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ABSTRACT 

An in depth analysis of the equipment needed for a Geostationary 

Operational Environmental Satellites (GOES) receiving station is 

presented. In addition to a systems level approach to the equipment 

needed, a detailed circuit design and description of four of the 

components needed for this receiving station is presented. These four 

components are the I.F. Amplifier, Demodulator, Bit Synchronizer and 

Computer Interface Card. 
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CHAPTER 1 

INTRODUCTION 

1.1 DESCRIPTION OF GOES SATELLITES 

The Geostationary Operational Environmental Satellites (GOES) are 

a series of meteorological satellites which provide continuous 

observation of worldwide meteorological conditions. They have been 

developed and are still being developed by a joint effort between the 

National Oceanic and Atmospheric Administration (NOAA) and the National 

Aeronautics and Space Administration (NASA). These satellites are 

operated and maintained by the National Environmental Satellite, Data, 

and Information Service (NESDIS) of NOAA. 

The GOES satellites are maintained in geosynchronous orbit 19,312 

nautical miles above the earth's surface over the equator. These 

satellites are usually located at one or more of three longitudes, 

depending upon how many of the satellites are operational at one time. 

GOES East, Central and West are located at approximately 75°W, 107°W and 

135°W longitude, respectively. Typically, two of the satellites are 

operational at one time, and they are positioned at the East and West 

locations. At the present time (June 1991) only one of the GOES 

satellites is operational. This satellite is nominally positioned at 

the Central location, but is being Blowly moved to 98°W by August 1, 

1991 where it will remain for several months during hurricane season. 

The GOES satellites perform a number of functions. Their primary 
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mission is to provide high resolution continuous day and night weather 

information. In addition, they also provide low resolution facsimile 

transmission of processed weather data (WEFAX). They also relay Search 

and Rescue (SAR) emergency signals, and Data Collection System (DCS) 

messages from remote areas. Newer satellites contain instruments known 

as the Space Environment Monitor (SBH) which provide measurements of 

magnetic fields, energetic particle flux near the spacecraft and X-rays 

emitted by the sun. Only the GOES primary mission, high resolution 

weather information, is discussed in the remainder of this theBis. 

Each satellite is assigned a letter while it iB being built and 

after it is successfully launched, it is assigned a number. ThuB, for 

the following discussion, the number of each satellite appears in 

parenthesis behind the corresponding letter. The first 3 GOES 

satellites, GOBS A{1), B(2) & C(3) were launched in 1975, 1977 and 1978. 

Heather observations on these firBt 3 satellites were made with a 

Visible and Infrared Spin Scan Radiometer (VISSR). This instrument 

imaged the earth in the visible light band and in one thermal infrared 

<IR) band. The GOES D(4), E(5) and F(6) satellites were launched in 

1980, 1981 and 1983. The GOES G satellite was destroyed during launch 

in 1986. The GOES H(7) satellite was launched in 1987 and is the only 

satellite which is Btill fully operational. The GOES D, E, F, G and H 

satellites were supplied with an improved version of the VISSR known as 

the Visible and IR spin scan radiometer Atmospheric Sounder (VAS). The 

VAS can operate in the VISSR mode. It also can operate in a mode known 

aB HultiSpectral Imaging (HSI) mode, where it scans the earth in 

multiple IR spectral bands. In addition, the VAS can perform 
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atmospheric temperature sounding. This sounding data can be used to 

retrieve temperature profiles over selected geographic areas. 

The GOES I thru H satellites were the next GOES satellites 

scheduled for launch, with launches scheduled to start occurring in 

1990, but the schedule has been delayed several times. The current 

projection is for launches to begin in October, 1992. GOES I-H 

satellites will be equipped with an improved version of the VAS sensor 

and will transmit data in a new format known as GOES Variable {GVAR). 

The GVAR data will be Bimilar to the VAS data, but the GVAR format will 

be variable rather than the fixed format used by VAS. The GVAR data 

will be comprised of more atmospheric sounding data and also will be of 

higher resolution than the data produced with VAS. 

1.2 DESCRIPTION OF A GOES RECEIVING STATION 

The high resolution data that is produced by the VAS is very 

useful for meteorological purposes. The VAS data is comprised of 1 km 

resolution 6-bit visible data and 7 km & 14 km resolution 10-bit IR data 

in addition to the MSX and atmospheric sounding data. These data are 

used by a large number of people for various purposes. For this reason, 

it is desirable to have a ground station capable of receiving GOES VAS 

data. 

In order to build a ground station to receive this VAS data, it is 

necessary to understand how the data are transmitted from GOES. First, 

the raw data from the VAS are transmitted by the GOES satellite in 

bursts at a 28 Mbit/s rate on a carrier frequency of 1681.6 HHz to the 

NOAA Command and Data Acquisition (CDA) Station in Wallops Island, 
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Virginia. There, the data are calibrated, reformatted, and transmitted 

back to the GOES satellite, at a reduced data rate, on a carrier of 

2029.1 MHz. The corrected data, known as Stretched VAS (SVAS) are then 

transmitted by GOES to earth at a 2,111,360 bit/s nominal rate on a 

carrier of 1687.1 MHz. Since the SVAS data are transmitted at a much 

lower data rate, it is much easier to receive than the raw VAS data. 

The time between when the data are scanned by the VAS sensor and the 

corresponding SVAS data are transmitted is only a couple of seconds. 

Thus, SVAS data are preferable for reception by ground stations which 

wish to use GOBS data. 

Figure 1-1 shows the basic components required for a GOES SVAS 

receiving station. The antenna, feed and low noise amplifier (LNA) 

gather the signal being transmitted from the GOES satellite and amplify 

it. This amplified signal which is a 1687.1 MHz carrier signal with a 

2,111,360 bit/s signal bi-phase (BPSK) modulated on it, is then 

frequency shifted by the downconverter to a lower carrier frequency 

signal (usually between 20 and 150 MHz) with this same 2,111,360 bit/s 

signal bi-phase modulated on it. In addition to performing a frequency 

conversion, the downconverter also amplifies the signal. The LNA and 

downconverter are all located outside on the antenna, to minimize the 

amount of noise being added to the signal. A long piece of coaxial 

cable is used to feed the output from the downconverter into the 

receiver, because the receiver and all of the rest of the components are 

usually located indoors. The receiver (sometimes referred to as an I.F. 

amplifier) "locks on" the signal, filters noise from the signal and then 

boostB the signal level to the appropriate level required by the 
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SVAS Signal From GOES Satellite 
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Figure 1-1: Block Diagram of GOES SVAS Receiving Station 
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demodulator. The demodulator extracts the 2,111,360 bit/s signal from 

the carrier. This digital bit stream is Bent to the bit synchronizer, 

where a 2,111,360 Hz clock is generated from the bit stream. Format 

conversion may also occur in the bit synchronizer to make the data 

format outputted by the bit synchronizer compatible with the format 

required by the computer interface. The clock and data stream that are 

outputted by the bit synchronizer are input into the computer interface 

board which converts the data to a format that can be read by the 

computer. After being read into the computer, the data can be displayed 

or stored for future use. 

Each of these components are discussed in greater detail in 

Chapter 2. In addition, detailed designs for an I.F. amplifier, 

demodulator, bit synchronizer and computer interface are presented in 

Chapters 3, 4, 5 and 6 respectively. 
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CHAPTER 2 

ANALYSIS OP EQUIPMENT REQUIRED FOR GOES SVAS RECEIVING STATION 

5.1 FRONT - END REQUIREMENTS & EQUIPMENT 

2.1.1 Bit Error Rate 

The selection of the components used to construct a GOES receiving 

system should be based upon what bit error rate (BER) is acceptable for 

the receiving system. As mentioned in the previous chapter, the GOES 

data are transmitted using Binary Phase Shift Keying (BPSK). For a BPSK 

system, the BER is given by (Roddy 1989, p. 157) 

BER = 0.5 erfc [̂ b/No] (2.1) 

where 

Eb = average bit energy 

No = noise power spectrum density 

erfc = complementary error function. 

The complementary error function contains an integral which is 

rather difficult to calculate. If the Eb/No ratio is greater than 6.5 

dB, the BER can also be approximated with negligible error using the 

approximate expression (Roddy 1989, p. 143) 

e-Eb/No 

BER « (2.2) 
lArrEb/No 

Theoretical BERs calculated from thiB expression for several Eb/No 

ratios are given in Table 2-1. 



19 

Table 2-1: Bit Error Sates for Various Eb/No Ratios 

BER Eb/No (ratio) Eb/No (decibels) 

10E-3 4.9 6.9 dB 

10E-4 7.0 8.5 dB 

10E-5 9.2 9.6 dB 

10E-6 11.4 10.6 dB 

10E-7 13.6 11.4 dB 

10E-8 15.8 12.0 dB 

2.1.2 Sain and Noise Temperature Requirements 

In order to specify the components necessary to achieve an 

acceptable bit rate, it is convenient to express the Gain/Temperature 

ratio of the components in terms of the Eb/No ratio. To do this, it is 

necessary to combine the following expressions for the carrier to noise 

ratio of the signal being received by the receiving station (Pritchard 

1986, pp. 148 & 223): 

C/N = Eb * Rb / (NO * B) (2.3) 

C/N = EIRP * Gr / (LS * TB * K * B). (2.4) 

Combining these two equations results in 

Gr/Ts = (Eb/No) * Rb * Ls * k / EIRP (2.5) 

which can be written in decibel form as 

Gr/Ts(dB/K) = Eb/No(dB) + Rb(dB) + LS(dB) 

+ k(dBJ/K) - EIRP(dBW), (2*6) 

where 

Gr « gain of the receiving Bystem 
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Ts = system noise temperature 

Rb = bit rate = 2,111,360 bits/s (63.25dB) 

Ls = free space loss = (4TTR/lambda)3 

= {4jr*38,172km/[3*10E8 m/s /(1687.1E6 /s)]}3 

= 7.2769E18 (188.62 dB) (Furthest satellite to Tucson), 

k = Boltzmann's constant 1.38*10E-23 J/K (-228.60 dBJ/K} 

EIRP = equivalent isotropic radiated power of the 

GOES Satellite = 54.4 dBm =24.4 dBW. 

Substituting the above listed constant and parameter values into (2.6) 

yields 

Gr/Ts(dB/R) - Eb/No(dB) + 63.25 dB + 188.62 dB 

- 24.4 dBW - 228.60 dBJ/K 

» Eb/No(dB) - 1.13 (2.7) 

which specifies Gr/TB for a desired BER (which corresponds to a 

particular Eb/No ratio). 

Zn practice, actual systems don't perform quite as well as the 

theoretical prediction, because the various components, such as the 

demodulator and bit synchronizer, are not ideal. Typical performance of 

an actual system falls 2 to 3 dB below the predicted theoretical 

performance level (Pritchard 1986, pp. 223-224). Thus, (2.7) should 

have a safety margin of about 3 dB added to it to account for the system 

performance of actual systems, which yields the working relation 

Gr/Ts(dB/K) « Eb/No(dB) + 1.87 dB. (2.8) 

The only thing remaining to completely specify the required 

Gain/Temperature ratio of the receiving system is the acceptable BER. 
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Typically, for thiB type of ground station, the maximum BER is chosen to 

be around 1E-6 which corresponds to an Eb/No ratio of at least 10.6 dB. 

Substituting this value for Eb/No into (2.8) results in 

Gr/Ts(dB/K) > 12.47 dB (2.9) 

or 

Gr(dB) - Ts(dBK) > 12.47 dB. (2.10) 

The gain of the receiving system, Gr, is determined by the size of 

the receiving antenna. One possible choice for an antenna would be to 

use a low cost 12 ft. parabolic antenna of the type used for a home 

television satellite receiving system. A 12 ft. dish with 55% 

efficiency yields a gain of 33.64 dB (as will be shown in section 2.2). 

For an antenna with this gain the system noise temperature, Ts(dBK), 

must be less than 33.64 - 12.47 = 21.17 dBK. This maximum system noise 

temperature, expressed in Kelvin, is Ts(K) = 131°K. The system noise 

temperature can be expressed as (Pritchard 1986, p. 163) 

Ts = Ta + Te (2.11) 

where 

Ta = antenna noise temperature 

Te = excess noise temperature seen looking forward from the 

antenna into the rest of the receiving system. 

When several stages of a receiving system are cascaded, such as 

stage 1 with excess noise temperature T@̂  and gain Ĝ , cascaded with 

stage 2 with excess noise temperature T̂  and gain G2, their composite 

noise temperature is given by (Pritchard 1986, p. 164) 

T« " Tel + Te2 I V <2-"' 

In the case of the receiving system considered here, the cascaded stages 
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include those shown in Figure 2-1, and Ts in this case is given by 

T s = T a + T  + T  / G  + T  /(G * G ) + ... 
LNA DC LNA CBM LNA DC' 

(2.13) 

Antenna LNA Downconverter Cables Receiver 

Gr ==> °LNA 1 ==> GDC ==> GCB ==> 6R 
Ta TLNA 1 TDC TCB TR 

TO 
==> Demodulator 

Figure 2-1: GOBS Receiving System Cascaded Stages 

When specifying noise temperatures, some vendors specify the noise 

temperature of their components in termB of a noise figure, F, which is 

defined as {Pritchard, p. 165) 

T - (F - 1) * To where To = 290°K. (2.14) 

The noise temperature of the antenna depends upon a number of 

factors which will be discussed in the next section, but as a rough 

approximation, Ta for parabolic antennaB used for satellite reception 

will be less than 60°K (Martin 1978, p. 130 and Morgan 1989, p. 321). 

For a typical downconverter, the noise figure is usually in the 

neighborhood of 5 to 10 dBNF. For example, if a downconverter has a 

7/10 noise figure specified as 7 dBNF or F - 10 ' = 5.012, the 

downconverter's noise temperature is T̂  = (5.012 - 1) * 290°K = 

1163.5°K. Thus, for this downconverter, the system noise temperature 

would be 

TS - 60-K f • 1163.5-K/Ĝ  + ̂ /(Ĝ - Ĝ ) • ... (2.15) 

If the gain of the LNA is made large enough, the noise added by 

the downconverter can be ignored. For example, if = 30 dB = 1000, 

the noise contributed by the downconverter would be 1163.5°K/1000 or 

approximately 1°K which is negligible compared to the acceptable system 
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noise temperature of 131°K. Similarly, if the gains of the LNA and 

downconverter are large enough/ the noises contributed by the cables and 

receiver can also be ignored. In the limit of large gains for the LNA 

and downconverter, the system noise temperature becomes just the sum of 

the antenna noise temperature and the LNA noise temperature; 

Since Ts < 131°K to have a BER < 10E-6, the LNA would have to have 

a maximum noise temperature of 131°K - 60°K = 71°K, which corresponds to 

a noise figure of 0.095 dBNF. High gain LNAs with this magnitude of 

noise figure are commercially available which means that a 55% efficient 

12 ft. parabolic dish should be adequate for the receiving system 

antenna. The antenna and the rest of the components necessary for a 

receiving system ace discussed in more detail in the remaining sections 

in this chapter. In addition, a list of possible receiving system 

component vendors is provided in Appendix A. 

2.2.1 Antenna Gain and Efficiency 

The gain of a paraboloid antenna, Gr, iB given by (Pratt 1986, p. 

81 & 110) 

Ts = 60°K + T, 
LNA" 

(2.16) 

2.2 ANTENNA SPECIFICATIONS 

Gr = z * 4TT * A * /a / c* (2.17) 

where 

z efficiency of the antenna (for a paraboloid 

antenna z = 0.55) 

/ = transmission frequency (1687.1E6 Hz) 

A = aperture area of antenna (nd3/4) 
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c = speed of light (3.0E8 m/s = 9.81G8 ft./s). 

