. This tracking loop will provide stable frequency and power outputs from 

the receiver and is similar to that of the SPL receiver. 

Another method to compensate for this effect is to use a software change in the ODP. 

This method is also very promising. 

6.2 Dynamic Range Extension 

The following discussion explains how the dynamic range of the receiver can be extended 

using the auto-scale function in the FFT processor. 

In calculating the FFT, the TMC2310 must control arithmetic overflow. The TMC2310 

can be configured to either auto-scale or manual scale the data on each pass of the FFT. 

If auto-scale is chosen, the processor rescales the data based on the word growth that 

occurred during the last pass. Thus, for inputs which are small in magnitude, the data 

will not be scaled or right-shifted. The TMC2310 keeps track of the total number of “bit 

shifts” performed during calculations, making the final “block exponent” available to the 

host upon completion. The host processor must then rescale the output to get the final 

results. 

If manual scaling is used, the TMC2310 unconditionally rescales the data by a fixed 

number of bits during each pass of the FFT. With this method, the output data does 
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Figure 28. Proposed improved digital beacon receiver. 

6. Conclusions and Recommendations 94



not have to be rescaled by a post processor to get the final results. This saves time and 

hardware. However, when the input data is small in magnitude, significant data 1s lost 

during manual rescaling. This limits the dynamic range of the receiver. 

Currently, the digital receiver hardware is set up for manual scaling. However, if we 

were to provide a means for reading the block exponent from the TMC2310 and 

externally rescaling the data, we could configure the TMC2310 for auto-scaling. This 

feature would significantly improve the accuracy and dynamic range of the receiver. 

We anticipate approximately 10 dB in additional dynamic range. 

6.3 Filtering 

Digital filtering could be incorporated by the output processor in the frequency and 

power calculations. This would smooth fluctuations in the output frequency and power 

readings. 

6.4 Output Rate 

Currently, the output display is updated once every two seconds. This rate could be 

increased by changing the frequency of the second FFT calculation. At present the 

second FFT stage waits for a completely new frame of 1024 points before performing 

an FFT on the data. The accumulation of 1024 points from the first stage takes 
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approximately two seconds. However, if a sliding window function were incorporated 

into the second stage FFT hardware, the second stage could execute a 1024-point FFT 

after each new point arrives from the first stage. Since data points arrive at the second 

stage FFT once every 0.2 ms, the output rate could be increased to 500 Hz. Of course, 

this scheme would require an output processor that could perform the frequency and 

power calculations at a much faster rate than the currently used 8085 processor. 
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DIGITAL RECEIVER SIMULATION - WILL REMAKLUS - AUGUST 27, 1989 

ACCEPTS FROM THE USER THE FREQUENCY OF THE BEACON (APPROX 10 MHZ) 
AND USES FFT’S TO LOCATE THE FREQUENCY OF THE BEACON. 

THE SIGNAL AT 10 MHZ IS SAMPLED BY AN A/D CONVERTER. THE 
SAMPLING IS PERFORMED AT 8 MHZ IN THE FOLLOWING MANNER: 

S00 S01 S02 S03 S04 SO5 S06 SO7 SOB S09 S10 S11 S12 S13 S14 S15 

  

  

TQ \& / 

orscdroep 

S16 S17 S18 S19 S20 S21 S22 S23 S24 S25 S26 S27 S28 S29 S30 S31... 
IQ \_ / 

DISCARDED 

THUS, THE PAIR SAMPLE RATE IS 0.5 MHZ. THE FIRST OPERATION 
PERFORMED IS A 1024 POINT FFT. THE VECTOR RESULTING FROM THE 
FFT IS THEN SEARCHED TO LOCATE THE BIN WITH THE MOST ENERGY. 
THE WIDTH OF THIS BIN IS 500 KHZ/1024 = 488.28125 HZ. NEXT, 
THE CONTENTS OF THIS BIN IS SAVED AND 1023 ADDITIONAL FFT’S 
ARE PERFORMED WITH THE DATA FROM THE PREVIOUSLY MENTIONED 
BIN BEING SAVED AFTER EACH FFT. ONCE 1024 PAIRS HAVE BEEN 
ACCUMULATED, A SECOND FFT IS PERFORMED ON THE DATA AND THE 
RESULTING VECTOR IS SEARCHED FOR THE BIN WITH THE MAXIMUM 
POWER. THE RESOLUTION OF THESE BINS IS 488.28125 HZ / 1024 
= 0.4768 HZ EACH. 

