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Summary 

1. TECHNICAL PROBLEM 

This project is one part of a larger effort directed at extending the packet switching technol- 
ogy to include a flexible access and distribution capability for resource sharing networks. 
The objectives of the Collins investigations are: 

Perform research covering the  application of radio frequency technology to packet 
switching/communications. 

Participate in the overall  Advanced Research Projects Agency  (ARPA) Packet Commun- 
ication Technology Program under the guidance of the Packet Radio Communications 
Working Group.     In support of these overall objectives,   the following specific objectives 
are: 

• Provide one set of equipment for propagation/noise measurements. 

• Identify salient characteristics of packet radio link design including bounds on rf 
carrier frequency, data rate, channelization, and ranges. 

• Determine the modulation and detection methods for the experimental packet radio 
system. 

• Determine the state of technology and suitability of various selected equipment com- 
ponents for the packet radio application. 

• Recommend a terminal-to-terminal security system for the ARPA packet switch 
network. 

2. GENERAL METhODOLOGY 

The approach to the packet radio . nvestigations has been a combination of theoretical analysis 
and laboratory experimental activities.   The theoretical analysis has drawn on sources of 
information available from the literature and the experience Collins has developed in radio 
communication design and development.   Experimental activities have been the evaluation of 
candidate equipment components for packet radio application.   The thrust of activity has been 
the translation of packet radio concepts into equipment requirements.   Specific activities have 
included development of computer analysis program tools to aid in the signal processing de- 
sign for the experimental packet radio system and investigation of radio link characteristics 
based on hypothesized and empirically obtained channel information.   The question of security 
has been addressed by consideration of the various threats to the security of a packet switch 
network that may be expected and the strengths and weaknesses of the network to these threats. 
The report on this work is found in other documents. 
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summary 

3. TECHNICAL RESULTS 

Results reported in this document are the completion of the development and introduction 
into the measurement system of the propagation/noise measurement equipment and 
identification of essential radio link parameters for the experimental system.    The 
developed propagation/noise measurement equipment consists of a transmitter and 
receiver.     The transmitter generates and transmits a code spread biphase modulation 
at dual frequencies of 430 MHz and 1370 MHz with output power of 10 watts and 6 watts, 
respectively.    The receiver has dual fixed-frequency front ends,   a common if channel, 
and utilizes surface wave devices for signal correlation.    Two omnidirectional type 
antennas  (one with gain of 2 dBi at 430  MHz and 9 dBi at 1370 MHz,   and another with 
gain of 2 dBi at both frequencies) were provided.    A complete design data package and 
description of c-qvipment is included in volume 2 of this report.    The following radio 
link parameters have been identified for the experimental system: 

• Frequency bounds of 1 GHz to 2 GHz with target band of 1710 MHz to 1850 MHz 

• Dual data rates of 420 kb/s for repeatcr-to-repe'iter links and 100 kb/s for terminal-to- 
repeater links 

• One common channel with spread spectrum differentially coherent minimum shift keying 
modulation 

• Antennas with vertical directivity and omnidirectional coverage in azimuth plane (9-dBi 
gain) 

• Expected ranges for terminal-to-repeater lirks in urban environment of the order of 2 
miles. 

In defining the experimental system, other related accomplishments fhat have been made 
are the following: 

• Microprocessor investigation and selection for the experimental system 

• Operational computer design aids for signal processing analysis and design. 

4. PLAN FOR NEXT QUARTER ACTIVITIES 

The activities for the next quarter are the translation of system design parameters into an 
equipment design plan.   This will include the specific design of eruipments for the experi- 
mental packet radio system.   This experimental system will consist of three network elements 
that can be cast as network terminals or repeaters, and represents the first phase of develop- 
ment of a packet radio network.   The issue of the frequency allocation of the experimental 
system will also be addressed.   The results of this effort will be a frequency allocation plan. 
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Section 1 

Packet Radio — Radio Link Considerations 

1.1 INTRODUCTION 

It is envisioned that the packet radio techniques under investigation can provide an effective 
and efficient technique for communication in a wide variety of environments and for a wide 
variety of applications. It is therefore desirable that the systems being investigated provide 
for portable operation of equipment and allow the building of systems of substantial extent in an 
environment that is not conducive to care in siting of equipment and that does not allow time 
for propagation surveys. In this regard, packet radio systems have much in common with 
mobile radio systems. Prior work by others in this field has been very helpful in this 
investigation. The need for portability and the restraints on siting will influence the choice 
of frequency, power output requirements, antenna design, repeater distribution, and 
compatibility with other systems that may share the same radio spectrum. Results of 
investigations into these subjects are summarized in this report. 

1.2 RADIO PROPAGATION AND RELATIONS TO SYSTEM DESIGN 

Antennas for packet radio systems must provide essentially omnidirectional coverage in the 
azimuth plane. Fixed stations may employ antennas with moderate vertical directivity since 
it is permissible to assume some care in siting and installation of fixed stations. Such 
installations will typically be repeaters or stations. 

The criteria stated above implies relatively simple antennas, such as vertical dipoles 
Vertical polarization is assumed primarily because it results in a more convenient antenna 
configuration. At frequencies that are acceptable for packet radio, either vertical or 
horizontal polarization offers essentially the same propagation performance. The relation- 
ships between frequency, antenna size, and free-space loss are reviewed briefly in the 
following paragraph. 

1.2.1    Antenna and Space Loss Relationships 

It is convenient to relate all antennas to a theoretical omnidirectional antenna. For trans- 
mitters, this antenna radiates the energy equally in all directions; therefore, assuming no 

I R losses in the antenna, the power density at distance d fiom the radiator in the resulting 
radiated field is: ft 

PD- 
47,d 

where 

P    = Power density in watts per unit area 

P™ ■ Transmitter power 

d = Distance from source. 

1-1 
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packet radio — radio link considerations 

It is convenient to consider the receive antenna as having a capture area when placed in the 
transmitted field. The capture area of the theoretical isotropic antenna is: 

X2 

i    4»r 

where 

A. = Effective area of isotropic antenna 

X ■ Wavelength. 

From the above equation one can derive the free-space loss between isotropic antennas as: 

o ■ m
2 d2 f2 

2 
c 

where 

o- = Space loss 

d = = Distance between antennas 

f■ Frequency 

c ■ Velocity of light. 

This equation reduces to the familiar one of: 

ö = 36.6 + log f + 20 log d in dB 

where 

o = Space log between isotropic antennas in dB 

f ■ Frequency in MHz 

d = Distance in miles. 

It is important to emphasize at this point that the isotropic receive antenna has a capture 
area that is a function of the square of the wavelength or inverse square of the frequency. 
Since, by definition, free-space loss is the loss between isotropic transmit and receive 
antennas, space loss increases as the square of the frequency. 

For applications allowing use of directive antenna (i.e., point-to-point circuits), it is equally 
proper to relate path loss to a constant antenna aperture. If antenna aperture is held con- 
stant for both transmit and receive antenna, then the path loss decreases as the square of 
the frequency. This of course results because the receiving antenna capture area remains 
constant while the transmitting antenna beamwidth becomes smaller with increasing frequency, 
resulting in greater power density at the receiving location. 

IJ 

1-2 

.-M J 



r ■"^»«■^^^■,~-"» >  >>* i      i    _^ 

o 

o 

;, 

packet radio — radiu link considerations 

II will tht-i^lore be noted from the above relationships that the ratio oi nath loss between 
tixed-anerture antennas and umnidirectional antennas changes as the fourth power of the 
Irequency. 

The above points are reviewed because they have an important impact on the choice of 
operating frequency for packet radio systems independent of other considerations of multi- 
path, noise level, etc. If the frequency band selection is to be based on free-space propaga- 
tion conditions alone, then the rules for selection may be simply stated as follows. 

a. For systems employing omnidirectional antennas at each end of the link, the operating 
frequency should be chosen as low as possible consistent with adequate available 
bandwidth and reasonable antenna size for portable systems. 

b. For systems employing directional antennas at each end of the link, the frequency 
should be chosen as high as possible consistent with economic microwave devices and 
low aHenuation due to rainfall. (This indicates that the choise of frequency for 
direr' .ve systems is limited primarily by rain and, hence, may operate at frequencies 
to at least 10 GHz.) 

c. If the system employs directive antennas at terminal points and omnidirectional 
antennas at the repeaters, then the selection of frequency is not an important considera- 
tion from free-space propagation considerations. 

These space loss relationships are illustrated for 400-MHz and B-Glb bands in figure 1-1. 

Transmit power requirements are compared for 400-MHz and 8-GHz systems with omnidirec- 
tional and fixed antenna aperture with a 4-foot diameter paraboloid for the following assumed 
system parameters for all examples: 

Receiver noise figure    (5 dB 

Data rate     10   bits/second 
5 

Receiver bandwidth    2 x 10 

Required signal-to-noise ■ 20 dB (Note:   This provides (i- to 8-dB margin.) 

From above: 

Noise level = -174 + 53 + 6     -'15 dBm 

Required receive power    -li5 + 20 ' -95 dBm 

It is assumed that the experimental system is to operate in a band assigned to government 
services. Several candidate bands are listed in table 1-1 with the effective area of the 
Isotropie antenna for each band. 

l-:i 

I——IM—IIM—^1« IIM^MJM ■«     ^mMjmmm 



■I"1 ' ■ ■■ 

packet radin — radii, link cunsitlenilions 

-6 MI- 

EXAMPLE 
1  & 3  OMNI 

EXAMPLE  2 & 4 

DIRECTIONAL   ' 
4' DIA ANT 

.Q-JRCv) 

4        

6      117 

90 

100 

JO 

?0 

10 

REOUIRED TRANS POWER 8 DBM 

REQUIRED 

TRANS POWER       16 4 DBM 

EXAMPLE  1 

ISOTROPIC ANT 

•REQUIRED REC POWER 

[ 

REQUIRED TRANS POWER       03 6 DBM 

EXAMPLE  3 ISOTROPIC ANT. 8 ÜHZ 

10   — 

?0 

30 

40 

bü 

60 

>0 

80 

^ 

90 

100 

110 

120  — 

130 

# ■ ■» vt 
-IJ REQUIRED* X0^ 

XMT POWER \ t* \\ 
42 2 DBM     \yo 

EXAMPLE 4     f \<S' 

4 FT PARABOLOIDS     V* 

\% 

\ 

m 
I  D 

[2 
I n 

[m 

Ml N 

TRANSMIT, RECEIVE POWER OF  ERP IN DBM 

Figure 1-1.     Free-Space Loss Relationships for 400-MHz and 8-GHz Bands. 