Inserting the listed parameter values in (2.17) yields 

6r = z * wa * (1687.1E6)3 * d* / (9.81E8 ft.)* 

= z * 29.19 * da (d is diameter in feet). (2.18) 

The efficiency of an antenna, z, is determined by a number of 

factors (Fritchard 1986, p. 330). One of these is the surface 

efficiency of the reflector. The surface efficiency depends upon how 

much the surface of the reflector differs from the ideal theoretical 

surface. The surface efficiency is also affected by the mesh spacing if 

a mesh is used for an antenna. A mesh antenna will reflect nearly all 

of the energy that is incident upon it if the holes in the mesh are less 

than l/10th of the wavelength of the incoming signal. For a given 

antenna, the surface efficiency increases as the frequency of the signal 

being received decreases, because as the frequency decreases the 

wavelength of the signal increases, and the surface irregularities of 

the reflector and the holes in the meBh (if the dish is made with mesh) 

are smaller in comparison to the signal wavelength. Thus, a television 

antenna which was designed to give a high efficiency in the C-band 

(3.7 - 4.2 GHz) or the Ku band (11.7 - 12.7 GHz) will have even greater 

efficiency at 1.6871 GHz. 

Other factors affecting the efficiency of the antenna include 

blockage efficiency, cross polarization efficiency, feed efficiency and 

ohmic and mismatch efficiency. The blockage efficiency can be maximized 

by making the feed and feed-support assembly aB small as possible so 

they don't block the incoming signal on the paraboloid reflector. The 

cross polarization efficiency can be maximized by using the proper type 
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of feed, linear polarized, and by positioning the feed properly to 

minimize the energy coupled into the orthogonal polarization. Feed 

efficiency is determined by both how well the feed was designed/ 

constructed and by how well the feed is positioned. The feed should be 

positioned at the antenna focal point and the feed should be designed to 

be compatible with the focal length to diameter (F/D) ratio of the 

reflector to maximize feed efficiency. Ohmic and mismatch efficiencies 

are determined by the feed design, by the positioning of the feed and by 

the cabling going from the feed to the LNA. 

2.2.2 Antenna Beamwidth 

From (2.18) it can be seen that the larger the antenna the larger 

the gain. This suggests that bigger antennas are better than smaller 

antennas. However, there is one disadvantage to big antennas. Larger 

antennas have narrower beamwidths. The beamwidth of an antenna defines 

how precisely the antenna must be pointed at the satellite to ensure 

that the incoming signal will be received with a certain antenna gain. 

The half power or 3dB beamwidth of an antenna is defined as the angle 

between the gain half-power points; in degrees, can be 

approximated as (I.T.T. 1981, p. 28-21) 

®3dB * (70'000>//d (2.19) 

where 

/ = frequency in megahertz 

d = antenna diameter in feet. 

For / = 1687.1 MHz, © is approximately 3.4° for a 12 ft. 
3aB 

antenna and about 2.6° for a 16 ft. antenna. Thus, if a 12 ft. antenna 
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were pointed 1.7° away from "dead-on" at the satellite, the signal from 

the satellite would be received with 3 dB less gain than if the antenna 

were pointed directly at the satellite. Antenna vendors typically 

specify the 3dB beamwidth for their antennae at a particular frequehcy 

but do not specify any other antenna beamwidths (e.g. ldB beamwidth). 

For the GOES receiving system, 3 dB is too much gain to lose by antenna 

pointing inaccuracies. A more acceptable pointing accuracy loss would 

be on the order of 0.25 dB. One receiving system vendor, Sutron, 

specifies a 0.25 dB loss for their 3.81 meter (12.5 ft.) antenna for a 

beamwidth of 10. Thus, if this antenna is pointed within 0.5° of the 

satellite, the signal being received by the antenna would be at most 

0.25 dB less than the maximum. For a larger antenna such as a 16 ft. 

antenna, the beamwidth is slightly smaller and it would have to be 

pointed at the satellite more precisely to maintain the gain within 0.25 

dB. Home TV satellite antennas are typically positioned in steps of 0.1° 

so these types of satellite positioning systems should be capable of 

achieving sufficient antenna pointing accuracy. 

2.2.3 Antenna Positioning Angles 

In order to receive information from the satellite, the antenna 

must be pointed accurately at the satellite. The positioning angles 

required to point the antenna at the satellite and the distance between 

the earth Btation and the satellite may be calculated by (Pritchard 

1986, p. 58) 
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0 = sin *[-Bin 5 / (i/ 1 - cosa0 cosa6)] (2.20) 
AZ 

© . = cos ̂ [(Re + h) (•/ 1 - cos*0 cosa5) / d] (2.21) SI 

d = / h* + 2Re(h + Re)(l - cos <p cos 5) (2.22) 

where 

6 = antenna azimuth positioning angle 
AZ 

0 = antenna elevation positioning angle 
El 

d = distance between earth station and satellite 

£ = difference in longitude between earth station & 

satellite (positive for earth station west of Bate) 

<t> = latitude of earth station 

Re = equatorial radius of the earth (6,378 km) 

h = satellite altitude (35,860 km). 

These angles have been calculated for each GOES satellite position 

assuming that the earth station is located in Tucson, Arizona (111° W 

longitude, 32.5° N latitude) and the results are given in Table 2-2. 

Table 2-2: Positioning Angles for Antenna in Tucson to GOES Satellites 

Satellite Latitude °Az °E1 Distance 

GOES-East 75°W -53.52° 36.01° 38,172 km 

GOES-Central 107°W - 7.42° 51.94° 37,033 km 

GOES-West 135°W +39.65° A
 • CO 0
 

37,545 km 

The angles given in Table 2-2 can be used to point the antenna at the 

satellite if an AZ-EL type mount is used for positioning the antenna. 
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2.2.4 Antenna Noise Temperature 

The noise temperature of the antenna depends upon the antenna 

design, the location of the antenna and in what environment it is 

operated. The noiBe temperature of an antenna can be broken into two 

categories; 1) noise generated from imperfections in the antenna itself 

and 2) environmental noise which is picked up by the antenna (Roddy 

1989, p. 181). 

NoiseB generated from imperfections in the antenna are caused by a 

number of things (Pratt 1986, p. 382). For example, noise is generated 

when there are imperfections in the surface of the reflector. Noise is 

also generated by the feed not being positioned correctly. Feed and 

waveguide impedance mismatches also generate noise. The blockage caused 

by the feed and feed support assembly contribute noise as well. The 

good thing about these noise sources is that they get smaller or remain 

the same as the frequency of the signal of interest decreases, because 

the antenna surface imperfections are smaller compared to the wavelength 

of the incoming signal. Thus, an antenna which has a low noise 

temperature in the C or Ku TV bands will generally have even a lower 

noise temperature at 1,687.1 MHz. 

There are a number of sources which generate environmental noise 

which may be received by the antenna. These include the sun, the moon, 

the earth, galactic noise, cosmic noise, sky noise, atmospheric noise 

and man-made noise (Martin 1978, p. 122). When the sun is in the 

beamwidth of the antenna, the signal will be totally drowned out because 

the noise temperature of the sun is around 100,000°K. Since the moon 

has a noise temperature of about 300°K (Allnut 1989, p. 169), when the 
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moon is in the beamwidth of the antenna, the BER will be degraded by 

about three orders of magnitude. The amount of noise that the antenna 

picks up decreases as the elevation angle of the antenna increases. For 

an antenna in Tucson, with an antenna elevation angle of around 40°, the 

amount of environmental noise picked up by the antenna should be about 

5°K, excluding the effects of rain, fog and clouds (Martin 1978, p. 

125). The amount of additional noise received as a result of rain, fog 

and clouds should also be around 5°K (Martin 1978, p. 127). Thus, the 

total contributions by environmental noise should be around 10°K, 

assuming that the moon or sun iB not in the beamwidth of the antenna. 

It is for this reason, low environmental noise, in addition to the 

negligible atmospheric attenuation effects, that the frequency for 

meteorological satellites is usually chosen to be around 2 GHz. 

2.2.5 Commercial Antennas Available 

From the previous discussion of gainB and noise temperatures, it 

is obvious that it is desirable to use a high gain, low noise antenna. 

The least expensive option would be to buy a 12 ft. antenna from a 

satellite television vendor. There are a number of brands of antennas 

distributed by local concerns including EchoStar, Orbitron, Paraclipse 

and Unimesh. Prices of these dishes run from about $700 to $1,200, 

depending upon which brand of antenna and from which store it is 

purchased. The Paraclipse brand is probably the most logical choice for 

a number of reasons. The Paraclipse antenna is actually 3.8 meters 

(12.5 ft.) so it has a surface area slightly larger than the other 

antennas, it is also highly efficient (70% at C-Band) and has a low 
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antenna temperature of 24°K. It is carried by all the local satellite 

equipment vendors and iB recommended by them to perform among the best. 

In addition to the basic dish, a base, mount, positioning system 

and feed are also required for a complete antenna system. Typically, a 

base can be as simple as a 3.5" diameter pole with 2 pieces of metal 

mounted in a cross configuration as feet which can be bolted down to a 

pad. Such a base shouldn't cost more than $100 to $200. A more rugged 

custom welded base can also be obtained for around $1000 from vendors 

such as All state Satellite and Appliance Center in Tucson. The 

Paraclipse antenna can be purchased with one of two possible mount and 

motor configurations. The cheaper arrangement ($200) uses a 24" mount 

with a Saginaw Arm Motor Drive. The more rugged option ($400) uses a 

Cog Drive instead of the Saginaw Arm. A control box is also needed to 

drive the antenna. The newer television receivers have the motor 

control built into them. Since the signal coming from the satellite 

dish will not be compatible with these receivers, an older antenna 

position controller is required, the most common of which are the 

Tracker III and Tracker IV Controllers from Houston Instruments. These 

can be obtained for around $300. For the feed, there are two options 

which might be considered. As a bare bones option, a feed could be 

constructed from an aluminum can (Taggart 1981, pp. 32-29). A feed can 

also be purchased from Wilmanco for $225, which is not excessive. The 

feed from Wilmanco is designed to be used for antennas with a F/D ratio 

between 0.35 and 0.45, so it is compatible with the ParaclipBe 0.375 F/D 

ratio. The shortcoming of the Wilmanco feed is that it is only about 

50% efficient. 
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A more expensive option would be to buy a 5 meter fiberglass dish 

system from Synergistics International or Aydin. The 5 meter dish would 

provide about 2 dB more gain than the 12 ft. dish. Synergistics sells 

its 5 meter reflector with a pedestal and a high efficiency feed for 

around $14,000. Aydin sells a 5 meter dish manufactured by Comtech as 

part of a complete package with computers and software for around 

$175,000. One disadvantage of these 5 meter dishes, in addition to 

their high cost, is that they have manual mounts. Thus, if it is 

desired to track more than just one GOES satellite, or if the GOES 

satellites are changing positions, the antenna must be repositioned 

manually. Another meteorological satellite equipment vendor, Sutron, 

sells a 3 piece fiberglass 3.81 meter antenna with a manual Az-El mount, 

but this dish iB the same size as the Paraclipse dish which can be 

bought locally. 

2.3 LOW NOISE AMPLIFIER SPECIFICATIONS 

2.3.1 LNA Noise Temperature. Gain & Bandwidth Requirements 

As discussed in section 2.1.2, it is desirable to have an LNA with 

as low a noise temperature as possible. The maximum allowable noise 

temperature is determined by the acceptable BER and the selected 

antenna. For a 55% efficient 12 ft. antenna the maximum LNA noise 

temperature should be around 70°K. Several vendors make low noise 

amplifiers that meet .this specification. The use of a larger antenna 

would allow use of an LNA with a higher noise temperature. However, it 

is much more economical to spend a little more for an LNA with a lower 

noise temperature than it is to spend a lot more for a larger antenna as 
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the means for improving system performance. Thus, it is recommended 

that an LNA with no greater than a 70°K noise temperature be used, 

regardless of what size antenna is selected. AIBO, the LNA should be 

mounted on the feed with as short a cable as possible to minimize noise. 

As also discussed in section 2.1.2, if a high gain LNA is used, the 

noise contributions of all of the components beyond the LNA can be 

ignored. For this reason, the LNA should have a gain of at least 30 dB. 

The SVAS carrier frequency is 1687.1 MHz (1685.7 MHz on the GOES 

X-M satellites). Therefore, the center frequency of the LNA should be 

around 1686 MHz. The spectrum of the BPSK signal that is modulated on 

this carrier frequency will be comprised of a broad power spectrum with 

lobes between the multiples of the bit rate 2,111,360 bits/s (Pritchard 

1986, p. 221). The central lobe which is 4.22 MHz wide contains most of 

the energy of the modulated signal, but the side lobes also contain some 

of the energy. The bandwidth of the LNA should be about 20 MHz wide to 

include the major lobe and first 3 side lobes and, thereby, fairly 

accurately preserve the signal spectrum. If the LNA bandwidth is this 

wide, it would also allow reception of other GOES data, such as WEFAX, 

which is transmitted at 1691 MHz. 

2.3.2 Commercial LNAs Available 

Several vendors sell low noise amplifiers for the GOES frequency 

range. Synergistics sells a combination LNA and Downconverter along 

with 250 ft. of cable for around $8,400. Their LNA/downconverter 

combination has a center frequency of 1690 MHz, a noise temperature of 

about 65°K, gain of 80 dB nominally and a bandwidth of more than 20 MHz. 
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This is a reasonable choice if the Synergistics 5 meter antenna and 

Synergistics receiver are bought in combination with it. 

Aydin sells an LNA as part of its expensive complete system. This 

LNA is manufactured by MITEQ (Model A-25637). It has a center frequency 

of 1687.1 MHz, a noise temperature of 120°K maximum, gain of 30 dB 

minimum and a bandwidth of 50 MHz. Because of the high noise 

temperature, this LNA is not a good choice. 

Sutron Corporation sells an LNA for $6,500. Since thiB LNA has a 

center frequency of 1687.1 MHz, a noise temperature of 66°K, gain of 

38.8 dB and a bandwidth of at least 20 MHz, it meets the necessary 

criteria. This LNA would be a good choice if the downconverter is also 

purchased from Sutron. 

Wilmanco sells an LNA for $300. Although this LNA is less 

expensive than the other LNAs mentioned thus far, it still performs 

quite well. It has a center frequency which is set at the factory to 

match the customer's specification (e.g., 1687.1 MHz), a noise 

temperature of 55°K, gain of more than 30 dB and a bandwidth of at leaBt 

20 MHz. This LNA meets the necessary criteria and it would be a good 

choice if the feed and downconverter are also bought from Wilmanco. 

Another choice is to build an LNA. A design is available from 

Greg Ehler and John DuBois (Bhler and DuBois, 1989) which appears to 

achieve the best resultB of any of the LNAs available. Their design 

achieves a noise temperature of 32°K and a gain of 36 dB. Greg Ehler 

will Bell an assembled LNA to amateurB for $175 (Ehler and DuBois, 

1989). Thus, thiB LNA offers the highest performance characteristics of 

any of the LNAs that are available, and it is also the least expensive. 
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2.4 DOWNCONVERTER SPECIFICATIONS 

2.4.1 Downconverter Requirements 

The function of the dovmconverter is to convert the 1687.1 MHz 

signal (1685.7 MHz for the GOES I-M satellites), with the 2.111 MbitB/s 

BPSK signal modulated on it, to a lower frequency while preserving the 

BPSK signal. Typically, the intermediate frequency (IF) of the carrier 

outputted by the downconverter is in the range of 20 MHz to 150 MHz. 

This IF frequency must be•compatible with the demodulator used in the 

system. 

The downconverter works by mixing the input signal with a local 

oscillator (LO) signal. The output frequency of the downconverter is 

the difference between the input frequency and a multiple of the LO 

frequency. Thus, in order to extract a constant frequency from the 

downconverter, the frequency of the local oscillator must be stable over 

time and temperature variations. Since the downconverter is mounted on 

the antenna (as close to the LNA as possible to minimize noise), its 

temperature varies with the outdoor temperature which can change signif

icantly over periods as short as a few hours. To minimize the effect of 

temperature variations on the LO frequency, some downconverter vendors 

generate the LO in the receiver, which is located indoors, and supply 

this to the downconverter via coaxial cable, other vendors generate the 

LO in the downconverter, but use a heater inside the downconverter to 

stabilize the temperature of the LO generating circuitry and make the LO 

immune to ambient temperature variations exterior of the downconverter. 