VARIABLES: 

BEACON - INPUT FREQUENCY OF THE BEACON IN HERTZ 
DATA - SAMPLED DATA 

DT - TIME BETWEEN SAMPLES IN SECONDS 
FS - A/D SAMPLE RATE 

LOC1 - LOCATION OF MAXIMUM POWER IN FIRST FFT 
LOC2 - LOCATION OF MAXIMUM POWER IN SECOND FFT 
MAX - MAXIMUM POWER IN SEARCH OF FFT 
PI - PI 

RESULT - RESULT OF THE FFT 
SAMPLE - CURRENT SAMPLE (@ 8 MHZ) 
WFFTC - ARRAY OF PARAMETERS REQUIRED FOR FFT ROUTINES 
CFREQ - CALCULATED FREQUENCY 

DEV - DIFFERENCE BETWEEN INPUT AND CALCULATED FREQ. 
PWR1 - MAXIMUM POWER OF FIRST FFT BIN 
PWR - BEACON POWER FROM SECOND FFT 

I,J,K,R - TEMPORARY STORAGE 

A
N
N
Q
A
A
A
N
I
A
A
N
N
A
N
A
N
N
A
N
N
A
N
N
A
N
A
N
N
A
N
N
N
A
N
A
N
A
N
N
A
N
N
A
N
N
A
N
N
N
A
N
A
N
A
A
N
A
N
A
N
N
A
N
A
N
A
N
D
A
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10 

20 

30 

40 

REAL*8 BEACON, CPY (2048) ,DT, EXACT, FS, 1, IF,MAX,R, DEV, CFREQ 
REAL*8 SIGN, TEMP,WFFTC(4111),PI, PWR, PWR1,WIN(1024) ,B1l, B2 
INTEGER*4 J,K,LOC1,LOC2, SAMPLE, L,M, LP 
COMPLEX*16 DATA(1024) , RESULT (1024) , DATA2 (1024) 
EXTERNAL DCONST, DFFTCI , DF2TCF 
SAMPLE=0 . DO 
FS=8000000.D0 
DT=1.D0/FS 
PI=DCONST (’PI’) 
DO 5, LP=0, 1023 

WIN(LP+1)=0.54D0 - 0.46D0*COS((2.D0*PI*LP) /1023.D0) 
CONTINUE 
WRITE (10,100) 
READ(*,*) BEACON 
CALL DFFTCI(1024,WFFTC) 
DO 30, K=1, 1024 

DO 10, J=0, 1023 
R=COS (2.DO*PI*((J*16.DO +SAMPLE) *DT) *BEACON) 
I=COS (2. DO*PI* ((J*16.D0+1.D0+SAMPLE) *DT) *BEACON) 
R=R*WIN (J+1) 
I=I*WIN(J+1) 
DATA (J+1) =DCMPLX (SIGN*R, SIGN*I) 
CONTINUE 

SAMPLE=SAMPLE+ 16384 
CALL DF2TCF (1024, DATA, RESULT, WFFTC, CPY) 
MAX=0.DO 
DO 20, J=1, 1024 

TEMP=CDABS (RESULT (J) ) 
IF (TEMP.LT.MAX) GOTO 20 
MAX=TEMP 
PWR=CDABS (RESULT (J) ) 
LOC1=J 

CONTINUE 
PWR1=PWR/1024.D0 
R=REAL (RESULT (LOC1) ) *WIN(K) 
I=IMAG (RESULT (LOC1) ) *WIN(K) 
DATA2 (K) =CMPLX(R, 1) 
CALL DF2TCF (1024, DATA2, RESULT, WFFTC, CPY) 
MAX=0.DO 
DO 40, J=1,1024 

TEMP=CDABS (RESULT (J) ) 
WRITE(10,*) J,TEMP 
IF (TEMP.LT.MAX) GOTO 40 
MAX=TEMP 
LOC2=J 

CONTINUE 
IF (LOC1 .LE. 512) THEN 

B1=FLOAT(LOC1) +511. 
ELSE 
B1=FLOAT(LOC1)-513. 