1.2.2    Propagation in a Real Knvironment 

Propagation between two isotropic antennas in free space was reviewed in paragraph 1.2.1. 
It was pointed out that the frequency dependence of the propagation is due to the decreasing 
size of our isotropic receiving antenna as frequency is increased. In a practical environ- 
ment, other factors influence the performance to be obtained. Of particular importance is 
the multipath characteristics in an urban environment. In this regard, packet radio systems 
are similar to mobile radio services, although they are likely more sensitive to multipath 
due to us effect on error rate. Some of the path design considerations are summarized in 
the following paragraph. 
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Table '-1.     Frequency Bands. 

FREQUENCY WAVELENGTH* WAVELENGTH* AREA OF GAIN IN DB ABOVE 
(MHz) MFEET) X. (INCHES) ISOTROPIC 

ANTENNA 
(SQUARE 
FEET) 

ISOTROPIC OF1 SQ 
FT EFFECTIVE 
APERTURE 

406-420 2.4 28.6 0.46 3.36 

1700-1850 0.55 6.1 2.4xl0"2 , 16.2 

2200-2300 0.44 5.2 1.54xl0"2 18.1 

4400-5000 0.21 2.5 3.34xl0"3 24.75 

7125-8500 0.1^5 1.1 1.24xl0"3 29.06 

13200-16000 0.067 0.8 3.88xl0"4 34.1 

*A11 waveleng ths, areas, and gaii i are fcr midband frequency of band listed. 

1.2.2.1    Line-of-Sight Paths 

It is common to refer to the radio horizon of line-of-sight (LOS) as c Jculated geometrically 
with the tower heights on a curved earth of 4/3 the true earth radius. This LOS distance can 
be calculated by: 

d - \/2(h   +h ) miles 

where h  and hr are the transmitting and receiving antenna heights above the average terrain, 

measured in feet. However, daring propagation anomalies, the effective earth radius may 
reduce to 2/3 true earth radius and this is often used for worst case system design. 

With this conservative estimation, the 30-meter antennas might be as far apart as 16.8 miles 
unless there is a compelling reason for closer spacing due to multipath, path loss, etc. 

1.2.2.2    Path Clearance 

In addition to establishing a shorter LOS in the interest of increasing reliability, the path 
of the optical ray must clear large obstacles on all sides of the array by at least 0.6 of the 
Fresnel zone radius. 

P      550 
^d1(d-d1 

d f 
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where 

d  ■ Path length in kilometers (km) 

d. - Distance along path to me asureineni point (km) 

f = Frequency in MHz. 

For example, if the path was to go close by a hillside 10 km from ore terminal on a 15-km 
path length and the frequency was 1000 MHz, then the geometric center of the path must 
clear the mountain by at least 31.7 meters if we are to achieve near free-space propagation 
performance. 

1.2.2.3    Path Loss 

The loss between unobstructed Isotropie antennas in free space is defined in paragraph 1.2.], 
however, in a real environment where propaga'-ion is influenced by multipath and obstructions, 
one must consider the statistical nature of prrpagation between randomly selected points. 
This has been done by CCIR for uhf frequencies suitable for mobile services. Curves derived 

from the CCIR   are plotted in figure 1-2. These curves define propagation reliability in 
percent as a function of fade margin for various functional iine-of-sight paths. 

i .2.2.4    Multipath and Its Relation to Antenna Gain 

There is considerable evidence from the operation of point-to-point microwave systems to 
indicate that well designed point-to-point paths employing directional antennas present 
no data rate limitations at any rate likely to be used for packet radio systems. However, 
one cannot be assured that lhis experience is valid for systems employing wide beam or 
omnidirectional antennas. Such systems will suffer additional degradation due to discrete 
reflections in the immediate vicinity of one terminal, transverse reflections from objects 
in the antenna field at gretter ranr ., . id finally background scatter or generally incoherent 
scattering from objects Fpread     . on an asymetric topography. Investigations to date indicate 
the following relative to the inLuence of multipath on packet radio system oesign. 

a. For fixed-location terminals, multipath effects are carrier frequency independent, but 
are signaling rate dependent. 

b. Multipath in the immediate vicinity of terminals can often be mitigated against in a 
fading sense by moving the antenna a half-wavelength or so, but probably not for a wide 
sector of coverage angles. 

c. Even though the close-in multipath is mitigated against from a signal level point of view, 
the existence of the multipath will still limit the maximum signaling rate that can be used. 

d. Insofar as modem performance is concerned, the irreducible error rate (beyond which no 
increase in signal level will improve performance) does not require strictly equal 
amplitude interferors but there can be a spread of 10 to 20 dB in amplitude over which 
the influence of a weaker reflection can be important. 

e. The significance of multipath becomes less as the antenna gain is increased. 

See the Bibliography at the end of this section for foDtnote references. 
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V. 

Figure 1-2.   Estimated Fade Margin Distributions - UHF Curves (450 to 1000 MHz). 
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In semirual areas, transverse miltipath levels of several tenths of a microsecond delay are to 
be expected. For long surburban paths (of the order of 10 miles or so), 1 ^s or 2 ^ts can be 
expected. In urban areas, short paths (1 to 3 miles) will exhibit 1 to 2 fzs on an average; and 

12 for longer paths, 5 to 7 ^s are not uncommon.  ' 

1.2.2.5    Urban Terminal to Repeater 

In general, the worst propagation conditions will be seen in an urban environment. Extensive 

measurements have been made by Okumura   and his associates and their work is used here 
exclusively for estimating the performance of terminal to repeater links. 

Figure 1-3 shows median field strengths for three frequencies. The receiver antenna height 
was 3 meters and the transmit antenna height was 30 meters. The transmitter power was 
1 kW from a dipole (IkW erp). Using these curves with proper adjustments for difference 
in transmit power and the other specified system parameters, we can calculate some 
maximum ranges for three frequencies in the urban environment. 

Assuming a 1-VV hand-held transmitter with a dipole antenna at the user end of the link, an 
8-element vertical collinear array 30 meters high at the repeater receiver (11 dBMsotropic, and 
an operating frequency of 453 MHz, the maximum range based on median field strength is com- 
puted as  I kilometers or 5 miles. Similar calculations are also performed for 922 and 1920 
MHz, rr suiting in ranges of 3.4 and 2.2 miles, respectively. (See table 1-2 and figure 1-4.) 

It can be seen from this that the range is inversely propoi tional to the square root of the 
ratio of frequencies; however, the number of repeaters required to blanket an area is 
inversely proportional to the square of the ratio of the range. Therefore, if we cut the 
frequency in half, we cut the number of repeaters in half. 

If the terminal is in an automobile, it will experience a spread of the spectrum of the signal 
in the city due to doppler. If it were in a simple deterministic field, it would experience 
merely a shift of frequency by (2 v/X) Hz, where v is the velocity of the vehicle relative to 
the direction of wave propagation. In the city, however, the vehicle is driving through a 
myriad of reflections of the wave arriving from all directions. Consequently, the power 
spectrum of a stable signal will be spread so that the -10-dB points are at (±2sA) Hz, where 
I is the speed of the vehicle. 

2 
W.R. Young, Jr.    measured echoes at various frequencies in New York City. These echoes 
are a reflection-multipath problem and are not a function of frequency. His data shows a 50- 
percent probability of a 2-ns echo, a 45 percent chance of a 3-ns echo and a 30-percent 
chance of a 5-ns echo. All these echoes are within 12 dB of the strongest pulse. There 
appear to be echoes on every trace shown within 10 dB of the strongest pulse, the onlj 
variability is when it will come. There is even a 2-percent chance of a strong echo at 
10-ns delay. To allow for strong 10-ns echoes, the maximum signaling rate would be less 

than 50 kilobits. Mesenberg   explores the realm of irreducible bit error rates in his 
article. Assuming a 20-dB signal-to-noise ratio and a 6-dB echo, the bit error rate would 

-3 
be on the order of 3 x 10     for noncoherent fsk signaling. 

Multipath fading is always present in the city with depths of fades being greater than 20 dB. 
Since these nulls exist in the standing wave field, a stationary user can move his radio a 
few feet to avoid the nulls; a mobile user will have to suffer. The nulls are spaced approxi- 
mately at half wavelength intervals; therefore, the fade rate in a moving vehicle is pro- 
portional to the frequency. 
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Figure 1-3.     Median Field Strength, Urban Environment. 
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Table 1-2.    Calculations lor 453 to 1920 MHz. 

FREQUENCY 

Required received power 

Receive antenna gain 

Equivalent isotrope power 

Equivalent isotrope power 

Field power density 

Field strength 

Field strength +30 dB 

Maximum distance 

Maximum distance 

453 MHz 

-133.2 dBW 

11 dB 

-144.2 dBW 

3.8 x 10~15 

1.09 x 10"13 W/m2 

6.4 nV/m 

46 dBfi 

8 km 

5 mi 

922 MHz 

-134 dBW 

11 dB 

-145 dBW 

3.16 x 10 15 W 

3.75 x 10"13 W/m2 

11.9 fiV/m 

51.5 dBfi 

5.5 km 

3.4 mi 

1920 MHz 

-138 dBW 

11 dB 

-149 dBW 

1.26x10 •15 

6.5xlO"13W/m2 

15.6 |iV/m 

53.9 dB^ 

3.5 km 

2.2 mi 
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(Repeater assumes 1-watt peak power terminal at low height to a repeater 
having an U-dBi gain antenna at 30-meter height.) 

Figure 1-4.    Plot of Maximum Distance Between Terminals. 

MHMMMHMMMi v     - •   



-mW 

packet niiio — radio link considerations 

1.2.2.6    Suburban Terminal-to-Repeater 

Referring to Okumura's curves in figure l-;5, the field strength in a suburban area is taken 
from the urban curve for the frequency and distance, and then a correction factor is added 
for frequency correcthm. This correction factor is 8,5 dB at 500 MHz and increases at 2 dB 
per octave up through 3 GHz, the limit of their measurements. The effect of the frequency 
correction curve is to remove the frequency dependence, and essentially causes the correlated 
field strengths to agree with those shown in the CCTR Rec. .'JTO-l. Here again, the user 
antenna is quite low compared to that of the repeater. 

Echoes and doppler spreads appear quite frequently in suburban areas as they did in the city. 
Buildings are more likely to be uniform in size and spacing in the subux^bs, which makes the 
echoes easier to explain but no easier to avoid. 

Considering the very local diffraction effects in a city among tall buildings, it is informative 
to determine the path loss (excluding multipath) around sharp corners. In figure 1-5 a block 
geometry is defined as perhaps representing a typical situation in a large city. The figure 
shows a transmitter located at street level in the middle of the block and then successive 
locations of a receiver.  Frequencies of 30, 300, and 3000 MHz are chosen, and simple knife 
edge diffraction around the corners is assumed. The added loss per bend is 20 dB at 30 MHz, 
30 dB at 300 MHz, and 40 dB at 3000 MHz. It is doubtful if more than two bends could be 
tolerated. If the antenna were located at rooftop level, one bend would be involved in getting 
to the street. It is easy to see where the added 30 dB or more of loss in an urbar environ- 
ment comes from. Obviously, the lower the frequency, the better in such an environment. 