A downconverter also generally contains filtering at its input to 
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suppress image frequency Bignals and unwanted noise (Evans 1987, p 245). 

This input filter will typically have a bandwidth of around 10 to 20 HHz 

to allow the signal of interest to pasB through while rejecting unwanted 

noise. Some vendors include this filter inside the downconverter, while 

others place it external to the downconverter assembly. Some vendors 

also have additional filtering in the downconverter after the mixer 

stage to suppress LO leakage through the mixer. If the downconverter 

contains this type of filter, its bandwidth should also be around 10 to 

20 HHz. Other filtering may also be included in the downconverter 

depending upon the circuit design. 

In addition to converting the frequency of the signal, the 

downconverter also amplifies the signal so that it is less affected by 

noise when it is transmitted to the receiver through coaxial cable which 

may be several hundred feet long. Typically, the gain of the downcon

verter is at least 30 dB, and the noise figure of a downconverter is the 

range 5 dBNF to 10 dBNF. This level of noise has negligible effect on 

system performance if the gain of the LNA is at least 30 dB, BO the 

noise figure is not extremely critical when selecting a downconverter. 

2.4.2 Commercial Downconverters Available 

Several vendors sell downconverters that are acceptable for GOES 

use. As mentioned in the LNA section, Synergistics sells a combination 

LNA and Downconverter along with 250 ft. of cable for around $8,400. 

This downconverter must be supplied with a +7 dBm 108 HHz LO which is 

generated by the Synergistics receiver. The output frequency of this 

downconverter is the RF frequency minus 15 times the LO frequency = 
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1667.1 MHz - 15*108 MHz =67.1 MHz. The frequency stability of the 

output of this downconverter is determined by the frequency stability of 

the LO being fed into it. If the Synergistics receiver is used to 

generate this LO, the frequency accuracy and stability of the output 

signal will be + 30 kHz and + 7.5 kHz. This downconverter is a good 

choice if the Synergistics 5 meter antenna and synergistics receiver are 

bought in combination with it. 

Aydin sells a downconverter as part of its complete system. Their 

downconverter also has an output frequency of 67.1 MHz. The LO for this 

downconverter is contained within the downconverter, and it haB an 

output frequency stability of + 8.1 kHz. The bandwidth of this downcon

verter is 10 MHz. It has a minimum gain of 30 dB and a maximum noise 

figure of 11 dB. 

Sutron sells a downconverter for $5,000. This downconverter must 

be supplied with a 60 MHz input signal for the LO. The output frequency 

of this downconverter iB also 67.1 MHz. It has a gain of 42 dB and a 

bandwidth of 20 MHz. This would be a good choice if the LNA and 

receiver are also supplied by Sutron. 

Hilmanco sells a downconverter for $425 with a selectable output 

frequency that can specified with the purchase of the downconverter. A 

temperature compensated LO iB contained inside the downconverter, but it 

does not contain an input filter. For thiB reason, Wilmanco sells a 4 

pole 20 MHz bandpass combline filter for $165 to be installed between 

the LNA and downconverter. The output stability of this downconverter 

iB + 3.3 kHz. The gain is 30 dB minimum, and additional gain stages can 

be added for a nominal fee. This downconverter is an excellent choice 
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if the feed, LNA and bandpass filter are also purchased from Hilmanco. 

All of these items are available from Wilmanco as part of an assembled 

and tested package for $1,200. 

2.5 RECEIVER SPECIFICATIONS 

2.5.1 Receiver Requirements 

The main function of the receiver is to amplify the output from 

the downconverter, possibly including filtering, so that the amplified 

signal is of the proper magnitude and bandwidth required at the input to 

the demodulator. The output from the antenna into the LNA will 

typically be around -100 to -110 dBm, depending upon the antenna and 

feed. For example, if a LNA and downconverter are used that each add 30 

dB of gain, the output from the downconverter would be around -50 to -40 

dBm. If the demodulator requires a signal of -10 dBm, the receiver must 

amplify the signal by 30 to 40 dB. 

The receiver may also have to filter the signal going into the 

demodulator. If the bandwidth of the signal coming from the downcon

verter is 20 MHz, this is too wide, and the receiver must filter this to 

a bandwidth that is acceptable for the demodulator input. Typically, 

the bandwidth required for demodulation is between 4 and 10 MHz. 

Depending upon which downconverter is being used, the receiver may 

have to supply the LO input to the downconverter. Some downconverters 

may alBO output a signal which is directly compatible with the 

demodulator, removing the need for a receiver. This is the case for the 

system from Aydin which has automatic gain control built into the 

demodulator input circuitry. 
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2.5.2 Commercial Receivers ftwHIahla 

Commercially available receivers have been identified from two 

companies, Synergistics and Sutron. The receivers are designed to be 

used with other components from their own companies, but they could be 

adapted to a hybrid component system. The Synergistics receiver costs 

$7,000. It supplies a 108 MHz LO signal to the Synergistics 

downconverter. The input signal level to this receiver must be in the 

range of -10 dBm to -40 dBm at 67.1 MHz which is characteristic of the 

signal obtained from the Synergistics LNA/downconverter designed to be 

used in conjunction with it. The receiver has a manually adjustable 

output level of -20 to 0 dBm. In addition to a SVAS output, it also has 

WEFAX and DCP outputs. It is designed to be compatible with the Mode 

AAA Receive Subsystem from Aydin. 

The Sutron receiver costs $8,400. It supplies the 60 MHz signal 

required by the Sutron downconverter. Its input is compatible with the 

signal outputted by the Sutron downconverter, and its output is 

compatible with the signal required by the Mode AAA Receive Subsystem 

from Aydin. 

Another approach is to build a receiver. The author designed and 

built a receiver comprised of less than $100 in parts. ThiB receiver 

provides up to 60 dB gain with manual gain adjustment and has a 

bandwidth of 7 MHz. Since the function of this "receiver" is just to 

amplify and filter the I.F. signal, it is referred to as an I.F. 

amplifier. It is described in detail in Chapter 3. 
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2.6 DEMODULATOR SPECIFICATIONS 

2.6.1 Demodulator Requirements 

The function of the demodulator is to take the modulated I.F. 

signal as input and then produce the demodulated 2.111 Mbits/s data 

stream as output. In order for the demodulator to be able to perform 

this function, the signal inputted to the demodulator must be of the 

proper frequency, amplitude and bandwidth as is required by the 

demodulator. Some demodulators have AGC circuitry and/or input 

filtering built into them so that the bandwidth and amplitude of the 

incoming signal can vary over some acceptable range. 

The output from the demodulator, the 2.111 MHz data stream, must 

be of the proper level that is compatible with what is expected at the 

bit synchronizer input. 

2.6.2 Commercial Demodulators Available 

A number of vendors sell demodulators. Aydin sells a demodulator 

as part of its GOES Model 1050 Mode AAA Receive Subsystem. The 

demodulator is a plug-in unit for the Model 1050 base unit. The Model 

1050 base unit coBts $17,000 and the demodulator plug-in unit costs an 

additional $8,000. The demodulator can be purchased for use at one of 

two frequencies, 67.1 MHz (for the current GOBS satellites) or 65.7 MHz 

(for the GOES I-M satellites). This demodulator will accept Bignals in 

the range of -60 dBm to -10 dBm. Its output is an internal baseband 

signal and clock which are compatible in level with the bit synchronizer 

plug-in module available for the Model 1050. In the past, this has been 

used with front-end systems from Aydin and Synergistics. 
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Decom Systems sells a model 7132 demodulator which is set at the 

factory for a fixed input frequency up to 130 MHz (67 MHz typical). The 

price of the demodulator set to operate at a frequency of less that 30 

MHz Is around $6,800. If the frequency is set between 30 and 130 MHz, 

the price is about $9,500. This demodulator accepts signals in the 

range of -10 to -30 dBm. Its output is a 1.5 volt peak-to-peak (Vp-p) 

PCM signal which is compatible with the Model 7136 PCM bit synchronizer 

available from Decom. This combination of demodulator and bit 

synchronizer provide a BER which is less than 2.0 dB from the 

theoretical performance for a given Eb/No ratio. 

Another option is to build a demodulator. Based upon a rough 

design furnished by amateur satellite receiving enthusiast John OuBois, 

a demodulator was developed and built by the author for a parts cost of 

less than $200. This demodulator is designed to work with a -10 dBm 

level, 21.4 MHz input signal which has already been filtered to a 

bandwidth of around 6 to 8 MHz. The output of this demodulator is a 

2.111 Mbits/s TTL-level signal designed to be compatible with the input 

of a bit synchronizer also built by the author. This demodulator is 

discussed in detail in chapter 4. 

2.7 BIT SYNCHRONIZER SPECIFICATIONS 

2.7.1 Bit Synchronizer Requirements 

The purpose of the bit synchronizer is to take the output from the 

demodulator and generate a clock from the demodulated data stream. The 

bit synchronizer must output the clock and the data in a format and 

level (usually TTL) which is compatible with the computer interface 
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board used to transfer the satellite data into a computer. 

The signal being Bent by the GOES satellites is non-return-to-zero 

(NRZ) coded. There are three basic types of NRZ coding; NRZ Level 

(NRZ-L), NRZ Mark (NRZ-M) and NRZ Space (NRZ-S) (Best 1984, pp. 166-7). 

In NRZ-L, a logic 1 is represented by a high voltage level and a logic 0 

is represented by a low voltage level. In NRZ-M, the signal level 

changes at the beginning of the bit period if that bit is a logic 1. In 

NRZ-S, the signal level changes at the beginning of the bit period if 

that bit is a logic 0. The GOES data is NRZ-S coded. Depending on what 

format the computer interface board is designed to accept, the bit 

synchronizer may need to convert the format to make it compatible with 

the computer interface. 

2.7.2 Commercial Bit Synchronizers Available 

A number of vendors sell bit synchronizers. Aydin sells a bit 

synchronizer plug-in for its Model 1050 Receive Subsystem for $4,200. 

This bit synchronizer outputs the signal in NRZ-S format. Both the 

clock and the data stream are TTL-level outputs. 

Decom sells it Model 7136 PCM bit synchronizer for $4,500. It is 

designed to be used with the Decom demodulator. This bit synchronizer 

outputs in NRZ-L format. Both the clock and the data stream are 

TTL-level outputs. 

Another option is to build a bit synchronizer. Based upon a rough 

design which was also furnished by amateur satellite receiving 

enthusiast John DuBois, a bit synchronizer was developed by the author 

at a parts cost of less than $50. This bit synchronizer is designed to 
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work with a TTL-level NRZ-S input Bignal. Its output is a 2.111 Hbits/s 

NRZ-L TTL-level signal and clock designed to be compatible with the 

input of the computer interface card also built by the author. This bit 

synchronizer is discussed in detail in Chapter 5. 

2.8 COMPUTER INTERFACE SPECIFICATIONS 

2.8.1 Computer Interface Requirements 

The function of the computer interface is to convert the output 

from the bit synchronizer into a format which iB compatible with the 

computer being used to manipulate the GOES data. The computer interface 

must generate timing signals which are compatible with the bus structure 

of the computer with which it is interfaced. 

The computer interface board should transmit signals to the 

computer to indicate when various parts of the data stream become 

available, so the computer can extract the desired data from the data 

stream. It is also desirable for the computer interface board to decode 

the pseudo-randomly coded data stream to a raw data format which can be 

used directly by the computer. This is not a strict requirement, 

because the whole data stream could be saved, and software could then be 

used to extract the data from the stored data stream. However, this is 

a time consuming and inefficient approach. The various types of 

functions of the computer interface board are discussed in more detail 

in Chapter 6. 

2.8.2 Commercial Computer Interfaces Available 

Presently, only one computer interface board appears to be 

commercially available. This is the computer interface board sold with 
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the complete system from Aydin. Their board is for an HP 345 computer. 

It also requires that the Aydin Model 1050 GOES Receive Subsystem be 

used with it and that this Model 1050 unit be equipped with the $2,300 

Frame Synchronizer option which sends various timing signals to the HP 

345 computer interface card. 

Another option is to build your own computer interface board. 

Based upon design information furnished by amateur satellite receiving 

enthusiast John DuBois, a 16-bit computer interface board for an IBM 

compatible PC was developed by the author at a parts cost of less than 

$200. This computer interface board is designed to transfer the GOES 

data into the computer by use of the computer's DMA (Direct Memory 

Access) controller circuitry. It is discussed in detail in Chapter 6. 

2.9 CHOOSING COMPATIBLE COMPONENTS 

As has been discussed, there is a wide variety of equipment 

available which can be used to construct a GOES receiving station. A 

number of factors muBt be taken into consideration when deciding which 

components to use. First, the end use of the GOES receiving system must 

be taken into account. This will determine how elaborate the system 

should be. Secondly, the background of the people who will use the 

system must be taken into account. For instance, people without 

technical backgrounds may have difficulty in using and maintaining a 

system which requires manual gain adjustment, or needs updated software 

to deal with future GOES satellites. In this case, it may be best to 

buy all commercial equipment from one or two established vendors who 

will support the equipment and software. For users with technical 
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backgrounds, the UBG of self-constructed equipment may be beneficial, 

permitting the system to be changed in the future to accommodate new 

objectives. Finally, the funds available for the purchase of a system 

are also an important, if not deciding, factor. 

When choosing components, the compatibility of the components must 

be taken into consideration. For instance, if a downconverter is chosen 

that requires an external local oscillator, a receiver must be chosen 

that will provide such a signal. After the individual components are 

chosen, a system analysis should be performed to determine the overall 

system performance. 

One possible solution would be to purchase the complete system 

from Aydin for $175,000. Another solution would be to purchase the 

antenna, LNA, downconverter and receiver from synergistics for about 

$30,000, and the Model 1050 Subsystem with demodulator, bit synchronizer 

and frame synchronizer from Aydin for $31,500. If this option is 

pursued, a computer and computer interface, along with software, will 

also be required. Various other combinations of components are also 

possible. 

The least expensive approach appears to be to buy the Paraclipse 

antenna and antenna hardware from a local TV satellite store for around 

$2,000. The feed/LNA/filter/downconverter assembly could be purchased 

from Wilmanco for $1,200. The I.F. amplifier, demodulator, bit 

synchronizer and computer interface boards constructed by the author 

(for less than $500 in parts) could then be used to process the output 

from the Hilmanco downconverter. As a minimum computer, an Intel 80286 

CPU-based computer with a 40 Mbyte hard drive and VGA monitor could be 
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purchased for arbund $1,000. The total price of this system would be 

less than $5,000, but it would not have all of the extra features and 

design margin of the $175,000 system. The Paraclipse dish, when used 

with the Wilmanco feed, should be about 40% efficient. The gain of this 

12.5 ft. antenna would be about 32.36 dB, assuming that the antenna is 

pointed at the satellite within 0.5°. The LNA has a noise temperature 

of 55°K and the antenna should have a noise temperature of about 40°K 

for a total system noise temperature of 95°K (19.78 dBK). Thus, this 

system would have a gain temperature ratio of 12.53 dB which is greater 

than the minimum 12.47 dB ratio required for a BER of 1E-6. However, 

there is no margin for error. In truth, there is probably about 1 or 2 

dB extra margin because the current GOES satellite is transmitting at a 

higher power than its 54.4 dBm minimum specification. It is not known 

if future GOES satellites will also transmit at levels above their 

minimum specification. The least expensive way to improve the gain 

margin of this system is to replace the Wilmanco LNA with the 32°K LNA 

designed by Greg Ehler and John DuBois (Ehler and DuBois, 1989). This 

would add 1.2 dB of margin to the system, which is still not a lot of 

margin. 
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CHAPTER 3 

I.P. AMPLIFIER 

3.1 I.P. AMPLIFIER FUNCTION REQUIREMENTS 

As discussed in the previous chapter, the main function of the 

receiver is to take the output from the downconverter and amplify and 

possibly filter it so that it is of the proper magnitude and bandwidth 

required at the input to the demodulator. These functions can be 

implemented using an I.F. amplifier. 