ENDIF 
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IF (LOC2 .GT. 511) THEN 
B2=FLOAT (LOC2)-1025 

ELSE 
B2=FLOAT (LOC2) -1 

ENDIF 
CFREQ=10.25D6-(500000.D0/1024.D0) *B1 

& ~ (500000. D0/(1024.D0*1024.D0) ) *B2+1.96D0 
PWR= (CDABS (RESULT ( LOC2-1) ) +CDABS (RESULT (LOC2) ) 

& +CDABS (RESULT (LOC2+1) ) ) /(1024.D0*1024.DO0) 
DEV=BEACON-CFREQ 

WRITE(10,150) BEACON, CFREQ, DEV, LOC1-1, LOC2-1, PWR1, PWR 
100 FORMAT(T4, ‘INPUT’ ,T14,’CALCULATED’ ,T26, ‘DEVIATION’ ,T38, Bl’, 

& T43,’B2’,T48, ’POWER’ ,T57, POWER’ ,/,T2, ’FREQUENCY’ ,T14, 
& ‘FREQUENCY’ ,T48,’(B1)’,T57,’(B2)’,/) 

150 FORMAT(T2,F10.1,1T14,F10.1,T27,F7.3,137,14,T42,14,T48,F7.5, 
& 1T57,F7.5) 
END 

i 
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RRR EARRERERER RARER RRRRREEEARKREKEREREEREREAAE AER RARKAAR ARE 

=
e
 

S
e
 

M
e
 

M
H
 

M
e
 

w
e
 

OUTPUT DISPLAY PROCESSOR ASSEMBLY CODE 

FERRARA TERE EEEERERAERERRERREREREEREKRREEKEREKEAEAAKKKKERRKKRAKE 
sEQUATES SECTION 
FRRRRRRERERERERERKERRKEKREKEERREEREEEERREREEKERREREEREAKKKRRKKRRKRKE 

CS8155 -EQU 20H *COMMAND STATUS OF 8155 
B1_LOWw ~-EQU 21H *HIGH BYTE OF HIGH FREQUENCY FFT 
Bl_HIGH -EQU 22H *;LOW BYTE OF HIGH FREQUENCY FFT 
TOS -EQU 20FFH iTOP OF STACK IN 8155 RAM 
B2_ LOW -EQU 4000H 7LOW BYTE OF LOW FREQUENCY FFT 
B2_HIGH -EQU  6000H *HIGH TWO BITS OF LOW FREQUENCY FFT 
PWR_LOW -EQU OEQOOH 7;LOW BYTE OF POWER OUTPUT 
PWR_HIGH -EQU OFOOOH ;HIGH BYTE OF POWER OUTPUT 
LCD -EQU OCO0O0H *ENABLE FOR THE LCD DISPLAY ADDRESS 
SUM »~EQU) 2000H ;Temporary storage of running sum 
OUT -EQU 2004H ;Temporary storage of output ASCII 

PWR_1 -EQU 201AH ;Storage area for power output ASCII 
TEMP -EQU 202FH 
Tl -EQU) 2040H 

T2 ~-EQU 2041H 
T3 -EQU) 2042H 
T4 -EQU 2043H 
C8155 -EQU) 00001000B' ;Command word for 8155 

7PA,PB = inputs, PC = alt 4, No timer 

RARER REREREKRKREREREKKREKKEEKREKRKEREKREEKRERREKREKAKKKAKEKRKKEKKEK 

we
 

Me
 

Me
 

fe
 

TURN OFF INTERRUPTS, 

?INITIALIZE 8155 AND LCD 
;TURN ON INTERRUPTS 

RARER AKERAKRARERRKEKARERKEKREEREEREEEKEREEKREEREKERKKKKKKKRKEKRKRKKKaAK 

we
 

te
 

Se
 

Fe
 

te
 

-ORG 0000H ;Power up restart address 

RESET: DI 
JMP START ;Jump to the start of the code on power up 

-ORG 0034H ;RST 6.5 service routine 
JMP RST75 ;Jump to start of B2 collection 

-ORG 003CH ;RST 7.5 service routine 
JMP RST75 ;Jump to start of Bl collection 
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;INITIALIZE DISPLAY TO ALL BLANKS 