1.2.2.7 Open Area Terminal-to-Repeater 

Again, referring to Okumura's curves in figure 1-3, he provides another frequency correc- 
tion factor for smooth terrain to values taken from the curves of figure 1-3. Hence, the 
correction factor is 21.5 to 20.5 dB at 500 MHz, depending on how smooth the terrain is, 
and increases at 3 dB per octave. Very smooth terrain gets the higher factor, where the 
lower factor is for gently rolling hills of 20 meters knoll to valley. A sample calculation might 
prove interesting. Again, choosing 1920 MHz and using 23.5 for our 500-MHz correction 
factor, we have a correction factor at 1920 MHz of 29.33 dB.  This would provide a median 
range of 1(5 miles in open areas compared to the 2.2 miles covered in the city. 

1.2.2.8 Conclusions 

The limiting case for the lerminal-to-repeater link is the urban location. The range will be 
short (generally less than 3 miles). With omnidirectional antennas at both ends, multipath 
will limit the signaling rate as well as range. If propagation were 'he only consideration, 
frequency should be as low as possible. The number of repeaters necessary to blanket an area 
is roughly proportional to frequency, other parameters remaining constant. Suburban 
repeater-to- repeater links are similarly limited without the px-oblcm of location variability 
and restricted range. 

1.2.3    Transmission Within and Through Buildings 

Several articles have appeared In the literature which address the approach of radiating into 
buildings. At least two more are in process, one by the Federal Communications Commission 
(FCC) and another by the British Post Office. These data must be used with some caution for 
packet radio system design, since most testing has been relative to voice or low data rate 
transmission systems that are relatively tolerent to signal distortions resulting from multi- 
path. The multipath or signal dispersion problem is expected to be far more critical for 
packet radio systems operating at data rates in the range of 100 kilobits/second (kb/s). 
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Fifi'ure 1-5.    Street Level Signal Defraction, 
. i 

1.2.3.1    Radiation into Buildings 

Kadio waves suffer little loss at vhf frequencies since they pass through dielectric type 
walls such as wood, glass, or drywall construction. Some loss data is shown below for 
conducting walls ("semi-conducting" might be a more accurate term) at a frequency of 
160 MHz. 

ATTENUATION AT ItiO MHz2 

Wall Material Transmistion Loss 

8-inch concrete block 

6-inch solid concrete without 
steel reinforcing 

Suspended metal ceiling- 

Solid metal walls 

Right-angle bends in hallways 

Statistical building penetration measurements have been made at 35 MHz, 150 MHz, 450 MHz, 
7  8 9 

and 910 MHz.   '   ''  In general, these measurements were made by illumim. .ing a building 
from a sufficient distance such that the field strength is uniform outside the brikling along 
one wall. Measurements were then made inside the building in interior rooms, not in rooms 
on the illuminated side of the building. Of course, within a room, many standing waves 

5- 3 dB 

10 -15 dB 

15 -20 dB 

20- -40 dB 

15- -20 dB 
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exist. Maximums occur at intervals of approximately one-half wavelength in all three planes, 
interspersed w .h nulls in the field. The maximums tend to be quite steady 'n amplitude, but 
the minimums vary in level due to people moving around in the building or even in adjacent 
rooms and hnllways. 

Results of these measurements were stated as excess loss, or the loss accrued due to 
penetration of the building is as follows. 

BUILDING PENETRATION BY RADIATION,  35 MHz to 910 MHz 

1% of measurements, excess loss < 7 dB 

50% of measurements, excess loss < 29 dB 

% of measurements, excess loss < 35 dB 

These measurements are valid for floors above ground. Signals measured in first-level 
basements are 18 to 30 dB below ground floor signal levels. 

Variation of excess loss with frequency is inconclusive from the data. The 900-MHz measure- 
ments were markedly better than 450-MHz signals in some rooms, but were worse in others. 

Rice7 stated that 150 MHz was slightly better than 35 MHz, however, schefer   was not able to 
corroborate Rice's findings. 

Radio waves apparently enter buildings by two mechanisms. At low frequencies, the radia- 
tion penetrates the dielectric type walls. At higher frequencies where the windows are larger 
than one-half wavelength, the radiation comes in through the windows. These statements are 
intuitive and one might be led to believe that somewhere between good wall penetration at 35 
MHz and good window penetration at microwave frequencies, there might be a frequency in 
between that would display statistically poorer results than the ends of the spectrun^under 
discussion. Some of the writers of these articles agreed at a conference in Boulder   that one 
frequency is not significantly better, worse, or even different from another from a statistical 
viewpoint. 

If a distant transmitter does not deliver a sufficient signal into a particular building, a 
possible solution is to locate a repeater on a nearby building to provide a stronger illumina- 

tion. This technique was applied to a 30-story hotel building;   the repeater was on a 9-story 
building nearby. It is reported to have worked well, even into the basement and in the eleva- 
tors. 

1.2.3.2    Signal Conduction into Buildings 

Conducting signals into buildings would probably furnish stronger, more reliable signals at 
the cost of physically wiring the building itself for this special purpose. Of course, this 
presupposes that a two-way repeater is situated on top of the building. It must receive the 
signal from outside and send it inside the building; it must also receive the signal off the 
wire from inside the building and transmit it outside the building. For the conductors them- 
selves, one must consider the use of existing wiring, telephone wiring or power wiring. If 
these are not suitable, a balanced transmission line might be used as suggested by Farmer, 

.   i 8 

et al. 

The repeater must receive some special attention. It might receive and retransmit rf if the 
in-building distribution wiring is capable of carrying the rf. On the other hand, the repeater 
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might be required to receive an rf signal, down-convert to a carrier signal, and vice versa. 
If the repeater sends and receives rf, it wf probably be simply an amplifier. 

If the wiring will not handle the rf, then the repeater must receive an rf signal and down- 
convert to a low frequency carrier for transmission into the building. An additional box 
would then be required at the terminal to translate back up to rf so the terminal could receive 
the data. Alternatively, the terminal might have a carrier frequency input-output mode for 
such operation. Only a patch cord to connect the terminal to the building wiring would then 
be required. 

1.2.3.3    Telephone Lines 

If a suitable terminal device is available, the tele^aone lines are quite capable of carrying 
a high data rate at carrier frequencies. It should be pointed out that FCC Tariff No. 260 makes 
provisions for connecting company-owned in-plant terminals and wiring to the telephone 
industry's outside-plant transmission and switching network. To avoid the problem of tele- 
phone industry requirements, the discussion which follows assumes that the in-plant telephone 
system is privately owned and that it meets the telephone industry requirements at the inter- 
face between private terminals and the telephone industry's transmission and switching 
equipment. 

Telephone lines inside a building consist of twisted pairs of No. 20 to No. 26 wire. These 
are bundled into cables and passed through conduits to terminal blocks and switchboards. The 
Bell System uses such lines for its T-l carrier system at data rates of 1.544 mbits/s. 

This digital signal is transmitted over twisted pairs with regenerative repeaters located 
typically every 6000 feet. The distance is determined primarily by the frequency response 
of the line; that is, the attenuation and group delay as a function of frequency. Lines used 
are toll grade cable; hence, distance between repeaters is considerably greater than would 
be possible with in-building wiring where cable of 20 to 26 wires is typical. In-building 
distances, however, would certainly be less than 6000 feet. Signal levels should be held to 
the range of 0 dBm to -10 dBm. Higher levels increase the risk of crosstalk onto other lines 
that might not be filtered before they leave the premises. The maximum signal levels at the 
telephone company interface located on the premises is shown below. The packet radio signals 
must be filtered out before they reach that interface. 

MAXIMUM APPLIED SIGNAL LEVELS TO 600-OHM10 

VOICE PRIVATE LINES 

300 to 3000 Hz* -29 dBm 3 second average (measurement 
methods prescribed by Bell System) 

3995 to 4005 Hz -47 dBm 

4000 Hz to 10000 Hz -32 dBm 

-     10000 Hz to 25000 Hz -40 dBm 

25000 Hz to 40000 Hz -52 dBm 

40000 Hz up -66 dBm 

♦Note that 2600 Hz must be blocked by user equipment. At no time shall energy appear 
solely between 2450 and 2750 Hz. When power is applied in that band, it shall not exceed 
the power currently present in the 800- to 2450-Hz band. 
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The telephone distribution wiring inside a bttildlag is a poor vehicle at rf frequencies 
because it is small and nonuniform as a transmission line causing high loss, as much as 
2dB/ftat S ClHz. 

1.2.3.4 Power VVi ring 

Another vehicle that might be considered for conductive in-building distribution of packet 
radio signals is the power wiring. Measurements were mcde on a sample of typical commer- 
cial power wiring. It was 40 feet long, 3/4-inch thin wall conduit with three No. 10 wires 
pulled through. The wires were individually insulated with Polyvinylchloride insulation. Two 
of the three wires were grounded to the conduit; the third was the conductor in an unbalanced 
configuration. The impedance of the line was nominally 55 ohms with a vswr of 1.5 to one 
over a frequency range from 400 MHz to 4 GHz. Of course, the line is nonuniform su that 
the impedance changes with frequency. A good reason for the line having such a low vswr is 
that it is so lossy. Loss measurements are shown below. 

POWER LINK ATTENUATION AT MICROWAVE FREQUENCIES 

Frequency (GHz» Attenuation (dB/100 ft) 

02.5 

80 

100 

115 

By comparison, RG-8/U coaxial cable has 10 dB/100 ft attenuation at 3 GHz, RG-58/U has 
37.5 dB/100 ft, and commercial TV 30ü-ohm flat twin lead has 7.6 dB/100 feet at 3 GHz. 
Obviously, the power wiring is quite lossy at microwave frequencies; however, it is 
universally installed in buildings and can be used with very simple couplers between any 
ordinary outlet and a packet radio on one end and an outlet and the roof-moumed receiver on 
the other end. Although we are working with a transmitter and receiver with a combined 
transmission loss of 100 dB, one can radiate signals inside a typical building with less loss 
provided he docs not have to penetrate metal walls. 

The power wiring can handle low frequency carrier signals, probably with less loss than the 
telephone lines discussed previous)^; however, the noise generated by ac applicances can be 
both quite high and quite variable. It would be necessary to conduct an extensive measurement 
program on the power distributio.. wiring before attempting to design a data system that used 
it for transmission. 