The gain of the I.F. amplifier should be adjustable BO that the 

signal level out of the I.F. amplifier can be adjusted to the level 

required at the demodulator input. Since the output from a downcon

verter is usually in the range of -50 dBm to -30 dBm and the signal 

level required by a typical demodulator is in the range of -20 dBm to 0 

dBm, the I.F. amplifier should provide up to 50 dB of gain. 

The bandwidth of the signal coming from a downconverter will 

generally be as wide as 20 MHz. The signal coming from the 

downconverter to the I.F. amplifier will also pick up additional noise 

if it is transmitted through a very long piece of coaxial cable. Thus, 

it is desirable to filter this signal in the I.F. amplifier before it is 

fed into the demodulator; the bandwidth of this filter should be between 

4 and 10 MHz. 

The center frequency of the I.F. amplifier must match that of the 

I.F. signal. At least two logical choices exist for the frequency of 
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the I.F. signal, 21.4 and 70 MHz, since there are inexpensive components 

available to construct a demodulator at these frequencies. The 21.4 MHz 

frequency was chosen to minimize high frequency problems and because TV 

channel 4 is located near 70 MHz, which might induce extra noise on the 

system. 

Most downconverters have a 50 R output impedance so the cables 

used to transmit the signal from the downconverter to the I.F. amplifier 

must also have 50 R impedance. Thus, to match the cable impedance, the 

I.F. amplifier should have an input impedance of 50 R. Similarly, most 

demodulators have 50 R input impedance so the I.F. amplifier should also 

have a 50 R output impedance. 

3.2 BUTTERWORTH FILTER IMPLEMENTATION 

3.2.1 Butterworth Filter Design 

One possible implementation of an I.F. amplifier would be to use a 

Butterworth filter which has a good maximally flat magnitude transfer 

function (Kerwin 1985, p. 1-4). For a doubly and equally terminated 

normalized Butterworth nth order low pass filter, the values for the kth 

inductor (L) and capacitor (C) are given by 

Lk,Ck = 2 sin [(2k - 1)TT / (2n) ]. (3.1) 

For a 4th order Butterworth filter, the normalized low pass filter is as 

shown in Figure 3-1. 
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Ro C4 C2 Vs 

L3 LI Rs 

Rs = Ro = in 

LI - 2 sin [{2*1 - 1)TT / (2*4)] = 0.7654 H 

C2 = 2 sin [(2*2 - 1)TT / (2*4)] » 1.8478 F 

L3 = 2 sin [(2*3 - 1)7T / (2*4)] = 1.8478 H 

C4 - 2 sin [(2*4 - l)ir / (2*4)] = 0.7654 F 

Figure 3-1: 4th Order Lowpass Butterworth Filter with a Normalized 
Cutoff Frequency of 1 rad/s and Normalized Impedance of 1 Q 

It is desired to convert this lowpass Butterworth filter with a 

cutoff frequency of 1 rad/a to a bandpass Butterworth filter with a 

center frequency w = 21.4 MHz * 2ir = 134.46E6 rad/s and a bandwidth Si = 

6 MHz * 2n = 37.70E6 rad/s. To do this, the inductors with value L need 

to be replaced by an inductor with value L/Jl in series with a capacitor 

of value J3/(waL) and the capacitors with value C need to be replaced by 

a capacitor of value C/R in parallel with an inductor of value J3/(waC). 

After this, to scale from 1 Q to 50 fi impedance, the resistors and 

inductors must be multiplied by 50 and the capacitors divided by 50 to 

obtain the final component values. 

In order to also achieve gain, amplifier(s) must be added to the 

filter circuit. A number of companies sell amplifiers with 50 (1 input 

and output impedances. Typically, the gain of these amplifiers is 25 dB. 

or more for the frequency range of interest. If two of these amplifiers 
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are used with the Butterworth filter to perform the amplification, one 

should be put on the filter input and the other at the filter output to 

minimize effects of stray inductance and capacitance from the input and 

output cabling. 

3.2.2 Butterworth Filter Simulation 

In order to determine how well the circuit described above should 

perform, a simulation of the circuit was run on a Mentor Graphics 

workstation using Analog Workbench software from Valid Logic. The 

circuit, including the amplifiers, is shown in Figure 3-2. The 

amplifiers were modeled as ideal amplifiers with a gain of 2S.1 dB. A 

50£1 resistor was included in series with the output of the first 

amplifier to simulate the amplifier's output impedance and a 5On 

resistor was included in parallel at the input of the second amplifier 

to simulate the amplifier's input impedance. 

Results of the simulation are shown in Figure 3-3, which indicates 

that the circuit does a good job of attenuating the signals outside of 

the passband. From this figure, it can also be seen that the overall 

peak gain of the circuit is 45.3 dB (if the amplifiers each have a gain 

of 25.1 dB). 

Upon examining the passband in greater detail, as shown in Figure 

3-4, it can be seen that the pasBband is not extremely flat. The gain 

at 19.3 HHz is 42.6 dB while the gain at 23.5 MHz is 46.1 dB. In 

practice, the performance of the actual circuit may be even worse 

because of the effects of stray capacitance and inductance and the 

component values not being precisely those used in the simulation. 
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Thus, the central lobe of the BPSK signal would not be amplified very 

uniformly, using this design. 

3.3 PREPACKAGED FILTER IMPLEMENTATION 

3.3.1 Prepackaged Filter Design 

Since the Butterworth filter design did not yield a very uniform 

passband, another option for filtering was pursued. Mini-circuitB Lab 

sells two different 50 ft 21.4 MHz bandpass filters. One model, the 

PIF-21.4, has a passband of 18 to 25 MHz with less than 1 dB insertion 

loss. The other model, the PBF-21.4, has a passband of 19.2 to 23.6 MHz 

with less than 1.5 dB insertion loss. Using these filters and two MAN-1 

amplifiers from Mini-Circuits Lab, an I.F. amplifier was designed as 

shown in Figure 3-5. The MAN-1 amplifiers are designed to work over a 

frequency range of 0.5 to 500 MHz. Their gain is typically 31 dB with 

0.5 dB gain flatness between 1 and 250 MHz. 

The signal from the demodulator is fed into the board via the J1 

connector. Wideband noiBe is filtered from the signal by the PIF-21.4 

filter VI before it is fed into the first MAN-1 amplifier 172. This 

amplifier will amplify the signal by about 30 dB. The amplified signal 

is then fed into the bandpass filter U3 which does the narrow bandpass 

filtering. The output from U3 goes to the J2 connector. To include a 

gain adjustment, the output from the J2 connector is fed into a variable 

attenuator. Output from the variable attenuator is then fed into the 

last MAN-1 amplifier U4 via the J3 connector. After U4 amplifies this 

signal, the final output of the I.F. amplifier is fed out of the J4 

connector. Power supply decoupling of the MAN-1 amplifiers from the 
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+12 V supply is accomplished by the use of the 10 (1 resistors and 0.01 

uF decoupling capacitors. 

3.3.2 I.P. Amplifier Circuit Board Design and Layout 

A circuit board designed to implement this circuit is Bhown in 

Figure B-l in Appendix B. Several steps were taken during the board 

layout to minimize noise. The top layer of the board, shown in Figure 

B-2, was used for a solid ground plane, and the bottom layer of the 

board, shown in Figure B-3, was used for routing signals. This board 

waB also laid out to minimize trace lengths. Trace bends were done at 

45° angles instead of at 90° angles to minimize trace inductance. The 

traces that route the signal between the components were made 115 mils 

wide to give them a 500 characteristic impedance with this type of 

circuit board. 

3.3.3 I.F. Amplifier Test Results 

The I.F. amplifier was tested using an HP 3577A Network Analyzer. 

Test results, plotted in Figure 3-6, show that the filter does a good 

job of rejecting signals outside of the passband. As can be seen in 

Figure 3-7, the filter also has a very flat passband. The passband is 

flat to within about 0.5 dB over the central lobe of the BPSK signal 

between 19.3 and 23.5 MHz. The 3 dB bandwidth of the filter is about 7 

MHz which is right in the center of the desired range. 

One final test was run on the circuit to verify its performance 

when an attenuator is used between the J2 and J3 connectors. The 

results are shown in Figure 3-8. The bottom trace is the magnitude of 

the signal being put into the circuit. It appears so noisy because its 
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level, which averages -79 dBm, is near the noise floor of the test 

equipment. The top trace shows the performance when the J2 connector is 

connected directly to the J3 connector without attenuation. This 

indicates that the gain in the passband region is about 60 dB. The 

middle trace Bhows the output when a 20 dB attenuator iB installed 

between the J2 and J3 connectors. The gain with the attenuator included 

iB about 40 dB, as expected, and the shape of the filter gain is not 

altered by installing the attenuator. Thus, the performance of this 

I.F. amplifier appears to be quite good and should more than meet the 

requirements for a GOES receiving system amplifier. 
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CHAPTER 4 

DEMODULATOR 

4.1 DEMODULATOR FUNCTIONAL REQUIREMENTS 

As mentioned in Chapter 2, the function of the demodulator is to 

take the I.F. signal with the 2.111 Mbits/s NRZ-s data BPSK modulated on 

it as input and then produce the 2.111 Mbits/s NRZ-S data stream as 

output. The downconverter'8 output must be of the proper form and 

signal level required at the input to the bit synchronizer following the 

demodulator. 

The BPSK signal coming into the demodulator will be a sine wave 

whose phase will change by 180° each time the NRZ-S data stream that is 

modulated on it changes state. Since a 180° phase shift is equivalent 

to inverting the signal, BPSK modulation can be thought of mathemati

cally as a sine wave which is multiplied by +1 if the NRZ-S data is a 

logic "1" and by -1 if the NRZ-S data is a logic "0". In order to 

recover the NRZ-S data stream, it is necessary to generate a local 

oscillator of the same frequency as the I.F. carrier by use of a 

phase-locked loop. One of the most commonly used phase-locked loops for 

BPSK demodulation is the Costas Loop. 
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4.2 COSTAS LOOP DEMODULATOR 

4.2.1 CoBtas LOOP Demodulator Theory of Operation 

The block diagram of a Costas Loop BPSK demodulator in shown in 

Figure 4-1 (Gardner 1979, p. 221). 

Input Signal 

m(t)sin(ŵ t + ©i) 

I-Arm 
X LPF X LPF 

Threehold 
Demodulator 

> 
Output 

m(t)cos(©i - ©o) 

2sin(Wjt + 0o) 

VOO VCO Filter 

90* 
ma(t)sin2(©l - 0o) 

2 

2cos(w,t + ©o) 
i 

Q-Arm 
LPF 

m(t)sin(0i - ©o) 

Figure 4-1: Costas Loop BPSK Demodulator Block Diagram 

The input signal to the demodulator is comprised of a sine wave with the 

digital NRZ-S message m(t) modulated on it. This input signal is sent 

to two different multipliers. In the top multiplier, the input signal, 

m(t)sin(w/t + ©i), is multiplied by the output from the 

voltage-controlled oscillator (VCO), 2sin(w/t + ©o). The result of this 

multiplication is a waveform comprised of m(t)cos(©i - ©o) in addition 
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to several termB containing double-frequency products. These double-

frequency product terms (terms that contain cos2ŵ t or sin2ŵ t) are 

filtered out by the low pass filter (LPF) which blocks them out along 

with any high frequency noise. Thus, the output of the I-arm LPF iB 

just m(t)cos(ei - eo). When the loop is locked on to the incoming 

signal, the incoming signal will be nearly in phase with the output of 

the VCO. Since the phase difference between these signals will be 

small, cos(Oi - 0o) will be close to unity. Thus, the output of the 

I-arm LPF will simply be the data message, m(t). This is sent to a 

threshold circuit which determines when it changes state and generates 

the digital output message. 

In the bottom multiplier, the input signal, m(t)sin(ŵ t + ©i), is 

multiplied by the output from the VCO which has been shifted by 90° so 

that it is in quadrature with the signal being fed to the top 

multiplier. The result of this multiplication is a waveform comprised 

of m(t)sin(6i - Go) in addition to Beveral terms containing double-

frequency products. As with the I-arm, these double-frequency product 

terms are filtered out by the LPF along with any high frequency noise. 

Thus, the output of the Q-arm LPF is just m(t)sin(Oi - 0o). The 

sin(@i - ©o) term will increase in magnitude as the angle difference 

between the incoming I.F. signal and the VCO increases. However, Bince 

m(t) is randomly changing between +1 and -1, the average output from the 

Q-arm LPF will be zero. As a result, the output of the Q-arm cannot be 

used alone to generate a phase detector feedback to the VCO. 

In order to perform a phase error detection, the outputs from the 

I-arm LPF and the Q-arm LPF are multiplied together. The output from 
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the multiplier is simply 0.5ma(t)sin2(8i - So). This signal will 

increase in magnitude as the phase difference between the I.F. signal 

and the VCO signal increases. Thus, the multiplier output can be used 

for feedback into the VCO to speed it up or slow it down and bring it 

back in phase with the I.F. signal input. Before it is fed back into 

the voltage controlled oscillator, it is put through a low pass filter 

(integrator) to filter out noiBe that could affect the VCO. It is this 

feedback into the VCO that keeps the VCO coherent with the I.F. Bignal. 

4.2.2 Costas LOOP Demodulator Circuit Implementation 

Implementation of the Costas Loop demodulator is accomplished by 

the circuit shown in block form in Figure 4-2 and detailed in Figures 

4-2A, 4-2B and 4-2C. This circuit is designed for an I.F. frequency of 

21.4 MHz. It can be divided into 3 sections; the mixer section (Figure 

4-2A), the phase error detector and signal threshold section (Figure 

4-2B), and the VCO and voltage regulator section (Figure 4-2C). 

Since the BPSK signal is being sent to the demodulator from a SO 11 

output impedance system via 50 ft coaxial cable, 50 G components should 

be used at the demodulator's input. The BPSK Bignal input to the 

demodulator first comes into the mixer section. This signal goes into 

Ul which is a PSC-2-1 50 n power splitter. Because this power splitter 

is a 0° power splitter, the two signals outputted from it will be in 

phase with each other. Their magnitudes will be approximately 3 dB less 

than the signal coming into the power splitter because the incoming 

signal is divided equally between the two output terminals. 

The top output from the Ul power splitter is fed into U2, which is 
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the mixer of the X-arm. It mixes the signal with the 0° component from 

the VCO, and a DC voltage is generated at the output of the mixer. This 

DC voltage is a function of the phase difference between the VCO and 

input signal frequencies as well as a function of the signal amplitudes. 

For a 0° phase difference, the output will be around -230 mV if the 

input is near the maximum input level (+7 dBm). A 90° phase difference, 

will result in an output level of around 0 mV, and the output for a 180° 

phase difference will be around +230 mV. Since the input signal will 

typically be in-phase or phase-shifted by 180°, depending on the logic 

state of the modulated signal, this signal will swing between the 

positive and negative limits. Double-frequency components at 42.8 MHz 

will also be present in thiB signal. 

The output of mixer U2 is fed into the 2nd order low pass filter 

comprised of Rl, R3, Cl and C3. The cutoff frequency of this filter was 

chosen to be 1/(100 a * 68 pF * 2tt) ~ 23 MHz which is high enough to let 

the 2.111 MHz data Btream pass through undistorted, yet low enough to 

block the 42.8 MHz double-frequency components. After the signal is 

filtered, it is inputted into the noninverting operational amplifier U5, 

a CA3450 high slew rate and bandwidth amplifier. The gain of thiB 

amplifier is set (by the choice of R5 and R7) for about 16 to amplify 

the low level signal coming from the mixer (230 mV maximum) to a higher 

level. Power is supplied to U5 by +6V voltage regulators. Power supply 

decoupling is accomplished by the UBC of the 10 ft resistors and 0.001 uF 

decoupling capacitors. The DC offset of this amplifier is nulled by 

adjusting the potentiometer R17. 