START: 
0040H 
SP,TOS 
A,C8155 
CS8155 
A,01011111B 

A, 38H 
LCD 
DELAY 
A, OFH 
LCD 
DELAY 
A,01H 
LCD 
DELAY_40 
A, 06H 
LCD 
DELAY_40 

A,11011111B 

B,80H 

C,00H 

H, FREQ 

OUTMSG 

B, OCOH 

Cc, 00H 

H, POWER 

OUTMSG 

B, 80H 

c,00H 

H, FREQ 

OUTMSG 

A, 00H 

SUM 

SUM+1 

200FH 

BASE+2 

SUM+2 

BASE+3 

SUM+3 

A,20H 

OUT+8 

A,48H 

OUT+9 

A, 7AH 

200EH 

;Load stack pointer with top of stack 
;Load accumulator with 8155 command word 

7;Set up 8155 
:Send 0 on SOD for LCD initialization 
7SOD = 0 sets the RS line to command mode 
;Mask all interrupts 7.6,6.5,5.5 

;Set interrupt masks and set SOD 
:First initialization word for LCD 
Output to LCD 
;Delay 40 micro seconds for command 
:Second initialization word for LCD 
;Output to LCD 
:Delay 40 micro seconds for command 

:Third initialization word for LCD 
;Output to LCD 
;Delay 1.64 milliseconds for initialize 
:Fourth initialization word for LCD 
;Output to LCD 

;Delay 1.64 milli seconds 
:Initialization of LCD complete 
:Send 1 on SOD pin to set RS = 
;SIM opcode 

3; Load 

: Load 

; Load 
7Call 

3; Load 

; Load 

; Load 

;Call 

B with line number 
counter with first 
HL with address of 

message output 
B with line number 
counter with first 
HL with address of 

message output 

data mode 

on LCD for display 
count=0 
hello message 

on LCD for display 
count=0 

hello message 

:Load base address to prepare to 

;initialize SUM address 

;Initailze highest byte 
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MVI A,20H 
STA PWR_1+4 
MVI A,64H 
STA PWR_1+5 
MVI A,42H 
STA PWR_1+6 
MVI A,6DH 
STA PWR_1+7 
MVI A,OOH 
STA PWR_1+8 
MVI A,11011011B ;Enable RST 7.5 (LOW FFT clock) 
SIM ‘End of initialization program 
EI ;Enable interrupts 

WAIT: JMP WAIT :Main loop 
JMP WAIT 

RST75: DI ;Disable all other interrupts 
MVI A,0OH : 

STA TEMP 
STA SUM 
STA SUM+1 

LDA BASE+2 
STA SUM+2 
LDA BASE+3 
STA SUM+3 

LDA B2_HIGH 
RAR 

RAR 
JNC  B2_NORM 
MVi D,04H 

LXI #H,SUM 

LXI B,HIGH_0O 
CMC 
CALL ADD_8 

B2_ NORM: LDA B2_LOW 
XRI OFFH 
STA TEMP 

LDA B2_HIGH 
XRI OFFH 

OK: RAR sRotate initial Dl into carry flag 
JNC B2_9 ;If Dl=1 add 122 to the base frequency 
MOV E,A 
MVI D,0O4H ;Load D with number of bytes to be added 
LXI H,SUM ;Load current running sum into H 
LXI B,LOW_8 ;Load address containing offset into B 
CMC ;Clear carry 
CALL ADD_8 7Call eight byte BCD add routine 
MOV A,E ; 

B2_9 RAR ;Rotate initial D1 into carry flag 
~ JNC B2_1 ;If D2=1 add 244 to the base frequency 
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MVI D,04H 
LXI H,SUM 
LXI B,LOW_9 
CMC 
CALL ADD_8 

B2_1 LDA TEMP 
RAR 
RAR 
INC B2_2 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,LOW_1 
cMC 
CALL ADD_8 
MOV A,E 

B2_2 RAR 
INC B2_3 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B, LOW 2 
CMC 
CALL ADD_8 
MOV A,E 

B2_3 RAR 
INC B2_4 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,LOW_3 
CMC 
CALL ADD_8 
MOV A,E 

B2_4 RAR 
INC B2_5 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,LOW_4 
CMC 
CALL ADD_8 
MOV A,E 

B2_5 RAR 
INC B2_6 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,LOW_5 
CMC 

:Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 
;Clear carry 
7Call eight byte BCD add routine 
;Input the Bl low byte 
*Rotate to remove DO 
;Rotate initial D1 into carry flag 
;If D1l=1 add 1 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 
;Clear carry 
:Call eight byte BCD add routine 

sRotate initial D2 into carry flag 
;If D2=1 add 2 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 

:;Load address containing offset into B 
;Clear carry 
7Call eight byte BCD add routine 

;Rotate initial Dl into carry flag 
7If D3=1 add 4 to the base frequency 

;Load D with number of bytes to be added 
:Load current running sum into H 
;Load address containing offset into B 
;Clear carry 
7Call eight byte BCD add routine 

;Rotate initial Dl into carry flag 
;If D4=1 add 8 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 
;Clear carry 
;Call eight byte BCD add routine 

;Rotate initial Dl into carry flag 
:;If D5=1 add 15 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 
:Load address containing offset into B 
;Clear carry 
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CALL ADD_8 7Call eight byte BCD add routine 
MOV A,E 

B2_6 RAR Rotate initial D1 into carry flag 
JNC B2_7 7If D6é=1 add 31 to the base frequency 
MOV E,A 
MVI D,04H ;Load D with number of bytes to be added 
LXI H,SUM ;Load current running sum into H 
LXI B,LOW_6 ;Load address containing offset into B 
cmc ;Clear carry 
CALL ADD_8 :Call eight byte BCD add routine 
MOV A,E 

B2_7 RAR ;Rotate initial D1 into carry flag 
JNC B1_0 ‘If D7=1 add 61 to the base frequency 
MOV _E,A 

MVI D,04H ;Load D with number of bytes to be added 
LXI H,SUM ;Load current running sum into H 
LXI B,LOW_7 ;Load address containing offset into B 
CMC ;Clear carry 

CALL ADD_8 ;Call eight byte BCD add routine 
B1_0 IN B1_LOW ;Input low byte of Bl 

XRI OFFH ;Complement ACC 

RAR sRotate to put DO into carry 
JNC Bl1_l :If DO=1 add 488 to the base frequency 
MOV E,A 

MVI D,04H ;Load D with number of bytes to be added 

LXI H,SUM ;Load current running sum into H 
LXI B,HIGH_O ;Load address containing offset into B 
CMC ;Clear carry 
CALL ADD_8 7Call eight byte BCD add routine 
MOV A,E 

Bll RAR ;Rotate to put D1 into carry 
~ JNC B1_2 ;If Dl=1 add 977 to the base frequency 

MOV E,A 
MVI D,04H ;Load D with number of bytes to be added 
LXI H,SUM ;Load current running sum into H 

LXI B,HIGH_1 ;Load address containing offset into B 
cmc Clear carry 

CALL ADD_8 ;Call eight byte BCD add routine 
MOV A,E 

Bl 2 RAR sRotate initial D2 into carry flag 
~ JNC B1_3 ;If D2=1 add 1953 to the base frequency 

MOV E,A 
MVI D,04H ;Load D with number of bytes to be added 
LXI H,SUM ;Load current running sum into H 
LXI B,HIGH_2 ;Load address containing offset into B 
CMC :Clear carry 
CALL ADD_8 ;Call eight byte BCD add routine 
MOV A,E 

Bl 3 RAR ;Rotate initial Dl into carry flag 
~ JNC Bl 4 :If D3=1 add 3906 to the base frequency 
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B1_4 

B15 

B1_6 

B1_7 

Bl_ 8: IN 

E,A 
MVI D,04H 
LXI H,SUM 
LXI B,HIGH_3 
CMC 
CALL ADD_8 
MOV A,E 
RAR 
INC B1_5 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,HIGH_4 
CMC 
CALL ADD_8 
MOV A,E 
RAR 
INC B1_6 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,HIGH_5 
CMC 
CALL ADD_8 
MOV A,E 
RAR 
INC B1_7 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,HIGH_6 
CMC 
CALL ADD_8 
MOV A,E 
RAR 
INC B1_8 
MOV E,A 
MVI D,04H 
LXI H,SUM 
LXI B,HIGH_7 
cMc 
CALL ADD_8 
MOV A,E 
B1_HIGH 