1.2.3.5 Special Wiring 

Buildings and tunnels have been successfully wired to distribute radio signals using balanced 
transmission line as the conductor. Balanced open wire transmission line such as TV twin 
lead is not a perfect transmission line in that it does radiate some of the signal it carries, 

i.e., it leaks. The power lost to leakage is considerably less than the I R loss, so it is 
considered a good transmission line. We can use this leakage to our advantage. A roof- 
mounted repeater might receive a signal from the outside world, amplify it, and send it into 
a many-branched twin lead transmission line, each branch being terminated at the far end. 
The twin lead is installed near the ceilings of the hallways of the building, in the ceilings 
if they are of sheetrock or acoustical tile construction. These lines radiate a small signal 
along their length that is quite steady and strong enough for a packet radio terminal to receive 
on its regular antenna. 
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.8 
The curves of figures 1-6 and 1-7 are taken from Farmer, et al   and were measured at 
100 MHz; however, the radiation from a particular line increases with the square of the 
frequency. An increase in the leakage of the line is desirable in our peculiar use of thp line. 
This can be achieved by twisting the line tightly, on the order 1/4 twist per line spacing as 
measured along the line.  Figure 1-7 shows a 30-dB increase in radiation achieved by twisting 
the line. 

1.2.3.G    Wired Television Systems (CATV) 

Wired television systems are found in many areas and increasingly are being considered as 
a shared broadband transmission facility for other types of services. Such systems appear to 
offer n viable technique for distribution of digital packets within a building or in an urban 
area where radio transmission is poor. This technique is being investigated by others and, 
hence, was not investigated as part of the radio transmission investigations. 

1.2.3.7    Cunclusions 

Every building will r quire some analysis to determine which technique is required to deliver 
a usablj signal to a toi »mnal inside. If the building has windows and is relatively close to a 
system repeater, nr. spe ral techniques will be required. At f.)eat».    distances, a simple 
'opeater with (ttrecticul antennas foemaed on specific buildings will deliver the signals to 
interior usert; by radiad.*'    IViildings that are effectively shielded must have a simple, 
dedicated repeater to receive a signal and pipe it into the building over conductors of one 
type or another. Of the three conductor types considered here, the twin lead system appears 
to be the most attractive since the line is cheap and it requires no increased complexity of 
the terminal circuitvy ove^ that required for out-of-doors use. 
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1.3    SPREAD SPECTRUM TECHNIQUES 

Spread spectrum techniques offer potential for solving some of the problems in the applica- 
tion of the packet radio systems. Of particular interest is the potential for more efficient 
use of the spectrum that might result from a more even distribution of energy over the 
frequency spectrum of interest and separation of channels by correlation techniques. In 
networks as complex as envisioned for packet radio, it is desired that complex synchroniza- 
tion systems be avoided and that the traffic flow control be sufficiently intelligent to negate 
the effects ul random contention for a channel. Spread spectrum techniques may aid in 
solving the contention problem by separation of signals by time of arrival or by use of 
different codes. 

The use of spread spectrum techniques is becoming inci-easingly attractive because of the 
drastic reduction in hardware complexity now being made possible by recent advances in 
device technology. Of particular interest is the Surface Acoustic Wave Device (SAWD). This 
device has been applied in the propagation test system described in detail in volume 2 of this 
report. 

The following briefly summarizes the techniques employed in the generation of spread 
signals and lists issues requiring further investigation. 

The basic concepts underlying all spread spectrum techniques are those that are embodied 
in communication theory with respect to matched filters and correlation detection. That is, 
when the receiver has e :act knowledge of the possible waveforms that it will be receiving, 
the receiver can be configured to select the desired set of waveforms and exclude the other 
waveforms that appear simultaneously at the receiver input. The degree of selection and 
exclusion depends upon two factors. 
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a. The degree to which the receiver appears as | perfect matched filter to the desired 
waveforms 

b. The degree to which the desired waveforms and the undesired waveforms are orthogonal 
(uncor related). 

In general, perfect-match filtering cannot be achieved because of the effects of distortion by 
the transmission medium. Similarly, perfect orthogonality cannot be achieved because of 
timing errors. Further, it can be shown that the number of orthogonal waveforn /codes that 
can be employed is directly proportional to the transmission bandwidth. In general, the 
larger the transmission bandwidth, the greater the ability to reject interfering signals. The 
validity of the last statement is dependent upon the linearity of the transmission medium. 
For example, it can be shown that for a radio transmission path subject to multipath, there is 
an optimum spread spectrum bandwidth for each link and the use of excess bandwidths can 
result in reduction of signal quality. 

If the interfering signal is noncorx'elated with the desired signal, the output signal-to-noise 
ratio is given by the following expression: 

■        W 
SNR  -■    rra (T-) o     S. + N   v b 

where 

S Desired signal strength 

S Interfering signal strength in the transmission bandwidth, W 

N Noise level in the transmission bandwidth, \V 

b - Information bandwidth. 

Most spread spectrum techniques employ digital modulation techniques with ^c' j rates that 
are an order of magnitude or greater than the basic message data rate. From the above 
formula it is seen that if \V     10b, S/N     10, and S.     S, and that SNR       9, compared to a 

i o 
value of 100 in the absence of no interference or to a value of 0. 9 in the presence of interfer- 
ence without spread spectrum techniques. 

One of the detection appx'oaches commonly emplo.ucl is to crosscorrelate the received 
signal with a stored replica of me desired spreading waveform/code and then process the 
product through integrate-and-dump filters. The crosscoirelation process will despread 
the desired signal; that is, it will coherently collapse the spread signal in a bandwidth, W, 
into the original message signal in a bandwidth, b. Any interfering signal simply becomes 
respread and, if the interfering signal is uncorrelated, simply appears as an increase in the 
background noise level. The integrate-and-dump filter simply provides an output that is used 
to decide whether or not the output of the crosscorrelation is a desired signal or not. 

The decision process involves a minimum time delay on the order of T     1/b second, 
assuming that the optimum integration time is employed; that is, the maximum output of the 
integrate-and-dump filter reaches its maximum output for a correlation signal at the T 
seconds following the arrival of a packet. 
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The implications of the use of greater bandwidths for spread spectrum techniques can be 
summarized as follows: 

Advantages of Greater Bandwidth 

1. Greater ability to reject 
interference 

2. Greater number of orthogonal 
waveform/codes 

1.3.1    Pseudorandom Sequences 

Disadvantages of Greater Bandwidth 

1. Wasted capacity of transmission medium 

2. Greater costs in equipment complexity 

At the heart of most spread spectrum systems is a pseudorandom sequence generator.   There 
are several reasons why this is so.    For the application of interest for packet radio systems, 
the primary reason is their simplicity of generating orthogonal codes, their flexibility, and 
their positive reproducibility for reference/correlation purposes at the receiver. 

Feedback shift register generators are available that can be quickly modified by appropriate 
switching to provide entirely different (i.e., uncorrelated) sets of pseudorandom waveforms. 
Moreover, any number of units can be produced to accurately and positively generate 
identical sequences so that multiple-user applications can be implemented.   Further, 
such pseudorandom sequences can have desirable randomness properties.   The so-called 
maximal-length sequences have an autocorrelation function which has a tall central peak in 
the vicinity of zero shift, but which is very small for time shifts greater than the width of one 
digit.   Also, the crosscorrelation function for two different maximal-length sequences of the 
same length approaches zero for all time shifts.   Pseudonoise generated in this fashion has 
an advantageous property over truly random noise in its ability to be exactly reproduced at 
remote locations. 

The type of binary code or pseudorandom sequence under consideration in this section is that 
usually produced by a feedback shift register generator or a tapped delay line.   A simple 
shift register consists of several (say, n) 2-state active devices (commonly referred to as 
flip-flops) connected in a cascade arrangement.   The binary state of each stage of the 
register represents a binary digit or bit (0 or 1), and the "state" of the entire shift register 
at any instant is characterized by the n-bit binary number formed by the n digits stored in the 
register. 

A shift register transfers the binary state (i.e., the binary digit stored in each stage) to the 
next succeeding stage whenever a shift pulse occurs.   Such shift pulses are normally pro- 
duced by a "clock" that is essentially a highly stable oscillator or frequency generator. 
When the shift pulses are regularly spaced, as from a clock, each particular digit will 
propagate at a uniform rate down the shift register, much as a pulse flows down a delay line. 

We are interested here not in simple shift legisters, but in feedback shift register generators 
(FSRG).   An FSRG is formed, in general, by taking an output from each of the n stages of 
the register and combining these outputs in a connection matrix and feeding the resultant 
output back to the input of the register.   Thus, binary digits flowing out of the FSRG at the 
clock frequency are some function of the n preceding digits that were stored in the register. 
The code or pseudorandom sequence generated by an FSRG is a specific function of the inter- 
connections between the stages of the register.   Particular codes are selected by choosing 
certain stages for feedback, and by the feedback logic used in the connection matrix. 
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The key to a pseudorandom sequence usually refers to the choice of stages for inputs to the 
connection matrix, whereas the class of codes (i.e., either linear or nonlinear) produced 
by the FSRG is determined by the type of operations performed in the connection matrix. 
The key may also refer to the binary coefficients, a. ■ (0 or 1), in a transportation 

F(a ,h,,a.0,h   . . . a ,b ),perhaps nonlinear, performed on the outputs of the n stages of 

the FSRG to form a new output sequence.   Linear logic results in linear codes and higher 
order operations produce nonlinear codes. 

The operation of an FSRG also may be visualized as a sequence of binary states, each of 
which is characterized by the n-bit (-digit) binary number stored in the register.   The 
sequence of binary numbers formed in the register is a specific function of the initial state 
conditions of the register and of the feedback logic.   Thus, given an n-bit number in the 
register,  the FSRG produces a new deterministic n-bit number when triggered by a shift 
pulse.   Consequently, such a generator is periodic since the deterministic process will 
evenutally reestablish the initial state conditions in the register; i.e., the original binary 
r.umber will be re-formed, and the sequence proceeds to repeat itself at that point.   The 
length of the sequence or code is the number of digits in one period.   Since the total number 
of n-bit binary numbers (including the all zero number) that can be formed from n binary 

digits is 2n and the binary code produced by the generator is a specified function of the n-bits 

in the register, the maximum length of such a code is 2 -1 digits and the maximum period is 

2n-l/f  seconds, where f   is the clock frequency.   If the period of the code is long enough, 

the code has the appearance of randomness over any subsection of the period, despite the 
deterministic method of generation, and it is termed a pseudorandom sequence. 