Output from the bottom of the power splitter U1 is fed into U3, 
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which is the mixer of the Q-arm. It mixes the signal with the 90° 

quadrature component from the VCO, which is outputted by U4, a 

PSCQ-2-21.4 power splitter which splits the VCO signal into two 

components, one which is in phase with the VCO and one which is 90° out 

of phase with the VCO. The output of mixer U3 is filtered and amplified 

using the Bame type of circuit as in the I-arm. 

The amplified I-arm {in-phase) and Q-arm (out-of-phase) signals 

from the mixer section are fed into the phase error detector and signal 

threshold section shown in Figure 4-2B. The in-phase signal is fed into 

the ultra-fast precision comparator U7 which compares the in-phase 

signal to 0 V. When the in-phase signal is greater than 0 V, the 

comparator outputs a TTL logic "1". Otherwise, it outputs a TTL logic 

"0". This TTL level output is fed to connector J2 which is used to 

route the demodulator output to the bit synchronizer. 

Multiplication of the in-phase and out-of-phase signals is 

performed by the wide bandwidth precision analog multiplier, US. The 

output of US, as connected, is approximately equal to the negative 

product of the in-phase and out-of-phase signals divided by 10 V. Since 

the product of the in-phase and out-of phaBe components produces a 

signal which is proportional to sin(6i - 6o), the output of this 

multiplier will be negative if the input signal angle ei is greater than 

the VCO angle eo. This negative voltage will speed up the VCO, causing 

it to come in phase with the input signal. 

Low pass filtering of the output from the multiplier is performed 

by R26, C23 and R27. Because the time constant of this filter is very 

large (1 second) in comparison to the data rate, the filter output does 
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not change rapidly. Since the output of this filter iB used to change 

the frequency of the VCO, the VCO frequency does not change rapidly and 

the VCO remains very stable. Output from this filter is fed into the 

noninverting amplifier U9A to increase its'magnitude by a factor of 9. 

The output from U9A is summed with an offset voltage and then amplified 

and inverted by U9B to form the final output voltage used to control the 

VCO. Resistors R31 and R32 and Zener diode D1 generate the offset 

voltage; the offset is set by adjusting R31 so that the output from U9B 

is 5.5 volts when no input signal is being applied to the demodulator. 

This corresponds to the center of the tuning range of the VCO. If it is 

desired to add a reset switch to this circuit, to center the VCO, a 

switch may be connected from U9A pin 3 to ground. When this switch is 

closed, the tuning voltage input into the VCO would be Bet for 5.5 

volts, the midrange VCO tuning voltage. 

The VCO circuitry 1b shown in Figure 4-2C. A 2N5208 high 

frequency (300 MHz gain-bandwidth product minimum) transistor is used to 

drive the VCO. It is biased by the resistors R33, R34 and R35. The 

transistor will oscillate at a frequency which is determined by the 

amount of inductance and capacitance connected across its collector. 

This oscillation frequency is given by 

1 
/ = (4.1) 

v4Tr2LeqCeq 

where 

/ = frequency in KHz 
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Leg = equivalent inductance in Henries 

= LI + stray inductance 

« 1 uH 

Ceq = equivalent capacitance in Farads 

1 1 
— + + ctranBistor + Cstray 

1 + 1 1 + 1 + 1 
C31 C32 C33 C C 

D1 D2 

1 1 
s — + + 5 + 10 pF 

1 + _1_ _1_ + _1_ + _1_ 
15 470 33 80 80 

« 48 pF. 

Substituting these values for Leq and Ceq into (4.1) results in a 

center frequency of about 23 MHz. Since the inductor LI is adjustable, 

the center frequency of the VCO can be adjusted to 21.4 MHz. In the 

previous calculation for Ceq, the capacitance of the tuning diodes was 

assumed to be about 80 pF each. These tuning diodes are hyperabrupt 

tuning varactors, whose capacitance changes as the voltage applied 

across them changes. Their midpoint capacitance of 80 pF occurs when 

they are reverse biased at 5.5 volts. This capacitance decreases to 

about 40 pF when the tuning voltage is increased to 8 volts, and it 

increases to about 150 pF when the tuning voltage is decreased to about 

3 volts. Thus, the frequency of the VCO is controlled by the voltage 

applied across the tuning varactors. When the tuning voltage increases, 

the capacitance of these diodes and, hence, Ceq decreases, and the 

frequency of the VCO increases. 

In order to minimize the phase noise of the VCO, the VCO circuitry 
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is powered from its own voltage regulator, U10. Two other voltage 

regulators Ull and U12 are used to generate + 6V from the + 12V power 

inputs. 

The output from the VGO is fed to the power splitter U4 via a 10 

pF capacitor, C34. At 21.4 MHz, the 10 pF capacitor has an effective 

resistance of 1/(2TT * 21.4E6 * 10E-12) = 750 0. Since the power 

splitter has an input impedance of 50 fi, the voltage on the power 

splitter will only be about 50/(50 + 750) = l/16th of the voltage 

generated by the VCO. By breadboarding the VCO circuitry, it was 

determined that this voltage supplied by the VCO to the power splitter 

is about 820 mVp-p or 2.5 dBm. Thus, the power coming from the power 

splitter into the mixers will be about -0.5 dBm. Since these mixers 

were designed for up to 7 dBm level input, it was not known whether they 

would generate sufficient output for this low input. It is possible to 

increase the level of the VCO by adjusting the transistor biasing (i.e. 

increasing R34 or decreasing R35), but when thiB is done, the VCO 

sinusoidal waveform becomes somewhat distorted. 

Because the output level from the VCO may be too low to input 

directly into the mixers, an amplifier circuit was designed to be added 

to the VCO output if needed (Figure 4-3). Amplification is performed by 

the MAN-1 amplifier. The capacitors C34 and C42 form a voltage divider; 

they are chosen to set the gain of this circuit. This amplifier is 

decoupled from the power supply by the 10 12 resistor and 0.01 uF 

capacitors. 



• C34 and C42 art chosen to aiva the proper level output from the VCO. 

+12V 

C43 C44 

01 01 

C34 
llnput from VCO >• ^C0_0UT_T6_U4 > U13 

Figure 4-3: Demodulator VCO Amplifier u 



74 

4.2.3 Demodulator Circuit Board Design and Layout 

A circuit board was designed to implement the demodulator. It is 

shown in Figure B-4 of Appendix B without the VCO amplifier circuitry, 

while Figure B-5 shows the assembly including the VCO amplifier. The 

layout for this circuit was done using the same steps employed in the 

I.F. amplifier board layout in order to minimize the noise sensitivity 

of the demodulator circuit. In addition, extra effort was taken to 

ensure that the component leads and traces for the VCO section were made 

as small as possible to minimize the effects of stray inductance and 

capacitance. The VCO section was also located far away from the voltage 

regulator section in order to minimize the temperature drift of the VCO 

components caused by heat being dissipated by the voltage regulators. 

The top layer of the board is Bhown in Figure B-6 of Appendix B and the 

bottom layer of the board is shown in Figure B-7. 

4.2.4 Costas LOOP Demodulator Test Results 

The demodulator was built without the VCO amplifier circuitry to 

determine if it would function with the lower level VCO signal. The 

potentiometers were adjusted to set the offsets, and the inductor was 

set to adjust the center frequency of the VCO for 21.4 MHz. 

In order to generate a signal which simulates the GOES signal, a 

Fluke 6071A Synthesized RF Signal Generator was used to generate a BPSK 

signal. An HP 8116A Pulse/Function Generator was used to generate a 

signal which was fed into the Synthesized RF Signal Generator as a 

modulation input. The amplitude of the generated BPSK signal was 

varied, and the frequency of the signal being modulated was also varied 
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from about 100 kHz to 1.05 MHz (which iB equivalent to the 2.111 Mbits/s 

bit rate). An oscilloscope was used to monitor the output from the 

demodulator to verify that the output matched the signal being generated 

by the function generator. It was observed that the output signal from 

the demodulator corresponded to the modulated signal, and the 

demodulator performed best with a signal input level of about -10 dBm. 

The outputs from the mixerB were close to 100 mV in amplitude, which is 

not as high as the 240 mV that they would generate if a larger amplitude 

VCO had been used. However, thiB signal is sufficiently large to not 

require adding the VCO amplifier to the circuit. 

In another test, the I.F. signal frequency was varied to check the 

tracking range of this demodulator. It waB found that the demodulator 

would continue to track the signal up to about 21.7 MHz on the high side 

and down to about 21.1 MHz on the low side. 

In summary, this demodulator worked very well. About the only 

improvement that might be considered would be to increase the order of 

the filters used to filter out the double-frequency components. These 

double-frequency components were observed to still be present (although 

small in amplitude) in the signals after filtering. They cause the 

signal transitions from the demodulator to be somewhat noiBy; the signal 

transitions take about 50 nsec to settle out because of this noise. 

However, this transition period is rather small in comparison to the 475 

nsec bit period, so this is not extremely critical. 
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CHAPTER S 

BIT SYNCHRONIZER 

5.1 BIT SYNCHRONIZER REQUIREMENTS 

The purpose of the bit synchronizer, as mentioned in chapter 2, is 

to extract a clock from the data stream coming from the demodulator. 

Another function which the bit synchronizer performs iB to convert the 

data stream to a signal level and data format that is compatible with 

the computer interface board. NRZ-S encoding is performed on the GOES 

data stream before it is transmitted. Some computer interface boards 

may require the data arriving at their inputs to be in some other format 

such as NRZ-L format. An example of various formats is shown in Figure 

5-1. 

Logic Level 

NRZ-S Format -/ \. 

NRZ-M Format _/ -/ \ / 

NRZ-L Format _/ \_ ./ \ / 

Figure 5-1: NRZ Formats 
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5.2 BIT SYNCHRONIZER IMPLEMENTATION 

5.2.1 Bit Synchronizer Block Diagram 

In order to distinguish when one bit period ends and the next bit 

period starts, it is necessary to generate a clock from the bit stream. 

To do this, a phase-locked loop is used to lock onto the signal level 

transitions. Once this clock has been generated, it can be used to 

translate the data stream from one format to another. A block diagram 

of a bit synchronizer that generates a clock and transforms the data 

stream from NRZ-S format to NRZ-L format iB shown in Figure 5-2. 

> Clock 

-> NRZ-L Data 

Format 
Trans
lator 

Edge 
Detector 

Phase-
Locked 
Loop 

Lock 
Indicator 

Figure 5-2: Bit Synchronizer Block Diagram 



78 

5.2.2 Bit Synchronizer Circuit Diagram -

The circuit used to implement the bit synchronizer is Bhown in 

Figures 5-3, 5-3A and 5-3B. The bit synchronizer was designed for a 

TTL-level NRZ-S input signal from the demodulator, and it outputs a 

TTL-level clock and NRZ-L data stream. It was designed to be used in 

conjunction with the demodulator discussed in Chapter 4 and the computer 

interface board discussed in Chapter 6. 

Data enters the bit synchronizer through capacitor C3. This 

capacitor serves to block out unwanted DC voltages which may be present 

if this circuit board and the demodulator are not powered from the same 

power supply with a common ground reference. Resistor Rl terminates the 

signal being inputted to the board to reduce any reflections sent back 

to the demodulator. Since C3 is connected to pin 7 of Ul, which 

generates a 1.4 VDC reference, the data stream that passes through C3 

will be centered in amplitude at about 1.4 volts. This data stream 

enters pin 5 of Ul, which is the positive signal input, where it is 

compared to the voltage at pin 6, which is the negative signal input. 

Multivibrator Ul is an N8T20 which outputs a pulse when the signal 

input on pin 5 transitions through the voltage level being inputted on 

pin 6. Pulses will be outputted by this one shot on both positive-going 

and negative-going signal transitions because pins 2 and 13 are pulled 

high by R3. The duration of the pulses is determined by the value of 

the time constant 0.7*R4*C5. Because there is about 5 pF stray 

capacitance, the pulses will be about 100 nsec wide. A positive pulse 

is outputted at pin 11, and a negative pulse is outputted at pin 10. In 

addition to producing these pulses on signal transitions, Ul also 
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provides a signal on pin 9 which will be high if the signal input on pin 

5 is greater in amplitude than the signal input on pin 6. This output 

is essentially just a delayed, buffered image of the signal being 

inputted on pin 5. Clock recovery is accomplished by inputting the 

negative pulse that is outputted by pin 10 of U1 into a phase-locked 

loop. The phase-locked loop is comprised of U2A, U2B and U3. 

In order to understand how the phase-locked loop works, it is 

necessary to first understand how U3 operates. Element U3 is a 74HC4046 

phase-locked loop integrated circuit <IC) with a built-in VCO. It 

compares the phase of the signals on pins 3 and 14 and uses the rising 

edges of these signals to generate an output on pin 13 which can be used 

to control the VCO frequency. A typical output from this IC is shown in 

Figure 5-4. 

Pin 14 

Pin 3 

Pin 13 |̂ j 

High Impedance State 

Figure 5-4: Bit Synchronizer U3 Phase Detector Output 

When the frequencies of the signals at pins 3 and 14 are the same, 

but the phase of the signal on pin 14 lags that of pin 3, the output of 

pin 13 is low during the phase difference period. Likewise, if the 

phase of the signal on pin 14 leads the other signal, the output of pin 
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13 will be high during this period. If the frequency of the signal on 

pin 14 is higher than that of the signal on pin 3, the output will be 

high for the majority of the cycle. The reverse relationship is also 

true. Integration is performed on the output from the phase comparator 

by a lowpass filter. The output from the lowpass filter is then fed 

into the VCO on U3 pin 9, and the net result is that the VCO will speed 

up or slow down to bring the frequency and phase of the signals at pins 

3 and 14 into synchronization. 

Once the bit synchronizer is locked onto the 2.111 Mbit/s signal, 

the frequency of the Bignal outputted by the VCO on pin 4 of U3 will be 

4.222 MHz. This frequency is determined by the choice of components C8, 

R8 and R9. Resistor R9 is adjusted so that when the midrange voltage 

(2.5 volts) is applied to pin 9 of U3, the output of the VCO will be 

4.222 MHz. Resistor R26 is not absolutely necessary, but it feeds a 

current into the VCO enabling it to more quickly ramp up at initial 

power up. Resistor R27 is also not absolutely essential; it provides 

feedback from the buffered VCO level into the VCO filter which helps to 

further stabilize the VCO frequency. 

Components Rll, R12 and CIO comprise the lowpass filter to filter 

the signal phase comparator output and provide an input to the VCO. 

This low pass filter has a time constant several orders of magnitude 

larger than the bit rate which limits the input to VCO from changing too 

rapidly, if it is desired to add a reset switch to the bit synchro

nizer, it could be connected to this input of the VCO' art- pin 9 of U3. 

The result of momentarily grounding this point by use of a reset switch 

will be to discharge CIO so that the VCO will be restarted. 
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Resistor RIO is a large resistor which allows a small amount of 

current to flow into capacitor CIO, thereby causing the voltage across 

CIO to slowly increase. AB this voltage increases, the frequency of the 

VCO will slowly increase. The frequency of the VCO will continue to 

increase until the phase comparator input signal coming from U2A leads 

the phase comparator signal coming from U2B. 

As can be seen by the circuit diagram in Figure 5-3A, the function 

of U2A is to divide the frequency of the 4.222 HHz signal from the VCO 

down to 2.111 MHz. This function is also performed by U2B. However, 

when examining U2B more closely, it can be seen that this may not occur 

if the clear signal is held low while this flip flop is being clocked. 

From Figure 5-5, it can be seen that the clock from U3 pin 4 usually 

occurs right after the clear signal from U1 pin 10 goes high. Since R22 

adds an upward bias to the VCO control line, the frequency of the clock 

coming from U3 pin 4 will start to increase. As this happens, the 

rising edge of this clock approaches the rising edge of the clear 

signal. Eventually, U2B will not be clocked because the clear signal 

will still be asserted during the rising edge of the clock. When this 

happens, the signal going into U3 pin 14 will not rise as the signal 

going into U3 pin 3 does. Thus, the signal going into U3 pin 3 will 

lead the signal going into pin 14. The output of the phase comparator 

goes low when this occurs. Since this output is fed into the filter for 

the VCO circuitry, it brings the frequency of the VCO back down to the 

proper level. This is how the loop stays locked on the signal. 