ADI 02H 
XRI OFFH 
RAR 
INC B1_9 
MOV E,A 
MVI D,04H 

;Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 
;Clear carry 

:Call eight byte BCD add routine 

;Rotate initial D1 into carry flag 
;If D4=1 add 7813 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 
;Load@ address containing offset into B 
;Clear carry 
7Call eight byte BCD add routine 

;Rotate initial Dl into carry flag 
;If D5=1 add 15625 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 
;Clear carry 
;Call eight byte BCD add routine 

:Rotate initial Dl into carry flag 
;If D6=1 add 31250 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 

;Clear carry 
:Call eight byte BCD add routine 

;Rotate initial Dl into carry flag 
:If D7=1 add 62500 to the base frequency 

:;Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 

;Clear carry 
;Call eight byte BCD add routine 

;Complement ACC 
;Rotate initial Dl into carry flag 
:If DO=1 add 125000 to the base frequency 

;Load D with number of bytes to be added 
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B1_9 

DONE 

H,SUM 
B,HIGH_8 

ADD_8 
A,E 

DONE 
E,A 
D, 04H 
H, SUM 
B, HIGH_9 

ADD_8 

A,E 

H,SUM 

A,M 

ROTATE 

CONVERT 

OUT+6 

A,M 

CONVERT 

OUT+7 

H 
A,M 

ROTATE 

CONVERT 

OUT+4 

A,M 

CONVERT 

OUT+5 

H 

A,M 

ROTATE 

CONVERT 

OUT+2 

;Load current running sum into H 
:Load address containing offset into B 

;Clear carry 
7Call eight byte BCD add routine 

7Rotate initial D1 into carry flag 
;If D1l=1 add 250000 to the base frequency 

;Load D with number of bytes to be added 
;Load current running sum into H 
;Load address containing offset into B 
;Clear carry 
7Call eight byte BCD add routine 

:Store result for output 

;Move lowest byte of result into accumulator 
;Rotate highest nibble for conversion to output 
;Convert to ASCII character 
;Store result for output 

;Retrive low nibble of lowest byte 
7Convert to ASCII 
?Store result for output 

;Retrive low nibble of lowest byte 

;Convert to ASCII 
:Store result for output 

;Get next two digits 

;Retrive low nibble of lowest byte 

;Convert to ASCII 

;Store result for output 
;Get next two digits 

:Retrive low nibble of lowest byte 

;Convert to ASCII 
:Store result for output 
;Get next two digits 

;Set location of first display 
:Load counter with zero 
:Load location of first byte into HL 

7Call output routine 
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PRAM AAKKERERAEKEERHREKREEREKRKKREKREKRERERARRARERREKKEKEKHKKKKKKKKKKE 

LDA 
MOV 
LDA 
ANI 
ADI 
MOV 
DCX 
MOV 
CPI 
JINZ 
MvI 

ARND MOV 
PUSH 
INX 
MOV 
CPI 

ARND2 POP 

ARND3 MOV 

ARND4 INX 
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B2_LOW ;Get the low byte of the max power bin address 
L,A ;Move into the L register 
B2_HIGH ;Get the high byte of the max power bin address 
03H ;Mask off high nibble which should be zero 
OEOH ;Add base address of low POWER rom 
H,A 

H 
A,H 

ODFH 

ARND 

H, OE3H 

A,M 7Get low byte of lowest of 3 bins 
PSW 

H 

A,H 

OE4H ; 
ARND2 

H, OEOH 
PSW 

M ;Add this one to the low bin 

T1 

;Increment the HL pair to get middle bin power 

7Get carry 
01H ;Mask all but low bit (carry) 
T2 

T1 ;Relaod acc with result of two low bins 
H sIncrement the hL to get the last bin 
M ;Add highest bin 
T3 ;store low byte of power out 
PSW 
H 

A,H 

10H 

OEFH 

ARND3 

A, OF3H 

H,A 
PSW ;gets carry flag back 

T2 

M sAdds first + second carry flags and low bin 

PSW 

, 

OF3H 
ARND4 

H, OEFH 

A,H 
OF3H 

111



ROTATE: 

CONVERT: 

A,11011011B 
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7Get low power byte 