The most general code produced by an FSRG is composed of binary digits, bj, either 0 or 1, 
determined mathematically by a modulü-2 recursion relation of the form: 

b.   =     / c    + c.b.  .  + c. b.  .b. ,   + c, . b.  .b. . b.   ,. . . (1) 
i       m^_2       o       j i-j        jk   i-j i-k       jki    i-j i-k   i-l 

where b. . is the jth binary digit in the register preceding b^ 

The c-s are binary coefficients, either 0 or 1, that describe the operations performed in the 
connection matrix.   The notation of equation (1) indicates that the summation is extended 
over all possible single terms, pairs, triples, etc, of the n digits preceding b..   Also, the 

summation is performed by modulo-2 or mod-2 addition, defined by the rules 1 + 1-0+0=0 
and 1+0 = 0+1 = 1.   A modulo-2 addition device simply compares two inputs and generates 
a binary symbol 1 if the inputs are dissimilar and a 0 if they are alike.   The total number, 
N , of possible coefficients in equation (1) is the total number of combinations of n things 

taken none, one, two, . . . up to n \t a time, or: 

Thus, the total number of possible coefficients is equal to the maximum possible number of 

code digits in one period of the code.   Since the 2n coefficients may be chosen arbitrarily, it 
appears that an FSRG implementing equation (1) can produce an arbitrary code.   However, 
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in general, a given set of feedback connections produces sequences of periods less than 2n 

digits, since repetition commences at any point where an n-digit binary number is repeated 
in the register.    The complete set of distinct periodic codes produced by any particular set 

of feedback connections will total 2n-l (all zero conditiot: excluded), the different codes 
being generated with different initial state conditions in the register. 

The simplest type of feedback connection that may be used is one retaining only the linear 
terms in equation (1).   The appropriate formula is a special case of the general form as 
follows: 

:i 
{' 

b.   =  c    +   /     c.b.  . /o i o      A     j i-j (3; 

where all digits are binary, either 0 or 1, and the addition is modulo-2. 

Whenever the digits of a sequence are generated by some linear (modulo-2 sum) combination 
of the n preceding digits, the sequence is termed linear.   Linear codes are of considerable 
importance because they can display correlation properties and spectral distributions 
approaching the ideal for use in producing spread spectrum signals.   For the linear case of 
the binary, coefficients (c.) are represented by open or closed switches in the feedback net- 

work.   A closed switch causes the corresponding coefficient in equation (3) to have the value 
unit, whereas an open switch assigns the value zero to the coefficient. 

This simple form of an FSRG is only one method of generating a linear sequence    Other 
more complicated methods exist.   Compound FSRG's or combinations of more than one 
simple FSRG can also be used to produce linear sequences.   Examples of these are the 
multiple-return generator consisting of several feedback loops around more than one simple 
FSRG or several simple FSRG's acting independently in a cascade arrangement, one serving 
as the input for the next, or connected in a "beat" or parallel fashion so that their outputs 
add modulo-2.   However, it can be shown that the sequences from these compound gen- 
erators can be generated by a simple FSRG of equal or fewer total stages.   Also, although 
we emphasized the use of flip-flop shift registers, tapped delay lines can also be used to 
drive the feedback Lofto,   In any case, the sequence generated by any of these generators 
will be linear if modulo-3 addition is the only logic operation employed.    Two types of linear 
generators will be d.scussed.   Generators which, because of a particular feedback logic 
produce only cyclic permutations of one sequence no matter what the initial register contents 
(so long as they were not all zero) are called maximal generators.   Generators that produce 
more than one sequence for a particular logic are called nonmaximal. 

The mathematical theory of linear sequences and generators has been thoroughly studied and 
expounded upon by several groups to the extent that we feel it unnecessary to provide proof 
here.   However, we will distinguish between maximal and nonmaximal generators 
Determination of whether a specific FSRG is maximal or nonmaximal need not be "a com- 
plicated task since tables exist listing all maximals with 19 or fewer stages. 

1.3.1.1    Properties of Maximal Generators and Maximal-length Sequences 

The following outlines the properties of maximal generators and maximal-length sequences. 

a.     A maximal generator of n stages produces a maximal-lenRth sequence of length L 

2-1 digits.   The period of such a code is L/f   second, where f   is the clock frequency. 
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For example, if n = 32 and f   = 10 kHz, the period of the sequence is almost 
5 days. 

b.    The number of distinct maximal-length sequences for any n is tf (2   - l)/n, where 0(xl 
(the Euler phi-function) is the number of integers less than x which, are prime to x. 
This number is roughly L/n. 

c. The autocorrelation function of a maximal-length sequence is periodic with a tall tri- 
angular peak of height (L) and base the width of two digits reoccurring at multiples of 

the period L 'f , and otherwise has the value -1. Since the peak value (L = 2   - 1), the 

excellent approximation for large n, the height of the peak relative to the subsidiary 
off-peak autocorrelation (the pedestal) doubles per each stage of the register. 

d. The power density spectrum of the maximal-length sequence (i.e., the Fourier trans- 
form of the autocorrelation function) contains harmonic lines (impulses) at multiples 

2 2 of f /L with an envelope given by (sinnf/f ) /(irf/f ) , which is determined solely by 
c c c 

the triangular peaks of the autocorrelation function.   Note that the bandwidth of the 
spectrum is proportional to the clock frequency, fc. 

e. The crosscorrelation properties between maximal-length sequences from differently 
connected generators with equal number of stages has been studied experimentally.   It 
has been experimentally demonstrated that the cross-correlation of two different 
maximal-length sequences of the same length is negligible.   Similarly, it has been 
experimentally determined that the crosscorrelation function for any time shift has 
roughly a Gaussian distribution of amplitudes about (i.e., perpendicular to and centered 
on) the time axis with an average absolute value proportional to 1/ y/Z. 

The above correlation and spectral properties are obtained for averages over a full period 
of the sequence; but for long sequences, such averaging may be impractical and short-time 
averages would be more appropriate.   Unfortunately, not a great deal is known about the 
short-time properties of these sequences. 

1.3.1.2    Properties of Nonmaximal Generators and Their Sequences 

The following outlines the properties of nonmaximal generators and their sequences. 

a. The longest possible nonmaximal-length sequence (less than 2-1 digits) is produced by 
the initial state conditions of all 0's stored in the register, except a single one in either 
the first or last stage.   All other initial conditions produce shorter length sequences. 

b. Ignoring the trivial sequence of all O's, the sum of the lengths of all the different 

nonmaximal-length sequences is 2   - 1 digits. 

c. The autocorrelation and crosscorrelation characteristics of certain nonmaximal codes 
have been shown to be excellent.   For the longest sequences, the height of the central 
autocorrelation peak relative to the highest subsidiary peak doubles for every stage of a 
generator constructed with the minimum number of stages required to generate the 
sequence. 

d. The autocorrelations and power spectra can be obtained by determining the equivalent 
compound or beat-type generator which consists of a combination of only maximal 
generators. 
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Since nonmaximal-length sequences can be generated by a combination of maximal generators, 
an appropriate choice of the maximal sequences used in these configurations can produce a 
nonmaximal sequence that has a length nearly equal to the maximal sequence length that could 
huve been generated with the same number of total stages.  That is, two generators of n1 and 

n9 stages used in combination have properties that are nearly as good as a generator n1 + n2 

stages with a maximal length 2nl+n2 - 1 digits.   For example, consider a 36-stage generator. 

In order to set up a maximal 36-stage FSRG, a knowledge of wh'ch feedback connections yield 
maximal generators is required, and as was mentioned before, only maximal generators of 
19 or less stages have been tabulated.   Thus, since one does not know how to connect up a 
36-stage maximal generator, one must be satisfied with a nonmaximal-length sequence gen- 
erated by the combination of two maximal generators of perhaps 19 and 17 stages.   Since 
the periods of the two component maximal-length sequences (L| = 219 - 1 aud L2 = !»• - 1) 

are relatively prime (no common factors), the longest period of a nonmaximal-length 

sequence is L   + L .   This length differs by less than 0.001 percent from L - 2    - 1, the 

period that would have been obtained with a maximal generator of 36 stages.   The long-time 

average secondary autocorrelation peaks are down from the central peak by a factor approxi- 

mately 10"5, as compared to »bout 10"11 for the maximal-length sequence.   Although non- 
maximal sequences are not so amenable to general analysis, they may be very close to being 
equally good theoretically and possibly better from a practical viewpoint than maximal 
sequences.   This points up the fact that nonmaximal sequences are not be considered 
unimportant. 

1.3.2    Alternates to Pseudorandom Sequences 

There are a number of other spreading techniques that could be considered other than the use 
of digital pseudorandom sequences.   For example, conventional frequency modulation is a 
spread spectrum technique that provides rejection of interference at the expense of greater 
bandwidths. 

Although the randomness aspects of pseudorandom sequences were not particularly empha- 
sized in the preceding paragraph, this is a desired characteristic for military and secure 
communication links.   Properly employed, the transmitted energy tends to be distributed, 
on the average, evenly over the transmission band. 

Conceptually, one could achieve this randomness for spreading the transmitted energy evenly 
over the transmission bands by other means.   For example, the energy could be spread by 
simply modulating the white Gaussian noise.   The difficulty is in reproducing the noise wave- 
form at the receive terminal for despreading.   Also, one could achieve the same effect by 
employing a finite length of white noise,  retaining only the zero crossings and matching thie 
to a series of Walsh functions.   This could easily be reproduced at the receive terminal for 
despreading with the key being the set of coefficients that specifies the required Walsh 
functions. 

For the packet message network,  randomness to the degree often sought for military and 
secure links may not be as desirable.   An excellent alternative could be to use single Walsh 
functions as the spreading code/wave form.   Walsh functions are orthogonal and are easily 
generated/processed by digital techniques.   These and related functions are being employed 
in a number of communication applications such as for compressed digital voice transmission, 

,.• i    • *    12 multiplexing, etc. 
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1.3.3    Issues* 

If spread spectrum techniques are to be applied to packet radio systems in a viable manner, 
there remains a number of issues to be resolved which require further investigation.   These 
include at least the following: 

a. Is the packet radio system to share the frequency spectrum with other services with 
quite different characteristics ?  If so, what are the characteristics of these systems 
and what constraints, if any, can be placed on the siting of the different types of 
systems (i.e., what is the requirement for isolation between systems?) 

b. Can spread spectrum techniques provide an adequate means of allowing multiple termi- 
nals to communicate simultaneously with a repeater using time of arrival or code 
isolation? 

c. Can spread spectrum provide a technique of transmitting low rate control, bookkeeping, 
diagnostic information, synchronization, etc., independent of the normal traffic (i.e., 
by spreading at a power level 20 to 25 dB below the packet signal) ? 

d. Can spread spectrum be implemented within the economic objectives for wide deployment 
of a packet radio network? 

The above issues require further investigation.   The question of coexistence or shared usage 
of a common spectrum by packet radio and other systems is a particularly difficult problem 
because of the potential operation of packet radio systems as portable digital communication 
systems with no control over the spatial isolation of the systems that are to share the same 
radio spectrum. 

1.4    PACKET RADIO SYSTEM POWER BUDGET 

The following presents a power budget and defines a repeater configuration that reflects the 
best estimate of system parameters at this point in the program.   A transmit power level is 
assumed based on what is believed reasonable with current devices, considering both the 
need for battery powering and reasonable terminal and repeater costs.    The repeater and 
terminal spacings are then determined based on measured propagation data.   A suread 
spectrum system is assumed, although this does not influence the propagation range relation- 
ships in a noninterfering environment.   The dynamic range requirements of the receiving 
equipment are also estimated. 