Once the loop is locked on the signal and is generating a clock 

from the incoming data stream, it is possible to use this clock to 
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U1 Pin 11 _/ V. -/ \- ./ \ 

U1 Pin 10 \ / \ / \ / 

03 Pin 4 \ / \ / \ / \ / \_ 

U3 Pin 3 \ / 

U3 Pin 14 J \ / \-

U5C Pin 8 

USB Pin 6 

U6B Pin 5 ./ \. J \-

U6A Pin 13 J \. J \ 

Figure 5-5: Bit Synchronizer Timing Diagram 
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convert the data stream from NRZ-S format to NRZ-L format. This 

function iB performed by U4 and U5A. From Figure 5-1 it can be seen 

that the NRZ-S format changes state at the beginning of each bit period 

that corresponds to a logic zero. The NRZ-L format is just equivalent 

to the logic level of each bit. Since the NRZ-S format changes state 

for a zero, this is equivalent to Baying that if the last NRZ-S bit waB 

in the opposite state of the current NRZ-S bit, this current bit is a 

logic 0. The function of checking if the two adjacent bits are in 

different states is performed by an exclusive-or (EXOR) gate, U5A. 

Element U4 latches the current NRZ-S bit into the Q1 register while 

latching the previous NRZ-S bit into the Q2 register. These two outputs 

are EXORed by U5A. If they are in different states, the output from U5A 

will be positive. However, since different states represents a zero, 

this signal must be inverted. This is accomplished by latching the 

signal into U4 and taking the inverted output from the Q3-not signal. 

The Q3-not signal and the clock signal are outputted to the computer 

interface board after being buffered by U5B and U5C. 

The circuitry used to generate the signalB required by the 

computer interface board has been completely described. The rest of the 

circuity in Figure 5-3B is used to light an LED when the bit synchro

nizer is locked onto the signal. Lock detection is verified by 

comparing the position of the clock edges to the pulses outputted by U1 

pin 11 when an incoming signal edge is detected. U6A and U6B>are 

configured to output a 100 nsec pulse when they detect a clock falling 

and rising edge, respectively. The timing for thiB is shown in Figure 

5-5. It can be seen that when the loop is locked onto the signal, the 
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pulse generated by U6A will be high during a period of time which 

intersects the time when U1 pin 11 is high. The pulse generated by U6B 

will not be high when U1 pin 11 is high. Thus, the preset input to USA 

from U7A pin 3 gets asserted and the clear signal from U7B pin 6 does 

not. This causes the output from U8A pin 5 to go high. This in turn 

causes the output from U9 to go low which will turn on the lock 

indication LED. 

5.2.3 Bit Synchronizer Board Layout 

A general purpose prototype circuit board was used to implement 

this circuit design. Figure B-8 of Appendix B shows the board layout; 

the board contains several power bus strips which distribute power 

throughout the board. At the 2.111 MHz frequency that the majority of 

the parts on the board are operating, the component placement is not 

extremely critical. Since U3 supplies a 4.222 MHz signal to U3 for the 

phase-locking process, these chips were placed close to each other. 

Sockets were used for all of the ICs to allow for easy replacement of 

chips that fail. These sockets have 0.01 uF ceramic capacitors built 

into them between the power and ground pinB to reduce circuitry noise by 

decoupling the ICs from the power supply. All of the signalB enter and 

exit the board through the circuit card edge connector. The 2.1 MHz 
» • 

clock and NRZ-L data signals sent from thiB board to the computer 

interface card are currently transmitted as single-ended TTL signals. 

At this frequency, this type of signal can be sent through wire for 

several feet without significant distortion. If it is desired to locate 

the computer a greater distance from this circuit card, these signals 
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could be sent through twisted-pair wires using an RS-422 differential 

driver IC such as the 26LS31. Empty space was left near the edge 

connector of the board to include this IC if required. 

5.2.4 Bit Synchronizer Test Results 

The bit synchronizer was tested using several methods. First, to 

verify that the phase-locked loop would lock onto a randomly varying 2 

Mbit/s signal, a pseudo-random sequence was inputted into the circuit. 

A pseudo-random sequence generating circuit was designed on a breadboard 

to generate the pseudo-random sequence and is shown in Figure 5-6. This 

circuit produces the same type of pseudo-random sequence generated on 

the GOES satellite and combined with the data stream before it is 

transmitted by the satellite. The satellite pseudo-random sequence 

generator will be discussed in more detail in Chapter 6. 

As can be seen in Figure 5-6, the sequence generator useB four 

4-bit shift registers in series to form a 15-bit shift register. The 

input to this shift register is the output of an EXOR gate which 

combines the 8th and 15th bits of the shift registers. The shift 

registers are clocked by a 2 MHz clock which is inputted into the 

circuit. The shift registers are initialized to a fixed state by 

momentarily closing switch Si. 

When the pseudo-random sequence was inputted into the bit 

synchronizer, the bit synchronizer locked onto it without flaw. The 

waveforms at various locations on the board were monitored with an 

oscilloscope and were verified to match those in Figure 5-5. Lock 

validation was indicated properly by the LED lighting up as expected. 
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In order to verify that the bit synchronizer was converting the 

NRZ-S format into the NRZ-L format, several periodic waveforms were 

inputted into the board. A periodic waveform was used so that an 

oscilloscope could be synchronized to the data stream. One of the 

periodic waveforms inputted into the bit synchronizer was a 250 kHz 

square wave. The observed output of the bit synchronizer for this input 

waveform is reproduced in Figure 5-7. 

NRZ-S 
Data 
input \ / \ 

NRZ-L 
Data 
Output \ / \ / \ 

2 MHz 
Clock 
Output \_/ \_/ \_/ \_/ \_/ \_/ \_/ \_/ \_/ \_/ \_ 

Figure 5-7: Bit Synchronizer Output for 250 kHz Square Wave Input 

The 250 kHz signal is high for 2000 nsec and low for 2000 nsec; 

2000 nsec corresponds to four clock cycles of the 2 MHz clock. Since 

there iB only one input signal transition during the four clock cycles, 

only every fourth bit Bhould be low coming out of the bit synchronizer. 

This low bit is not outputted exactly at the transition of the input 

signal because it takes two clock transitions to clock the signal 

through U5. Thus, the bit synchronizer performed the NRZ-S to NRZ-L 

translation just as it was designed to do. 
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CHAPTER 6 

COMPUTER INTERFACE 

6.1 COMPUTER INTERFACE REQUIREMENTS 

6.1.1 General Requirements 

The computer interface card must convert the data inputted to it 

from the bit synchronizer into a format which is compatible with the 

computer that is used to manipulate the GOES data. To do this, the card 

must interface with the bus structure and timing signals that are 

generated by the computer. In addition to just enabling the computer to 

have accesB to the raw GOES data stream, it is also beneficial for the 

computer interface to convert the data into a format which is more 

compatible for direct use by the computer. 

GOES data is sent in blocks which contain an initial synchroniza

tion sequence before the information in the block is sent. Therefore, 

it would be advantageous for the interface board to determine when the 

synchronization period is over so that it can then start to send the 

useful data to the computer. Another alternative would be for the 

computer to ingest the whole raw GOES data stream, and software could 

then be used to process this data at a later time. However, this method 

is very inefficient and time-consuming. In order to better understand 

the features which the computer interface card should provide, it is 

necessary to examine the GOES data format in greater detail. 
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6.1.2 GOES Data Format 

Operational VAS Mode AAA Format Specification SFP 002, published 

by NOA&, defines in detail the GOES format. It takes the GOES satellite 

600 msec to transmit the information from one earth scan. This 600 msec 

scan period is divided into 12 blocks of 50 msec each. Of these 12 

blocks, eight contain data from the GOES visible sensors, two contain 

data from the GOES visible sensors, one block contains auxiliary data 

from one of several ground systems sources and one block iB currently 

just filled with data zeroes. 

Each of these different blocks has the same basic type of format 

as shown in Figure 6-1. 

Init Synch Block Information 
Period Header Field 

Figure 6-1: GOES VAS Block Format 

At the beginning of each block 10,032 bitB are provided as a synchroni

zation code so that the receiving equipment can synchronize to the data 

Btream. After the initial synchronization period, the header for that 

block is transmitted. The header consists of 30 eight-bit words which 

provide information about the contents of the information field in this 

block, such as data type, word length and number of data words. These 

30 words in the header are repeated 3 times consecutively, so the header 

actually has 90 eight-bit words. The information field follows the 

header, the contents of which depend upon the type of information being 

transmitted in this block. The word length and number of words in this 
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field vary, based upon what type of data it contains, but the total 

number of bits is always 94,816. 

Before the GOES data is transmitted, it is encoded using the 

method shown in Figure 6-2. 

DATA -
STREAM 

DATA 
CLOCK 

INIT SYNCH 
PERIOD 
DISABLE 

PN Sequence 

<— 

OUTPUT TO 
MODULATOR CLOCK 

NRZ-S 

EXOR 
GATE 2 

EXOR 
GATE 1 

AND 
GATE 

EXOR 
GATE 3 

Divide Clock 
Frequency by 8 

PO 

>0 Q7 Q14 
15-Bit Shift Register 

P14 

PRESET INPUT 
(Q0-Q14 preset to 101011011100101 at beginning of synch period) 

Figure 6-2: VAS Encoding Scheme 

This encoding scheme can be divided into 3 processes: 

1) All even number 8-bit bytes after the initial synch period are 

complemented. Complementing means that all 8 bits in these bytes 
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are inverted. The divide by 8 circuitry Bhown in Figure 6-2 

determines the start and end of the 8-bit bytes, and EXOR GATE 1 

performs the complementing. The AND GATE outputs a logic 0 during 

the synch period. When not in the synch period, it outputs the 

complemented data stream. 

2) The output from the AND GATE is Pseudo-Random Noise (PN) encoded. 

This is accomplished by EXOR GATE 2 which combines the PN sequence 

generated by EXOR GATE 3 and the 15-Bit Shift Register. The shift 

register is preloaded with a particular pattern at the beginning 

of the initialization period which causes it to output 15 

consecutive logic ones at the end of the sync period. This fact 

can be used to determine the end of the synch period. 

3) NRZ-S differential encoding is performed on the data coming from 

EXOR GATE 2. 

6.1.3 Desired Interface Card Functions 

Based upon the characteristics of the VAS data stream, several 

beneficial functions can be identified for the data interface card. 

Since the GOES data is encoded, it is advantageous for the computer 

interface card to decode the data before it is fed into the computer. 

In order to decode the data, the opposite of the encoding process can be 

used to do the decoding. If the bit synchronizer described in Chapter 5 

is used to input the data into the computer interface, the NRZ-S data 

will have already been converted to NRZ-L data. ThuB, to complete the 

decoding process, the interface card must only remove the PN coding from 

the data stream and then complement the even data bytes. 
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It is also beneficial for the interface card to recognize the 

start of the header and information fields. ThiB enables the computer 

to request the header information. After the computer has received the 

header information from the computer interface/ it could then determine 

what kind of data block is being sent. If it is a data block of 

interest, the computer could then request the computer interface to send 

the information field. 

Because the word length of the data varies, depending upon what 

type of data is sent, it iB useful for the computer interface to be able 

to send the data to the computer in different word lengths. This would 

allow the computer to more easily manipulate the data. 

6.2 COMPUTER INTERFACE•IMPLEMENTATION 

6.2.1 Computer Interface Block Diagram 

Because the computer interface must be compatible with the bus 

structure of the computer, its design is highly dependent upon the type 

of computer being used. One type of economical computer which can be 

used is an IBM PC-AT or compatible computer which has a 16-bit data bus. 

Figure 6-3 shows a block diagram of a computer interface card for this 

type of computer. 
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Figure 6-3: Block Diagram of 16-bit Interface for PC 

Data entering the interface card from the bit synchronizer is 

decoded before being sent out on the computer data bus. During the 

initial synchronization period, the card sendB a signal to the computer 

through an I/O (Input/Output) port indicating that the initial 

synchronization period has begun. If the computer has been programmed 

to receive the header from this block, it then sends a signal back to 

the interface card which enables the block to be proceBBed. The 

computer will also program the DMA (Direct Memory AcceBB) Controller to 

transfer the first 30 header bytes to the computer's RAM (Random Access 

Memory). As the header is received by the interface board, these 30 

bytes will be Bent to the computer, using the DMA interfacing signals to 
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control this process. Based upon the information in the header, the 

computer can determine whether to read this block into memory. If the 

computer has been programmed to read this block, it will send a command 

to the interface card, by use of an I/O port, which indicates what 

length of data words should be used by the computer interface to 

transfer the data to the computer. The computer will also program the 

DMA controller to transfer the required number of words from the 

information field to RAH. As the words from the information field are 

received, they are transferred to RAH, using the DMA interfacing signals 

to control this process. Once the data are in RAH, the computer can 

then display or store this data. 

Data are transferred from the computer interface to RAH by the 

8237A-5 DMA controller IC inside of the computer. The rate at which the 

DHA chip can transfer data is determined by the clock frequency being 

fed into the DHA controller chip. This clock frequency is usually an 

integral fraction of the computer's clock, but never more than 5 MHz. 

For a 6 MHz computer, the DHA controller clock frequency is 3 MHz. it 

takes 5 DMA clock cycles to perform one DHA word transfer (Rosch 1989, 

pp. 194-196). Thus, in an 6 MHz computer, it would take 

(5 cycles)/(I cycle * 3 MHz) = 1.67 usee 

to transfer one word from the computer interface board to the computer's 

RAH. The smallest word that would likely be used is 6 bits, because the 

visible data is only 6 bits in resolution. A 6-bit word could be 

generated by the computer interface board every 

(6 bits)/(2.Ill Mbit/sec) = 2.84 usee. 

Since the DHA transfer time is less than the time it takes to generate 
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one word, the DMA Controller can easily keep up with data rate of the 

GOES system. 

6.2.2 Computer Interface Circuit Diagram 

Implementation of the computer interface is accomplished by the 

circuits shown in block form in Figure 6-4 and detailed in Figures 6-4A 

thru 6-4F. These circuits are designed to be implemented on a JDR-PR10 

16-Bit Prototype Board available from JDR Hicrodevices for around $50. 

This prototype board has the I/O Decode Logic and Buffering built into 

it. 

Several factors were taken into consideration in choosing the type 

of digital logic families used in implementing the computer interface 

circuitry. First, it was necessary to use ICs that were fast enough to 

keep up with the data stream. Since the time for one bit period is 475 

nsec, this indicated that the ICs should have propagation times at least 

10 times faster than this so that timing considerations don't become 

critical. This ruled out slow logic families such as standard 4000 

series CMOS. Secondly, it waB desirable for the ICs to not draw too 

much power from the computer's power supplies. This ruled out the use 

of standard 74 and 74S series TTL and ECL logic families. Finally, it 

was desirable to use logic families which are widely available and 

inexpensive. Based on these considerations, the logic families which 

were chosen were the 74HC, 74HCT and 74LS families. The choice among 

these 3 logic families for each IC was based upon the availability of 

parts. When interfacing the output from a 74LS (or bipolar programmable 

logic array) device to the input of a 74HC device, a 10 kfl resistor was 
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used to pull up this line, because the output level of these devices for 

a logic high is not guaranteed to be high enough to be interpreted aB a 

high at the input of the 74HC device. 

After the data and clock enter the computer interface they first 

go into U1 which is a 16L8 PAL (Programmable Array Logic) IC as shown in 

Figure 6-4A. The equations used to program this PAL and the other PAL 

on this card are given in Appendix C. Switch S3 provides two inputs to 

this PAL to signal whether to invert the data or clock being received. 