Rotate highest nibble for conversion to output 
;Convert to ASCII character 
;Store result for output 
*Retrive low nibble of high byte 
;Convert to ASCII 
:Store result for output 
;Get high byte of power 
;Save 
Rotate highest nibble for conversion to output 
;Convert to ASCII character 

;Store result for output 
;Retrive low nibble of high byte 
;Convert to ASCII 

;Store result for output 
;Set location of first display 
;Load counter with zero 
:Load location of first byte into HL 
7Call output routine 
7reset interrupts 

7Rotate the accumulator 

;four times to get the high nibble 
zin position for output 

;Mask off high nibble 
;Greater than 9 convert to a-f 
;Jump to A_F routine, otherwise 

;Add thirty hex to get correct ASCII digit 

;Add enough to get the ASCII equivalent 
’ 

;Load accumulator with byte to be sent 
;Compare to 00 hex (end of message) 

;Return if end of message 
s;Increment counter to get next character 
;Save character for display later 
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LINE_ONE: POP 

DELAY_40: MVI 
LOOP1: DCR 

CPI 
RZ 

DELAY: MVI 

LOOP2: DCR 

;MULTIBYTE ADD 

ADD_8: LDAX 

A 
0 
LINE_ONE 
A,01011111B 

A 

7c 
OH 

1B 
LCD 
DELAY 
A,11011111B 

Cc 
P SW 
LCD 
DELAY 

OUTMSG 

E,28H 

E 
0 

DELAY 

OH 

LOOP1 

A,10H 
A 

0 OH 

LOOP2 

FROM SHORT 

P
u
m
 

Oo 

DD_8 

;Get count 
;Compare to 00 

7if greater than second character 
;Not set RS = O and send control character 
?To begin on at correct address 
;Load accumulator with address 
*Store in LCD display 
:Delay to get correct timing 
7Rest RS to begin Data display 
;Set SOD = 1, data position 
;Increment counter 

;Retrieve character for display 
*Send data character and loop to get 
;Delay for timing 
;next character 

;Load accumulator with 40 decimal 
; Decrement 

:Done with delay? 
7If yes return 
*If not call 40 Microsecond delay 
;Stay in loop 

;Load accumulator with 16 decimal 
;Decrement 

:Done with delay? 
7If yes return 

:Stay in loop 

;Load Acc from (bc) 

;Add to contents pointed to by HL 
;decimal adjust to get BCD result 
;dercrement byte counter 
;store result in (HL) 
:if done with all 4 bytes return 
;get next byte 
;get next byte 

;do it again 

Appendix B. Output Display Processor Assembly Code 113



POWER 

BASE 
HIGH_10 
HIGH_9 
HIGH_8 
HIGH_7 
HIGH_6 
HIGH_5 
HIGH_4 
HIGH_3 
HIGH_2 
HIGH_1 
HIGH_0 
LOW_9 
LOw_8 
LOW_7 
LOW_6 
LOW_5 
LOW_4 
LOW 3 
LOW_2 
LOW_1 

- TEXT 
- BYTE 

- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- BYTE 
- END 

"FREQ=" 
00H 
"POWER=" 
OOH 
OOH, 00H, 75H, 09H 
00H, 00H, 50H, 00H 
OOH, 00H, 25H, 00H 
OOH, 50H, 12H, 00H 
OOH, 25H, 06H, 00H 
50H, 12H, 03H, 00H 
25H, 56H, 01H, 00H 
13H, 78H, 00H, OOH 
06H, 39H, 00H, 00H 
53H, 19H, 00H, 00H 
77H, 09H, OOH, OOH 
88H, 04H, 00H, 00H 
44H, 02H, 00H, OOH 
22H, 01H, 00H, OOH 
61H, 00H, 00H, OOH 
31H, 00H, 00H, OOH 
15H, OOH, OOH, OOH 
08H, 00H, 00H, 00H 
04H, OOH, 00H, 00H 
02H, OOH, OOH, OOH 
01H, OOH, 00H, 00H 
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(ABSTRACT) 

A digital beacon receiver has been developed to monitor the OLYMPUS satellite 

beacons. The receiver accepts a nominal 10 MHz IF input and processes the signal 

using digital signal processing techniques. Fast Fourier transforms are used to locate the 

carrier within 0.5 Hz. The outputs of the receiver include the frequency and the power 

of the carrier.
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