1.4.1    Assumed System Parameters 

"he following assumptions are made about system parameters for the power budget calcula- 
tions. 

a.    Carrier frequency range is 1700 MHz to 1850 MHz. * 

♦The relatively high operating frequency assumed is based on spectrum availability 
considerations and is not necessarily optimum from a propagation point of view.   Selection is 
tentative for purpose of example, and final choice will be influenced by the results of propa- 
gation and noise measurements. 
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4 
u      rhnnnPl rharacteristics      Path loss is corrected according to Ükumura, et.al.    for 

reneTtt to t^rm^ Unks where the repeater antenna is assumed to be at 45m height 
and the term nalinrenna at 3m.   Free-space loss is assumed between repeaters vnth 
Söth antennas at the 45m height.   Nonadditive white Gaussian mnse is assumed. 

c.    Data rate is 100 kb/s for repeater-to-terminal links, and 500 kb/s for repeater-to- 

repeater links. 

d      The modulation is differential coherent minimum shift keying (dcmsk).    For this 
"     modulation method, the ratio of hertz per bit is approximately 1. o. 

e. Code spread of 100 for terminal-to-repeater links and 20 for repeater-to-repeater links. 

f. Noise figure of receiver is 9 dB. 

g. Antenna gain above Isotropie is 0 dB for the terminal and l dB for the repeater. 

h.    The transmitter power amplifier output is 10 watts. 
-5 

i.    The required probability of a bit error is less than 1 x 10    . 

1.4.2    The Power Budget Equation 

The basic relationship for determining the carrier-to-noise power relation (C/N) is given 

in the following equation: 

C/N (in dB)    =    erp - path loss   f 0^ -  M log KT^B - NF 

where 

erp   ■   Effective radiated power in dBm 

Q      ■   Receive antenna gain 
ra 

KT    ■   Noise spectral density 
o 

B     ■  Occupied bandwidth 

NP   ■ Noise figure of receiver in dB. 

The occupied bandwidth for the assumed system parameters is: 

B        (spread factor) x  (data rate) x  (Hz/bit factor)       15 MHz 

for repeater-to-repeater and repeater-to-terminal links. 

The relationship between signal-to-noise and bit error V^™"™^™^™ f™ ^ 
fi-mrr 1-8     It should be noted that signal-to-noise is expressed in E^ Hj wfctW I.,, is IM 

energy per bit.   Hence, one must convert C/N to E,/^.   This can be accomplished by 

multiplying C/N by r (the bit interval) and E,/^ by 1/B to yield: 

C     -T 
E, 

N N    •   B 
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Figure 1-8.    Transmission Loss Versus Distance. 
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V    • 

so that 

E. /N     ■   C/N •     B 
b     o 

The factor T B can be viewed as the product of the processing' gain and the Hz/bit factor.   The 
noise power (N) also has this factor, and the reft 

and Hz/bit.   The relationship for E. /N   is then: 

noise power (N) also has this factor, and thereftre,  E. /N   is independent of the code spread 

E./N     ■   erp - pathless + G     -  10 log KT,,B    - NF bo r      r ra "0 

or where other system parameters are specified, the maximum allowed path loss is: 

path loss 
max 

erp -  E. /N    + Q      -  10 log KT B    - NF 
b    o        ra o 

where B data rate, and erp and 10 log KT B are in dBm. 

1.4.3 Ti'ansmission Loss 

The free-space loss equation must be altered for the poor siting of repeater-to-termin;i' 
links..   Okumura provides statistical data for a mobile radio environment that approximates 
the conditions expected for packet radio systems.    Eor the assumed antenna heights, the 
median path loss, per ükumura, at 1 mile is approximately 34 dB greater than the free- 
space loss.   Transmission loss, Okumura corrected, varies with distance at approximately 
40 dB/decade, compared with free-space loss of 20 dB/decade.   Eigure 1-9 shows the trans- 
mission loss for free space versus distance, the median ükumuni loss, and the 99-percent 
Okumura loss.   The 99-percent line provides insight into the varumce of Olumura statistics 
and is interpreted to be the value for which the probability of the loss at any time, being less 
than or equal to this value, is 0.99. 

1.4.4 Required Signal-to-Noise Ratio 

The minimum E, /N   for P   of 10~   or less can be obtained from figure 1-8.    For demsk, b     o e 
E. /N   must be greater th 

b     o 

1.4.5     Repeater Spacing 

E. /N   must be greater than or equal to 10.4 dB bo 

The statistics of propagation derived from measurements are based on a reasonably well 
sited repeater (i.e., 45m anlenna height) and a poorly sited terminal (i.e.,  3m antenna 
height randomly located).   Therefore, the repeater spacing will be determined by the 
characteristics of the terminal-to-repeater link ami not the repeater-to-repeater link if 
communications to all repeaters is to be achieved with a high degree of probability. 

For the system parameters assumed, the maximum allowable path loss is calculated as 
153.(i dB from the equation.    From Okumura's data p'otled in figure 1-10 and a specified 
99-pcrcent probability of communication, this indicate'; that the maximum distance between 
the terminal and repeater should not exceed about 1.4 miles.   The received power for 
E. /N       10.4, and the assumed svstem parameters is -104.0 dBm. 
DO 

In many cases, the propagation loss between repeaters will approach free space values due 
to the close spacing dictated by the repeater-to-terminal links and the moderate elevation of 
repeater antennas.    For example, at 10 miles or the spacing of seven in-line i-epeaters, the 
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Figure 1-10.    Hypothesized Repeater Spacing. 

free-space loss is about 1.21.6 dB and the resulting E,/No is about 42 dB.   The wide varia- 
tion in path loss and, hence, receive power indicates that consideration should be given to 
adaptive power control to ensure that the power radiated to crmmunicate with a particular 
terminal or repeater is not many times greater than that required to provide reliable com- 
munication.   This is desirable to minimize interference to other systems that may share the 
same frequency. 

The large variability in the communications ranges (between terminals to repeaters and 
repeater to repeater) is also of considerable importance in planning a routing algorithm; 
since in many instances, it will be possible to hop over several repeaters in a path to a 
station, resulting in less transmission delay and more efficient use of the network. 

1.4.6    Dynamic Range 

The repeaters must communicate with terminals that may be very close (possibly even under 
its antenna) out to the limit of its range.   Also, terminals must be designed so that they may 
be operated within a few feet of each other while communicating with a distant repeater. 
Though there is no need for terminal-to-terminal communication in such an environmei t, 
the terminal must recover rapidly from blockage by such transmission so that they may 
receive the following transmissions from a repeater. 

' 
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A reasonable minimum communication distance between terminal and repeater may be equiv- 
alent* to 1/8 mile of free space.   This results in a maximum received power level of -34 
dBm and a dynamic range from minimum to maximum signal of about 70 dB. 

Therefore, the terminals and repeaters should be designed to operate over a dynamic range 
of at least 70 dB and the terminals should recover rapidly from signal blockages from near- 
by sources that may be received at a level 85 dB above the minimum usable signal. 

Although these dynamic ranges are not particularly unusual, the fast response time required 
by the packet radio system is an important consideration. 

1.4.7    Conclusions 

The following conclusions can be drawn from this analysis based on the assumed system 
parameters. 

a. The maximum spacing between repeater and terminal is in the order of 1 mile for 99- 
percent communication reliability. 

b. The close repeater spacing dictated by the terminal-to-repeater link will result in a 
repeater-to-repeater range that extends over several repeater spacings.   This is an 
important consideration in considering routing and interference. 

c. The overall dynamic range of signal levels it independent of repeater spacing, is 
dependent only on minimum distance between terminals, and increases 6 dB each time 
the minimum distance is halved. 

d. One solution to the large variation between repeater signal levels and terminal signal 
levels would be to normalize the repeater signal level through power control. 

♦Distance is specified as equivalent free space since the repeater antenna will have 
directivity toward the horizon.   This not only increases the power level at a distance where 
needed, but also reduces the power level for close in terminals below the main beam.   Hence, 
with proper repeater antenna design the 1/8-mile criteria may be adequate even for terminal 
directly below the repeater antenna. i 
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Section 2 

Modulation and Detection 

The selection of the modulation methods and subsequent detection is vital to the overall 
performance of packet radio communications.   In an effort to identify and select a viable 
modulation and detection method, analysis of previously developed techniques has been 
evaluated along with the development and innovation of new approaches to the question of 
modulation and detection.   The work in this area can be divided into three basic subareas. 
These are the evaluation of modulation methods, the evaluation of synchronization methods, 
and the development of analysis tools for signal processing. 

2.1     EVALUATION OF MODULATION METHODS 

Modulation techniques have been evaluated based on an ensemble of several performance 
criteria.   These criteria are bit error performance versus signal-to-noise ratios; band- 
width utilization; timing requirements; and equipment complexity, size, and cost.   The 
analysis is restricted to code spread spectrum waveform modulation as described 
in paragraph 1.2.1.   Signal processing via spread spectrum has the potential to provide time 
discrimination for overlapping signals.   An explanation of this property of spread spectrum 
is first presented and is followed by the analysis of several modulation types subject to the 
above criteria. 

2.1.1    Time and Code Discrimination of Spread Spectrum 

The short duration impulses corresponding to the correlation peaks used for data detection 
make it possible to significantly reduce the interference caused by overlapping packets. 
This is illustrated in figure 2-1.   Biphase chip modulation is assumed in i,his discussion. 

The figure illustrates a case of two overlapping packet signals as seen at the matched filter 
output.   The receiver time base has been set for detection of packet 1 data so that the auto- 
correlation peaks resulting from packet 2 are ignored by the receiver timing, as shown in 
the figure. 

Packet 2 data does result in an interfering chip noise having an rms value of E2/N, where 
N is the number of chips used to encode the bit. 

NOTE 

High level interference or several lower level interferors can result in packet 1 bit 
errors, even though the autocorrelation functions of the multiple signals do not 
overlap in time. 

If a select group of codes are used, it may be possible to reduce the packet interference time 
from 2TC to 0.   One class of codes to consider is the maximal length codes identified by: 

k 

where 4i(x) is the Euler phi-function. 
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Figure 2-1.    Time Discrimination. 
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The crosscorrelation function for two of these codes, 31 chips in length, is shown in figure 
2-2.   The figure illustrates the caution which must be used when attempting to apply code 
discrimination in a random access network.   The rms interference level between two over- 
lapping packets has been increased to 6.5 (E2/N/N) versus (E2/N) for packets having the 
same code.   The relative crosscorrelation interference can be reduced by using longer 
length codes. 