These switches are Bet to match the data and clock polarities for the 

particular bit synchronizer that is being used. For the bit 

synchronizer described in Chapter 5, both switches would be closed 

because both the data and clock already have the proper polarity. Pin 

16 of U1 will output the proper polarity DATA stream. Likewise, pin 15 

will output the CK signal, and pin 14 will output CK-L which is an 

inverted version of CK. 

Ab noted earlier, it iB necessary to remove the PN encoding from 

the data stream. One way to do this is to generate a PN stream which 

matches the original PN sequence that was used to encode the data. This 

PN sequence can then be combined with the encoded data stream to remove 

the PN encoding. A PN code generator is shown in Figure 6-4B. It iB 

comprised of four 4-bit shift registers which are used is series to form 

a 15-bit shift register. This circuit performs the same function as the 

shift register used on the satellite to generate the PN encoding stream 

(Figure 6-2). The Q7 and Q14 outputs are EXORed together by U1 (Figure 

6-4A) to generate the PN sequence. In order to synchronize this PN 

shift register with the satellite's PN generator, the data stream coming 
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from this PN generator is compared to the PN sequence coming from the 

satellite. When the PN generators are in synch with each other, they 

will output the same PN sequence during the synch period. If the 

generators are not in synch with each other, then the PN generator iB 

preloaded by the SHIFT signal which is generated by U8A (Figure 6-4A). 

The initial state of the shift registers are preloaded to the 

sequence determined by the setting of the switches SI and S2. These 

switches are set so that the Bhift registers are preloaded with the same 

sequence that was preloaded by the satellite shift register. Thus, at 

the end of the synch period, the output from the shift registers will be 

15 consecutive ones. This is detected by the two AND gates U2 and U3 

(Figure 6-4B). If 15 ones are present, the output from U2 and U3 will 

both be low. These two signals are combined in Ul. The result of 

combining these two signals is the TF-L signal which goes low during the 

last bit of the synch period. 

The TF-L signal resets the I/O control circuitry on the card 

(Figure 6-4D). On the rising edge of the TF-L pulse, the flip-flop U10A 

is clocked, thereby causing the block indication signal, BLK, generated 

at its output to go high at the start of the first bit in the header. 

The BLK signal stays high until it is reset by software in the computer. 

This signal and its complement, BLK-L, are used to Btart the byte 

complementing circuitry (Figure 6-4C). When the BLK-L signal goes low 

at the beginning of the header period, the reset signal coming from U13D 

into the counter Ull will go low so Ull can begin counting on the rising 

edges of the CK-L signal. When Ull counts up to 8, the Q4 output from 

it goes high, which signifies that the end of an 8-bit byte has been 
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reached. The Q4 output is fed back through U13D into the reset of Ull 

which causes the Q4 output to go low.again. Thus, the Q4 output from 

Ull will be a narrow pulse at the end of each byte. This pulse is used 

to clock the flip-flop U10B. Because the BLK signal inputted into the 

clear input of U10B waB held low until the beginning of header, the Q 

output from U10B will be low during the first byte of the header. When 

U10B is clocked at the end of each byte, its output toggles state. 

Thus, its output will be high for all of the even bytes and low for all 

of the odd bytes. The output from U10B is EXORed with the PN sequence 

by U13A, and the output from U13A is EXORed with the encoded data stream 

by U13B. Thus, the output from U13B is the decoded data stream which is 

then latched by U12A. 

In addition to generating the decoded data stream, the circuitry 

in Figure 6-4C performs one additional function. The output from U10B 

is clocked into U12B by the pulse at the end of each byte generated by 

Ull. The resulting output from U12B will be a pulse at the end of each 

16-bit word which will stay high until it is cleared by the CK signal 

going low. This pulse is used by the I/O control circuitry to transfer 

the header words to the computer. 

The decoded data stream from U12A is serially loaded into the 

8-bit shift registers U15 and U16 (Figure 6-4E) where it is converted to 

a parallel output. Data is serially clocked into the shift registers by 

the CK signal, and it is then latched at the output of. the shift 

registers by the DRQCK signal. The DRQCK signal is a pulse which is 

high at the end of each 16-bit word for the first 15 words of the header 

and at the end of each variable length word in the information field. 
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This signal is delayed by U26A thru U26D to give the shift registers 

time to latch the parallel data outputs. The delayed signal is then 

used to load the parallel data into the 4-bit x 16 word first-in-

first-out (FIFO) registers U24, U25, U27 and U28. At the same time, the 

DRQCK Bignal is used to clock U17A (Figure 6-4F), which generates a 

request to the DMA controller inside the computer to do a DMA transfer. 

When the DMA controller receives this request, it will transfer the data 

from the FIFOs (Figure 6-4E) to the RAM inside the computer by setting 

the DMA_ACK_5 signal low. This will cause the FIFOs to output their 

data on the computer's data bus where it is transferred to RAM. 

The circuitry in Figure 6-4F performs interfacing to the 

computer's bus. As already discussed, U17A sends a request to the 

computer's DMA controller for a DMA transfer. Octal buffer U23 sends 

the status of the SYNCH signal to the computer when the computer readB 

I/O port address 300H. The computer reads this signal to determine when 

the initial synchronization period of the block occurs BO it can program 

the DMA controller to transfer the header to RAM as it is received. 

Octal latch U19 is used by the computer to pass the word length and the 

BOB (end of block) signals to the interface board, by writing to I/O 

port location 300H. The BOB signal indicates to the computer interface 

.board that the computer requires no more information from the current 

block, indicating that the interface card should get ready to start the 

process of synchronizing to the next block. In addition to latching the 

BOB signal, U19 also latches the word length required by the computer. 

This word length is loaded into counter U20 which counts downward from 

the word length to zero. When the count reaches zero, U20 will output a 
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pulse which indicates that the end of the word has been reached. It 

will then reload the word length and start counting down again. Thus, 

U20 will generate a pulse at the end of each word which is used to 

generate a DMA transfer request to transfer data of the desired word 

length to the computer's RAH. 

Figure 6-4D shows the remaining control circuitry. As mentioned 

previously, when the TF-L signal goes low, most of this circuitry shown 

in Figure 6-4D is reset. When this signal is low, the down counter U18 

is loaded to 45. The purpose of this counter is to count 45 sixteen-bit 

words (90 bytes) that comprise the header. Thus, the output from this 

counter stays high during the header period. Similarly, U22 is preset 

to 15, so its output stays high during the first 30 bytes of the header. 

The output from these two counters is used by the programmable array 

logic, U21, to generate various control signals based upon what part of 

the header, if any, is currently being received. In addition to 

resetting the two header counters, the TF-L Bignal also causes the BLK 

signal generated by U10A to go high at the start of the first bit in the 

header, indicating that the header or information field of a block is 

currently being received. The SYNCH signal which is generated by U8B 

and U9 is sent to the computer to indicate that the initial synch period 

is currently being received. Counter U9 keeps track of how many 

consecutive bits the PN generator's output has matched the GOES data 

stream. When they match for 128 consecutive bits, the output from U9 

clocks U8B so the SYNCH signal goes high. Various control signals are 

generated by U21 which performs logic gating of the input control 

signals to generate these output control signals. The exact gating 
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operations performed by U21 can be seen by looking at the logic 

equations used to program this device (Appendix C). 

6.2.3 Computer Interface Board Layout 

Figure B-9 of Appendix B shows the layout of the components on the 

JDR-PR10 prototype board. This board has several rows of power and 

ground buses which allow for easy access to the power and ground planes. 

The ICs are placed between these power access strips. Hire wrap socketB 

with integral decoupling capacitors were used for all of the components 

to allow for easy maintainability. Hire wrapping was used to make all 

of the signal connections. The power and ground pins were soldered for 

all of the ICs so that they have a very solid connection to the power 

and ground planes. 

The computer power supply has outputs for all the voltage levels 

necessary to power the I.F. amplifier, demodulator and bit synchronizer 

boards. Thus, it was decided to add a connector to the interface board 

to output these various voltages to the different boards so that an 

additional power Bupply would not be needed to supply power to the other 

boards. The pin assignments of this connector are given in Table 6-1. 
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Table 6-1: Computer interface Card PI Connector Pin Assignments 

Pi Pin Number Signal Name Source/Destination of Signal 

1 +5 VDC Interface Card Power Plane 
2 +5 VDC Interface Card Power Plane 
3 Ground Interface Card Ground Plane 
4 Ground Interface Card Ground Plane 
9 +12 VDC Interface Card Edge Connector Pin B9 
10 +12 VDC Interface Card Edge Connector Pin B9 
11 -12 VDC Interface Card Edge Connector Pin B7 
12 -12 VDC Interface Card Edge Connector Pin B7 
13 -5 VDC Interface Card Edge Connector Pin B5 
14 Ground Interface Card Ground Plane 
15 Ground Interface Card Ground Plane 
18 Clock In U1 Pin 4 
19 Data In U1 Pin 3 
21 Ground Interface Card Edge Connector Pin B1 
22 Ground Interface Card Edge Connector Pin B1 
23 Ground Interface Card Edge Connector Pin B1 
24 Ground Interface Card Edge Connector Pin B1 
25 Ground Interface Card Edge Connector Pin B1 

6.2.4 Software Required 

In order for the computer interface board to function, software 

must be written to control the board and extract the data that is 

required from the data stream. Since the deBired data depends upon the 

application, the software must be written to extract only the desired 

information. 

Regardless of what is to be done with the data, it must first be 

transferred to RAH. To do this, the following sequence must be 

followed. First, the computer should write OXH (X is the word length to 

be used) to I/O port address 300H. This will allow the SYNCH signal 

from the computer interface to go high during the initial synch period. 

The computer should then read I/O port address 300H to see when SYNCH 

goeB high. Once it goes high, the computer should write 8XH to I/O port 
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300H and then program the DMA Controller to transfer the header data to 

RAH. The computer should then read the DMA Status Register to see when 

the header has been completely transferred to RAH. Once it has been 

transferred to RAH, the computer should read the header bytes. Based 

upon the information contained in the header, the computer must 

determine if the information from this data block should be transferred 

to RAH. If it should be transferred, the computer should write the word 

length 8XH to the I/O port 300H and then program the DHA Controller to 

transfer the data in the information field to RAH. Finally, the 

computer should determine when this transfer is complete by reading the 

DHA Status Register. 

6.2.5 Computer Interface Testing 

The assembled interface card was verified to be constructed 

according the circuit diagrams by use of an ohm meter, but it has yet to 

be fully tested and verified. One way to test the functionality of the 

board would be to input a pseudo-random sequence and clock into the 

computer interface board. ThiB pseudo-random sequence must be the same 

as is produced by the GOES satellite during the initial synchronization 

period. The circuit shown in Figure 5-6 would perform this task. Since 

the sequence generated by the PN generator after the initial 

synchronization period is easily determined, it iB possible to verify 

the board*B functionality by reading the PN stream into RAH and then 

verifying that it is correct. 

Writing the software to test the card and actually running the 

test on the card are beyond the Bcope of this theBis. Researchers at 
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the Instituto Technological de Senora in Mexico have also constructed a 

card using this design. They are now in the process of performing tests 

on the card. So far, they have verified that the data gets to the FIFO 

registers that output the data onto the bus. They are now in the 

process of writing the software to program the DMA Controller to 

transfer the data to RAM. All tests performed on the card to date 

indicate that the computer interface card should function properly. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

7.1 COMPLETE GOES RECEIVING SYSTEM IMPLEMENTATION 

It is possible to purchase an expensive complete GOES receiving 

system. However, this expensive system is too costly for many potential 

users. Several vendors sell components which can be integrated together 

to construct a less expensive receiving system. Basic costs and 

descriptions of these components were presented in Chapter 2. Before 

any of these items are ordered, written quotations should be obtained to 

verify the latest pricing information and any specification changes. 

If the potential user cannot afford the modest cost to construct a 

system from purchased components, costs can be reduced still further by 

constructing some of the receiver subsystems. Basic designs for four of 

the subsystems (I.F. amplifier, demodulator, bit synchronizer and 

computer interface) required for a GOES system have been presented in 

this thesis. These four components (constructed by the author for less 

than $500 in parts) can be used as part of an economical GOES receiving 

system. All tests performed on these components to date indicate that 

they will perform adequately. 

It appears that the most economical way to complete the implemen

tation of a GOES receiving system using these four subsystems is to 

purchase a Paraclipse antenna system (for around $2,000) and a Wilmanco 

feed/LNA/downconverter assembly (for $1,200). Currently, researchers at 
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the Xnstituto Tecnologico de Sonora in Mexico are working to implement 

this basic receiving system. They have purchased the antenna and 

Wilmanco assembly and are currently working on building and testing the 

rest of the components necessary for a GOES receiving system. It would 

be advisable for anyone interested in constructing their own system to 

contact Chris Watts, the coordinator of this project in Mexico, for 

addit ional suggestions. 

7.2 CHANGES REQUIRED FOR FUTURE GOES SATELLITES 

The GOES I—M satellites are currently scheduled to be launched 

starting in October, 1992. A new variable format known as GVAR will be 

used on these GOES satellites. The basic block structure of this format 

appears to be the same as the current format. GVAR will differ from the 

current format in that the information field is no longer fixed in 

length. Information contained in the information fields will also be 

different in word length than the current VAS format. If the computer 

interface board that was described in Chapter 6 is used, no hardware 

changes will be required to accommodate the format change, because the 

word length is already programmable for this board. Since the data 

format is changing, the user would have to evaluate what data to extract 

from this new format. The user would then need to change the software 

to capture this information. 

In addition to a data format change, the transmission frequency of 

the new satellites will change from 1687.1 MHz to 1685.7 MHz. This 

would require a change to one or more of the hardware components. The 

most logical choice would be to change the LO frequency of the 
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downconverter eo that the downconverter would still output the old I.F. 

carrier with the new frequency carrier. This should be a minor 

modification. If the Wilmanco downconverter is used, Wilmanco will 

(based upon current information) change the LO crystal and retune the 

demodulator for less than $100. 
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APPPENDIX A 

GOES CONTACTS 

GOES VENDOR CONTACTS 

The following vendors sell components which can be used in a GOES 
receiving system. 

Aydin Computer and Monitor Division 
700 Dresher Road 
Horsham, PA 19044 
Tele: 215-657-8600 
FAX: 215-657-5470 
Sales Rep: Hazel Goldman 
Technical Rep: Richard Margraff 

DeCom Systems Inc. 
340 Rancheros Drive 
San Marcos, CA 92069 
Tele: 619-431-1945 
Sales Rep: Rich Crook 

Sutron Corporation 
2190 Fox Mill Rd 
Herdon, Virginia 22071 
Tele: 703-471-0810 
Fax: 703-435-0232 
Receiver Engineer: Chris Buchner 

Synergistics International Inc. 
1831 Left Hand Circle 
Boulder, Colorado 80306 
Tele: 303-678-5200 
Fax: 303-678-5206 
Sales Rep: Scott Muller 

Wilmanco 
19529 Business Center Drive 
Northridge, CA 91324 
Tel: 818-993-1662/1663 
FAX: 818-993-5438 
Engineer: Deke Williams 
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GOES USERS 

John DuBois has constructed the only known amateur station to 
date. Greg Ehrler has constructed the best known LNA for GOES to date. 

Dr. John L. DuBois 
Thermalogic Corporation 
241 Crescent Street 
Waltham, MA 02154 

Greg Ehrler 
105-53 87th Street 
Ozone Park, NY 11417 

Chris Watts is currently in coordinating the project in Mexico to 
implement a low cost economical GOES receivng system. 

Chris Watts 
Instituto Tecnologico de Senora 
Direccion de Investigacion y Estudios de Postgrado 
5 de Febrero No. 818 Sur 
85000 Ciudad Obregon Sonora Mexico 
TEL: 011-52-641-52471 
PAX: 011-52-641-43975 



GOES GOVERNMENT CONTACTS 

The following government offices provide GOES information. 

Director Satellite Operations 
E/SO, NOAA/NESDIS 
Washington, D.C. 20233 
Tel: 301-763-1610 {General Information) 

301-763-5908 {Current Satellite Positions) 
301-763-1980 (Future GOES Launch Projections) 
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APPENDIX B 

CIRCUIX BOARD DRAWINGS 

ThiB appendix contains the assembly drawings for the I.F. 

Amplifier, Demodulator, Bit Synchronizer and Computer Interface boards 

that were constructed and discussed in Chapters 3, 4, 5 and 6 

respectively. In addition, the printed circuit board drawings for the 

I.F. Amplifier and Demodulator are contained in this appendix. 



Figure B-1: I-F- Amplifier Board Layout 
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Figure B-2: I.F. Amplifier Printed Circuit Board Top Layer 



Figure B-3: I.F. Amplifier Printed Circuit Board Bottom Layer 
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Figure B-5: Costas Loop Demodulator Board Layout Including VCO Amplifier 
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Figure B-7: Demodulator Printed Circuit Board Bottom Layer 
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APPENDIX C 

PROGRAMMABLE LOGIC EQUATIONS 

C.l PROGRAMMABLE LOGIC INTRODUCTION 

Two 16L8 Programmable Logic Devices were used on the Computer 

Interface Board in Chapter 6. The reference designations of these two 

devices in Figures 6-4A and 6-4D are U1 and U21. Equations were 

originally written to program these devices using the CUPL language, 

from P-CAD Systems. After they were compiled to a JEDEC programmable 

format, they were converted to the ABEL language, from DATA I/O 

Corporation. Once in the ABEL format, test vectors were added to test 

the functionality of the devices. The ABEL files with the test vectors 

were compiled to generate the JEDEC files which were actually used to 

program the devices used on the computer interface card that was 

assembled. If additional devices are to be programmed in the future, 

either the ABEL files or the CUPL files can be used to program the 

devices, but the ABEL files are preferable, since they contain test 

vectors which will test the device after it has been programmed. 

The CUPL files for U1 and U21 are given in sections C.2 and C.3, 

and the ABEL files for U1 and U21 are given in C.4 and C.5. In these 

files, the basic logic functions "AND", "OR", "NOT" and "EXOR" are 

represented by the symbols "1" and "$". 



C.I COPL IMPLEMENTATION OF Ul 

/*******************************, 
/* Computer interface Board Ul. 
/* Device type P16L8. 
/ft*******.**********************, 

CUPL Implementation. * 

* 

/* inputs 

Pin 
Pin 
Pin 
Pin 
Pin 
Pin 
Pin 
Pin 8 
Pin 9 
Pin 11 

* *  ! 

= ! TF1 
= 1TF2 
= DATAI 
= CKI 
= SYNC 
= ICK 
= IDT 
= Q7 
* Q14 
= BLK 

I* Q0-Q7 NAND 
/* Q8-Q14 NAND 
/* RAW DATA 
/* RAW CLOCK 
/* SYNC REGISTER 
/* INVERT CLOCK 
/* INVERT DATA 
/* SHIFT REGISTER Q7 
/* SHIFT REGISTER Q14 
/* BLOCK REGISTER 

/** Outputs **/ 

Pin 12 
Pin 13 
Pin 14 
Pin 15 
Pin 16 
Pin 19 

JTF 
PN 
NCK 
CK 
DATA 
NMATCH 

15 ONES SYNC 
LOCAL PN SEQUENCE 
1CLOCK 
CLOCK 
DATA 
1(PN-DATA MATCH) 
PIN 17 (I/O) NOT USED 
PIN 18 (I/O) NOT USED 

* 

# 

it 

it 

it 

it 

it 

it 

/** Logic Equations **/ 

CK m CKI $ ICK; 
NCK = CKI $ 1ICK; 
DATA = DATAI $ IDT; 
PN = Q7 $ Q14; 
NMATCH = (PN $ DATA) & 1BLK; 
TF • TF1 & TF2 & SYNC; 



C.3 CPPL IMPLEMENTATION OF P21 

/ • • * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * « * * * *  

/* Computer Interface Board U21. CUPL Implementation. 
/* Device type P16L8. 
/•a**************************************************** 

/** Inputs **/ 

Pin 1 = SYNC 
Pin 2 = INIT 
Pin 3 = HDR 
Pin 4 = BLK 
Pin 5 = 1U8F 
Pin 6 SB IU7M 
Pin 7 = 1 VBWC 
Pin 8 = 16BWC 
Pin 9 a 107H 
Pin 11 = 1DAK5 
Pin 18 TC 

* Synch Period * 
* Initialization Period of Header * 
* Entire Header Period * 
* Entire Block Period (Except Sync) * 
* PAL U8 out 'F' = 300H sel (lo byte) * 
* PAL U7 out 'M' = I/O write * 
* Variable Bit Word Count * 
* 16 Bit Word Count * 
* PAL U7 out 'H' = I/O read * 
* DMA channel #5 acknowledge * 
* DMA terminal count * 

/** Outputs **/ 

Pin 12 = W300 
Pin 19 = DRQ5C 
Pin 13 s HDRCK 
Pin 14 = INICK 
Pin 15 s 1R300 
Pin 16 = 1U20PE 
Pin 17 = 1U17CL 

/* I/O Port 300H write select 
I* DRQ5 DMA clock 
/* Clock to HEADER counter 
/* Clock to INIT counter 
/* I/O Port 300H read select 
/* U20 Preset Enable 
/* DMA channel #5 request clear 

/** Intermediate Logic Expressions **/ 

DATBK = BLK & IHDR; 
DATCK = DATBK & VBWC; 

/** Output Equations **/ 

W300 = U7M & U8F; 
DRQ5C = (INIT fi 16BWC) # DATCK; 
HDRCK = 16BWC & HDR; 
R300 = U7H & U8F; 
INICK = 16BWC & INIT; 
U20PE = DATCK # 1DATBK; 
U17CL = DAKS # 1BLK * (TC & IHDR); 
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C.4 ABEL IMPLEMENTATION OF U1 

module _gvarl 

title 'Computer Interface Board U1 - ABEL Implementation' 

gvarl device 1pl618'; 

"Pin Declarations 
PIN01, PIN02, PIN03, PIN04 Pin 1, 2, 3, 4; 
PINOŜ PINOS, PIN07, PIN08 Pin 5, 6, 7, 8f 
PIN09, PIN10, PINll, PIN12 Pin 9,10,11,12; 
PIN13, PIN14, PIN15, PIN16 Pin 13,14,15,16; 
PIN17, PIN18, PIN19, PIN20 Pin 17,18,19,20; 

"Node Declarations 
PIN12,PIN13,PIN14,PIN15,PIN16,PIN17,PIN18,PIN19 IsType 'Neg1; 
PIN12,PIN13,PIN14,PIN15,PIN16,PIN17,PIN18,PIN19 IsType * Com'; 
PIN13,PIN14,PIN15,PIN16,PIN17,PIN18 IsType *Feed_PIN'; 

"Feedback nodes 

X,K,Z,C,P = *Xifik*f iz«, «Cii .p.; 

EQUATIONS 

1PIN12 
PIN12.0E = 

1PIN13 

PIN13.0E = 

1PIN14 

PIN14.0E = 

1PIN15 

PIN1S.OE « 

IPIN16 

PIN16.0E = 

1PIN17 
PIN17.0E = 

1PIN02 & 1PIN01 & PIN05)); 
1 )); 

PIN08 & PIN09 
1PIN08 & 1PIN09)); 
1 )); 

PIN04 & JPIN06 
1PIN04 & PIN06)); 
l )); 

PIN04 & PIN06 
1PIN04 & 1PIN06)); 
1 ))? 

PIN03 & PIN07 
1PIN03 & 1PIN07)); 
1 ))? 

0 ))? 
o )); 



1PIN18 = (( 0 ))? 
PIN18.0E - (( 0 )); 

1PIN19 = (( PIN16 & PIN13 
0 1PIN16 fi 1PIN13 
# PINll)); 

PIN19.0E = ((!)); 

TEST_VECTORS * Teat of GVAR U1 * 
([PINOl,PIN02,PIN03,PIN04,PIN05,PIN06,PIN07,PIN08,PIN09,PINll] 
[PIN12,PIN13,PIN14,PIN15,PIN16,PIN19]) 

"TEST TF SIGNAL - PIN 12 
[1,1,X,X,1,X,X,X,X,X] -> [1,X,X,X,X,X]; 
tl,l,X,X,0,X,X,X,X,X] -> [1,X,X,X,X,X]; 
[1,0,X,X,1,X,X,X,X,X] -> [l,X,X,X,X,X]j 
[1,0,X,X,0,X,X,X,X,X] -> [l,X,X,X,X,XJj 
[Of 1 fX/Xf 11 X(X/XfX/X] •"> [ IfX f X / X f X f X J  f  
[0,1,X,X,0,X,X,X,X,X] -> [1,X,X,X,X,X]; 
(0,0,X,X,1,X,X,X,X,X] -> [0,X,X,X,X,X]; 
[0f0,X,X,0,XfX/XfXfXJ -> [lfX,XrX,X,X]; 

"TEST PN SIGNAL - PIN 13 
[X,X,X,X,X,X,X,1,1,X] -> [X,0,X,X,X,X]; 
tX,XfX,XfX,X,Xfl,0,X] -> [X,1,X,X,X,X]; 
[X,X,X,X,X,X,X,0,1,X] -> [X,1,X,X,X,X]; 
[X,XfX/X,XrX,Xr0,0,X] -> [XrOrX,X,X,X]; 

"TEST NCK SIGNAL - PIN 14 
[X,X,X,1,X,1,X,X,X,X] -> [X,X,1,X,X,X]i 
[X,X,X,1,X,0,X/X,X,X] -> [X,X,0,X,X,X]; 
[X,X,X,0,X,1,X,X,X,X] -> [X,X,0,X,X,X]f 
[X,X,X,0,X,0,X,X,X,X] -> [XfXfIfXfXfX]; 

"TEST CK SIGNAL - PIN 15 
[X,X,X,1,X,1,X,X,X,X] -> [X,X,X,0,XfX]; 
[X,X,X,1,X,0,X,X,X,X] -> [X,X,X,l,XfX]; 
[X,X,X,0,X,1,X,X,X,X] -> [X,XfX,1,X,X]; 
[X,X,X,0,X,0,X,X,X,X] -> [X,X,X,0,X,X]; 

"TEST DATA SIGNAL - PIN 16 
[X,X,1,X,X,X,1,X,X,X] -> [X,Xf XrX#OfX] ; 
[XfXflrX/XfXfOfX,XrX] -> [X,X,X,X,1,X]; 
[X,X,0,X,X,X,1,X,X,X] -> (X,X,X,X,1,X); 
[X,X,0,X,X,X,0,X,X,X] -> [X,X,X,XfO,X]; 
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"TEST NMATCH SIGNAL ' 
[X,X,1,X,X,X,0,1,1,0 
[X,X,1,X,X,X,0,1,1,1 
[X,X,1,X,X,X,1,1,0,0 
[X,X,1,X,X,X,0,1,0,0 
[X,X,0,X,X,X,1,1,1,0 
[X,X,0,X,X,X,1,0,1,0 
[X,X,0,X,X,X,0,0,1,0 
[X,X,0,X,X,X,1,0,0,0 
[X,X,0,X,X,X,1,0,0,1 

END 

- PIN 19 
-> [X,X,X,X,X,1] 
-> £X,X,X,X,X,0] 
->  t x»x ,x ,x ,x , i )  

-> [X,X,X,X,X,0] 
-> [X,X,X,X,X,1] 
-> [X,X,X,X,X,0] 
-> [X,X,X,X,X,1] 
-> [X,X,X,X,X,1] 
-> [X,X,X,X,X,0] 

C.5 ABEL IMPLEMENTATION OF U21 

module _gvar21 

title 'Computer Interface Board U21 - ABEL Implementation' 

gvar21 device 'pl618'; 

"Pin Declarations 
PIN01, PIN02, PIN03, PIN04 Pin I# 2, 3, 4 
PIN05, PIN06, PIN07, PIN08 Pin 5, 6, 7, 8 
PIN09, PIN10, PIN11, PIN12 Pin 9, 10, 11, 12 
PIN13, PIN14, PIN15, PIN16 Pin 13, 14, 15, 16 
PIN17, PIN18, PIN19, PIN20 Pin 17, 18, 19, 20 

"Node Declarations 
PIN12,PIN13,PIN14,PIN15,PIN16,PIN17,PIN18,PIN19 IsType •Neg'; 
PIN12,PIN13,PIN14,PIN15,PIN16,PIN17,PIN18,PIN19 IsType 'Com'; 
PIN13,PIN14,PIN15,PIN16,PIN17,PIN18 IsType *Feed_PIN'; 

"Feedback nodes 
X,K,Z,C,P e tXa f >kif •z«, iC*, *pif 

EQUATIONS 

IPIN12 ( PIN06 
# PIN05)) 

PIN12.0E = < 1 )),* 

1PIN13 (1PIN08 
# 1PIN03)); 

PIN13.0E = ( i )); 

IPIN14 (1PIN08 
# IPIN02)); 

PIN14.0E = ( 1 )>? 



1PIN15 - {(1PIN05 & 1PIN09)); 
PIN15.0E = {( 1 )); 

1PIN16 = {(1P1N03 & PIN04 & 1PIN07 
# 1PIN04 
# PIN03)); 

PIN16.0E = ({ 1 )); 

1PIN17 = ({1PIN11 
# 1PIN04 
# 1PIN03 & PIN18)) 

PIN17.0E = (( 1 ))7 

1PIN18 = (( 0 )); 
PIN18.0E c (( 0 )); 

1PIN19 = ((1PIN02 & PIN07 
# PIN07 & 1PIN08 
# 1PIN02 & 1PIN04 
# 1PIN04 & 1PIN08 
# 1PIN02 & PIN03 
# PIN03 & 1PIN08)) 

PIN19.0E = (( 1 )); 

TEST_VECTORS ' TEST OF GVAR U21 ' 
{[PINOl,PIN02,PIN03,PIN04,PINO5,PIN06,PIN07,PXN08,PIN09,PIN11,PIN18] 
[PIN12,PIN13,PIN14,PIN15,PIN16,PZN17,PIN19]) 

i. TEST w300 _ plN 12 
EX,X,X,X,1,1,X,X,X,X,X] 
[X,X,X,X,1,0,X,X,X,X,X] 
[X,X,X,XfO,l,X,X,X,X,X] 
[X,X,X,X,0,0,X,X,X,X,X] 

« TEST HDRCK - PIN 13 
[X,X,1,X,X,X,X,1,X,X,X] 
[X,X,1,X,X,X,X,0,X,X,X] 
[X,X,0,X,X,X,X,1,X,X,X] 
[X,X,0,X,X,X,X,0,X,X,X] 

" TEST INICK - PIN 14 
[X,1,X,X,X,X,X,1,X,X,X] 
[X,1,X,X,X,X,X,0,X,X,X] 
[X,0,X,X,X,X,X,1,X,X,X] 
IX,0,X,X,X,X,X,0,X,X,X] 

" TEST R300 - PIN 15 
[X,X,X,X,l,X,X,X,l,XfX] 
[X,X,X,X,1,X,X,X,0,X,X] 
[X,X,X,X,OrX,X,X,l,X,X] 
[X,X,X,X,0,X,X,X,0,X,X] 

-> [0,X,X,X,X,X,X]; 
-> [0fX,X,X/XrXfX]; 
-> [0,X,X,X,X,X,X]; 
-> [lfX,X,X,X,X,X]J 

-> [X,1,X,X(X,X,X]; 
-> [X,0fX,X,X,X,X]? 
-> [X,0,X,X,X,X,X]; 
-> [X,0,X,X,X,X,X]; 

-> [X,X,1,X,X,X,X]; 
-> [X,X,0,X,X,X,X]; 
-> [X,X,0,X,X,X,X]; 
-> [X,X,0,X,X,X,X]; 

-> [X,X,X,1,X,X,X]; 
-> [X,X,X,1,X,X,X]; 
-> [X,X,X,1,X,X,X]; 
-> [X,X,X,0,X,X,X]f 
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