It is felt that the time discrimination provided by spread spectrum can significantly reduce 
the self-interference in the packet radio network.   Transmission strategies can be developed 
for random packets having the same codes that enable detection of the first arriving packet, 
provided the start of a second packet is not received during the short interval 2TC.   It may 
also be reasonable to consider equipping the repeater with multiple gating functions so that 
overlapping packets, having the same code, could be processed concurrently when favora'>lf 
multipath conditions exist. 

It should be pointed out that the use of large spread factors for minimizing the interference 
time, 2TC, increases receiver complexity and bandwidth utilization. 

2.1.2    Modulation Waveform Types 

Several basic pseudonoise spread spectrum modulation approaches are considered as poten- 
tial candidates for rf transmission over packet radio.   A comparison of these different 
modulation approaches is summarized in table 2-1.   The modulation approaches considered 
are differentially coherent biphase psk, differentially coherent quadri-phase psk. coherent 
msk, differentially coherent (dc) msk, and noncoherent (nc) 8' ary msk signaling.   The psk 
and msk refer to chip modulation, and coherency refers to bit modulation. 

Each of these approaches will be examined with respect to their implementation and perfor- 
mance.   Each approach considered is flexible in that the processing gain can be increased 
by using a larger number of chips per bit.   Also, frequency hopping can be readily super- 
imposed upon the pseudonoise spread spectrum baseline concept. 

Each approach is also shown implemented at both the modulator and demodulator with sur- 
face acoustic wave devices (SAWD).   The advantages and potential of these devices appear 
very great, particularly with respect to considerations of fast acquisition, low power, and 
size requirements.   These factors are especially important for the hand-held packet radio 
transceiver. 

2.1.2.1    Differentially Coherent Biphase FSK Modulator/Demodulator 

The differentiplly coherent biphase psk modulation approach was discussed in the Packet 
Radio Temporary Note No. 33.   The modulator differentially encodes the data.   Each time a 
logic 1 bit is to be transmitted, the bit sequence is inverted; however, each time a logic 0 
bit is to be transmitted, the code sequence remains the same.   One implementation of the 
modulator is shown in figure 2-3.   For the baseline system, spread factors of 100 are 
assumed; therefore, a data bit 1 transmits a sequence of 100 phase modulated chips with 
each chip either 0 or 180 degrees.   The data sequence from the source may be represented 
by the following sequence: 

10   110   10   0.     .     . 

After differentially encoding the data, the sequence becomes: 

110110001.    .    . 
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Table 2-1.    Modulation Approach Comparison. 

X.                TRADEOFF 
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MODULATION TYPE \^ ^w3 w u 
en O 
w u w B 

Differentially 3 3 3 2 1 1 l 
coherent biphase psk 

Differentially 3 2 2 3 2 2 2 
coherent quadri- 
phase psk 

Coherent msk 2 1 5 1 4 3 4 

Differentially 3 1 1 2 1 1 i 
coherent msk 

Pseudo-orthogonal 4 1 I 2 3 3 3 
msk 

S'ary msk 1 1 2 4 5 4 5 

Evaluation Scale:    1 — Most ; desirable 
to 

5 — Least tdesirable 

The impulse generator drives the 100 tap SAWD with either a positive or negative impulse. 
The output of the SAWD at the point where the taps are summed is: 

100 
s(t) ■ T djo!., cos (Wot+4>)   {u [t-(i-l)Tc] - u(t-iTc)} 

i-1 

where dj is ±1, depending upon the sign of the chip, and Tc is the chip duration. 

An alternate dpsk modulator is shown in figure 2-4.   The chip sequence for a data bit is 
exclusive-ored with the differentially encoded data bit.   The impulses are generated on a 
chip basis, yielding a phase-modulated carrier at the SAWD output.   A positive impulse 
may correspond to a 0-degree phase shift, and a negative impulse corresponds to a 180- 
degree phase shift. 
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One of the shortcomings oi biphase psk modulation is its spectral density response which, 
as shown in figure 2-24,  rolls off as 1/i2 or 20 dB per decade. 

The dpsk demodulator is shown in figur« 2-5.   It is a matched tilter at the if.   As shown, 
a single SAVVD is matched to the chip sequence, and the same chip sequence delayed one 
data bit time.   The outputs of the taps are summed both for the present received bit and the 
previously received bit.   This summing operation takes place right in the BAWD.   The sum 
and difference is obtained from the two outputs.   These are envelope detected, compared, 
and the output is samplec.   The sample time is established by the preamble detector and the 
sampling occurs at the pe^k of thi baseband pulse.   The sign of the sampled signal deter- 
mines whether the data bit is u 1 or a 0. 

Maximum likelihood detection assumes ideal bit timing and ideal sampling of the correlation 
waveform peak.   Ideal timing is never achieved for bit timing.    Vor non-ideal bit timing, 
figure 2 6 shows the result of loss of signal envelope detection versus timing error. 
Figure 2-7 shows the loss of signal/noise (Ki/N'o) as a function of number of chips per bit 
with timing error T as a parameter for Tg of 10 |j.s (100-kB/s data rate). 

Hence, for N ■ 100 and 10-ns bit timing error for 100 kB/s data, a 1-dB loss of E^/NQ is 
incurred.   Note that 10 ns out of IO-JUS bit period is ().3G degree of timing accuracy and 
requires a 100-MHz clock if a counter is allowed to free run from a master clock.    A 1.0- 
degree error (28 ns) results in 3-dB loss.   Thus, bit timing requirements are quite impor- 
tant for spi3ad spectrum maximum likelihood detection. 

An alternate method of data detection is achieved by sampling the SAWD matched filter output 
by a timing window that is 2TC (Tc ■ chip interval) wide,  storing the peek value during th:"4 

timing window, and making a bit decision at the end of the timing window.   This method 
greatly alleviates the bit timing problems that the maximum likelihood detection requires 
since, ideally, bit timing of only Tc accuracy is required (100 ns for N     100). 

It is estimated that this form of detection degrades performance by 0.5 dB (for a 2TC window 
case) from the ideal timing.   A 2TC window is suggested for two reasons.   One is that a 2TC 

window is easy to generate.   The seconJ is that, intuitively, a window equal in width to the 
correlation peak width would result in best performance. 

Thus, for much easier timing requirements, a 0.5-dB performance penalty resulte.    Hence, 
performance of depsk with Pe ■ 10-5 requires Eb/No     10.9 dB rather than 10.4 dB.   A 
suggested method of implementing the detector is shown in figure 2-8. 

2.1.2.2    Differentially Coherent Quadriphase PSK Modulator/Demodulator 

Quadriphase modulation has certain advantages over biphase modulation.   One is that the 
timing requirements are less severe since the symbols are twice as long as the chips. 
Another is that the bandwidth requirements are less, as shown in figure 2-24. 

An implementation of the modulator is shown in figure 2-9.   The demodulator for quadriphase 
psk is similar to that shown in figure 2-5 for biphase demodulation.   An orthogonal channel 
is required that is phase shifted 90 degrees from the other channel.   This can be achieved 
by a 90-degree phase shift of the two SAWD outputs (A and B).   These 90-degree phase 
shifted outputs are input to a hybrid, and the sum and difference of the outputs are envelope 
detected and compared in the same manner as the other channel. 
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Figure 2-9.    DC Quadriphase Modulator, 

Maximum likelihood detection and gated peak store detection criteria discussed for biphase 
apply for quadriphase, except symbol intervals (Tc/2) must be used in the applicable equa- 
tions and curves.   Note that there are two chips per symbol for quadriphase. 

2.1.2.3 MSK Modulation/ Demodulation 

An alternate approach to psk signaling is sometimes referred to as minimum shift keying 
(msk).   It is a two-orthogonal channel amplitude weighting psk modulation scheme.   The 
in-phase and quadrature phase carrier channels are staggered by one chip and shaped with 
orthogonal cosine weightings of two chip length.   This is illustrated in figure 2-10. 

To achieve a constant envelope signal, the quadrature channel is added to the in-phase 
channel as shown in the msk waveform diagram.   Also shown is the resultant phase and fre- 
quency for the example chip stream.   Phase transitions can occur at the null points of each 
subchannel.   This property results in phase continuity of the msk waveform.   This property 
produces increased attenuation of the higher signaling frequencies.   Its spectral density 
rolls off as 1/f4, or 40 dB per decade as shown in figure 2-24. 

2.1.2.4 Coherent MSK Modulator/Demodulator 

Several approaches to msk modulation/demodulation are being considered.   The first of 
these approaches is termed coherent msk.   A data bit 1 consists of a sequence of 100 cldps, 
and a data bit 0 consists of the same sequence with inverted signs.   Figures 2-11 and 2-12 
illustrate two implementation techniques for the modulator.   In figure 2-11, the data source 
determines the sign of the impulse driving the SAWD.   1 .e input transducer has a cosine 
pulse weighting and has a duration of two chip periods.   The SAWD has 100 taps, each tap 
corresponding to one of the chips.   The even taps are summed for one msk subchannel and 
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J its output is phase-shitted 90 degrees. The odd taps are summed for the other subchannel. 
The two outputs are then added together yielding the msk signal. The signal can be repre- 
sented mathematically as follows: 

s(t) ■ v/iF    cos ( w   t +*) 
O 

k=0 
d2k+l 

C08P Ö (t-2kT)1 

49 
+ sin (wot.<|.)   V^  d2k+2 sinp [^ (t.2kT)] 

where cosine pulse (cosp) is defined by: 

cosp|^= cos^jr[n(t+T) -u(t-T)] 

and sine pulse (sinp) is defined by: 

sinp ^ = sin^p [u(t) - u(t-2T)] 2T 2T 

and the chip interval is given by T. 

The if. output is then up-converted and amplified for transmission.   The summing of the odd 
and even taps is accomplished in the SAWD.   It may be feasible to also do the phase shifting 
in the SAWD; however, further investigation in this area is required. 

An alternate approach to the modulator is shown in figure 2-12.   The SAWD is impulsed at 
the chip rate.   The sign of the impulse determined by the exclusive output of the SAWD 
generates a cosine weighted pulse that exists for two chip periods.   The impulse sign 
determines carrier phase in the cosine pulse. 

The demodulator is shown in figure 2-13.   The demodulation process is coherent.   The 
matched filter demodulator is identical to the modulator discussed above (figure 2-11), 
except that the tap sequence is reversed.   The summing of the two SAWD output results in 
an amplitude-modulated carrier that is the correlation function.   This if. signal must be 
sampled at exactly the right time because the phase of the if. carrier contains the information. 
Hence, near coherence is required that can be achieved by use of a phase-lock loop that 
encloses the surface wave detector. 

In a half-duplex application, it is possible to share the SAWD between the transmitter and 
receiver (compare figures 2-11 and 2-12). The complexity of the switches must be com- 
pared to the complexity of a SAWD. 

2.1.2.5    Differentially Coherent MSK (DC-MSK) Modulator/Demodulator 

To alleviate the severe timing requirements of the coherent msk demodulator, an alternate 
approach is considered.   With this approach, the data is differentially coded prior to being 
modulated, as was discussed in paragraph 2.1.2.1.   A data bit from the source is differen- 
tially encoded with the previously encoded data bit.   The remaining part of the modulator 
(figure 2-14) is identical to the modulator discussed above for the coherent msk approach. 
The modulator can also be constructed using the two chip SAWD, as shown in figure 2-12.' 
The only additional requirement is the differential encoding of the data source output. 
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Figure 2-13.    Coherent MSK Demodulator. 
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Figure 2-14.     Differentially Coherent MSK Modulator. 

A differentially coherent msk demodulator is shown in figure 2-15.   Two SAWD's are shown. 
One is a 10-ps (1 bit) msk demodulator, and the other is a 10-fjs delay.   The demodulator 
coherently detects the present data bit and delays the previously detected bit for one bit 
interval.   These two outputs are then multiplied coherently and low-pass filtered, yielding a 
baseband output whose sign determines the data bit.   The bit timing derived from the pre- 
amble is used to sample the mixer output and recover the data.   A second dc msk demodu- 
lator is shown in figure 2-16.   The concept is the same as the dpsk demodulator shown in 
figure 2-r«.   The advantage is the elimination of the phase-coherent mixer. 

The two types of detection discussed for dpsk signaling are also applicable for msk signaling. 
The effect of timing errors upon the loss of signal energy is shown in figure 2-17.   For msk 
signals, the correlation function is not triangular as it is for psk signals, but is a smooth 
function as shown in figure 2-17.   For small timing offsets, the loss factor is less than it is 
for 4-phase psk signaling.   For timing errors in excess of 1/4 of a chip, the loss factor is 
less for 4-phase psk signaling.   With 2-phasH psk signaling, any and all timing offsets will 
be worse than 4-phase psk or msk. 

2.1.2.6    Pseudo-Orthogonal MSK (PO-MSK) Modulaujr/Demodulator 

Another msk modulation approach is illustrated in figures 2-18 and 2-19.   To modulate the 
pseudo-orthogonal signals requires the selection of one of two chip sequences.   These chip 
sequences have approximately zero crosscorrelation.   In figure 2-18, data bit 1 selects (for 
example) the upper BAWD for the generation of the msk signal, and the data bit 0 selects the 
lower SAWD.   In figure 2-19, the data bit selects the chip sequence that controls the impulse 
generator driving the msk SAWD. 
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At the demodulator illustrated in figure 2-20, the incoming signal is correlated by both 
SAWD's, each containing one of the chip sequences.   Each SAWD is an msk detector for a 
bit.   One SAWD is matched to a data 1, the other SAWD is matched to a data 0.   Each output 
is envelope detected and the output with the largest amplitude is selected.   This approach 
requires two SAWD's, each of 10 |. s in length.   The timing requirements are the same as 
those for the differentially coherent msk demodulator.   In this type of data detection, 
maximum likelihood detection and gated peak store detection may be used. 

2.1.2.7 S'ABY MSK Modulator/Demodulator 

Another signaling approach that yields a performance improvement over the approaches 
discussed above at low bit error probabilities is shown in figures 2-21 and 2-22.   The 
modulator utilizes eight SAWD's.   Each SAWD has 300 taps and the taps are arranged such 
that they correspond to the 300 chips for each code symbol.   The crosscorrelation between 
the eight 300-chip sequences is approximately zero; however, each code sequence has an 
autocorrelation function that has a large peak four chips wide, and very low sidelobcs. 
Three data bits from the source comprise a symbol and are used to select one of the eight 
chip sequences.   For the chip rate in the channel to be 10 megachips per second requires 
300 chips per symbol.   Again, there is an input transducer for each of the SAWD's that has 
a cosine pulse weighting. 

At the demodulator, the if. signal is power split between eight SAWD's, each of which is 
matched to one of the 300-chip sequences.   Again, each is a matched filter for one of the 
eight possible 3-bit data sequences.   The output of each filter is envelope-detectod, and 
every symbol time, the largest output is selected.   The most likely bits are the three bits 
associated with the largest output.   The timing requirements for this approach are more 
stringent than dc msk, since for 300 chips, the same correlation peak occurs.   Two of the 
drawbacks are the number of SAWD's required and the lengths of the SAWD's (30 ^is).   This 
can be alleviated in the modulator by using programmable SAWD's.   The modulator could be 
implemented by using a programmable digital code generator driving a chip SAWD msk 
generator. 

2.1.2.8 Performance Comparison 

A probability of bit error performance comparison between the six modulation/demodulation 
approaches discussed above is shown in figure 2-23.   The chip rates in the channel are all 
the same.   The comparison is made on the basis of probability of bit error (BER) versus the 
energy per bit to noise spectral density required to achieve a given error probability.   For 
bit error probabilities in excess of 7 x 10-5, coherent psk or msk is superior.   For bit 
error probabilities less than 7 x 10-5, 8'ary msk is superior.   It requires 0.4 dB less 
energy per bit than coherent msk at lO-5 BEB. 

Differentially coherent psk and differentially coherent msk have identical theoretical perfor- 
mance.   At 10-5 BEB, their performance is 1 dB less than coherent msk and 1.4 dB poorer 
than S'ary msk.     Pseudo-orthogonal (PO) msk gives the poorest performance.   Basically, 
this is because the correlation between the chip sequences is not positive N or negative N, 
but is either positive N or nearly zero.   Hence, the signal detector space geometric separa- 
tion between signals is not as great with the result of poorer perforrranee.   The performance 
of PO msk is 3 dB worse than coherent dmsk as shown in the figure. 
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2.1.2.9    Tradeoff Parameters 

Table :i-l contains some parameters that are important for deciding which modulation or 
signaling waveform approach is most desirable lor the ARPA packet radio network.   The six 
modulation approaches are compared on the basis of performance.   The best performance 
is denoted by 1 and the poorest performance is denoted by 5.   These are qualitative indi- 
cators only. 

The bandwidth utilization of the different modulation methods was also previously discussed. 
The basic difference is between the psk and msk power spectrum for an equal chip rate. 
(See figure 2-24.)   Msk has much lower out-of-band spectral energy and, hence, is superior 
where spectral containment is important.   The psk power spectrum rolls off at 20 dB per 
decade; whereas, the msk spectrum rolls off at 40 dB per decade.   Quadriphase psk requires 
half the bandwidth of biphase psk. 

The timing requirements refer to the demands upon timing accuracy.   Differentially coherent 
msk and pseudo-orthogonal msk have the least stringent timing requirements for small 
timing errors.    8'ary msk is more difficult because the slope of the correlation function per 
bit interval is greater.   Qpsk is superior for large timing errors.   Biphase psk is inferior 
for all timing errors. Coherent msk requires the most accurate timing because one must 
sample the if. carrier in order to sense the sign of the data bit.   To adequately recover the 
data from the coherent msk modulated signal will require a phase-lock loop. 

The hardware limitations refer specifically to the device requirements relative to state-of- 
the-art technologies.   For example, IG-fj-s SAWD's are relatively easy to make: whereas, 
20-fi.s SAWD's are a little more difficult and 30-M-S SAWD'S require some extra development 
work.   On this basis, coherent msk is considered to have the fewest SAWD hardware limita- 
tions, and 8'ary msk would have the mos-. 

The judgments on the last three tradeoff parameters are more subjective and require more 
extensive investigation.   The evaluation is based on first-pass engineering judgment. 

The conclusions one might draw from such a tradeoff is that coherent msk and differentially 
coherent msk are the 'eading contenders.   Coherent msk has the problem of very accurate 
timing requirements since one must track the phase of the carrier for adequate detection. 
DC msk circumvents this phase-locking difficulty by coherently detecting two successive bit 
intervals; however, the price one pays is a slight performance degradation (^1 dB).   In 
actual practice, there probably will be 0.5-dB degradation due to nhase tracking errors and 
jitter with coherent msk. 

2.2    SYNCHRONIZATION FOR PACKET RADIO SYSTEMS 

In the design of packet radio systems, we are concerned with at least the three following 
types of synchronization. 

a. Carrier synchronization (coherent systems only) 

b. Bit synchronization 

c. Packet synchronization (i.e., control of packet transmission times to minimize 
interference). 

If a differentially coherent detection or noncoherent dcleclion scheme is used, carrier 
synchronization is not required, and will not be discussed.   This discussion addi'esses 
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the subject of bit synchronization; but to make the presentation more understandable, it 
has been related to a general terminal model, and some important design and implementa- 
tion problems are briefly discussed. 

This discussion suggests that there is no merit considering bit synchronization beyond the 
period of one packet, although there is some merit in considering synchronization of 
terminals and repeaters that may contribute interference during the period of one packet. 
Although this may sound somewhat inconsistent, It is shown that this objective can be met 
with proper frequency control and that the requirements here are quite reasonable, at least 
for the systems with no spread or a system with moderate spread.   Such coordination of 
synchronization between sta. ions is of more value for the system using spread spectrum 
techniques.   In the concept outlined below, each packet is considered as a separate transac- 
tion and may originate from a different terminal or repeater and have a different time 
reference.   Therefore, if adequate frequency stability is provided, the problem of synchoniza- 
tion is one of accurately defining time.   One method of accomplishing this is suggested below. 

Considerable emphasis has been given to the subject of bit synchronization by designers of 
large networks, and solutions generally evolve into the following general categories. 

a. Mutual synchronization of the total network by an averaging process 

b. Synchronization to a common master 

c. Use of bit stuffing techniques to remove clock frequency difference between users. 

It is important to recognize that these solutions are dictated by the time division multiplexer 
required to separate the various users.   The packet radio is not faced with such problems 
since each packet defines, by means of its address, the proper receive port en the multi- 
plexer.   It is, therefore, concluded that there is no merit in considering wide distribution of 
bi   synchronization in the usual sense if there exists little slip in the timing over the interval 
of one packet.   This can be achieved with proper attention to oscillator precision; and it is 
shown that the requirements are quite reasonable to achieve, at least for systems with no 
spread or with moderate spread factors.   It is also shown that the stability requirements are 
a function of packet length and are not a function of data rate.   If there is sufficient traffic 
density through a repeater of either real or artificial nature, it may be desirable to maintain 
terminals in the region of a particular repeater in continuous synchronization with the 
repeater to simplify the oscillator design requirements for the low cost terminal. 

2.2.1    General Concept of Bit Synchronization 

Consider a network of repeaters and terminals with maximum spacing of 10 miles.   If the 
system is operated at a data rate of 100 kb/s with biphase modulation, the symbol period is 
10 pa and the clock rate is 100 kHz.   Transmission time for the 10-mile path is approxi- 
mately 54 M-S: hence, the beginning of the message is received about 5.4-bit periods, or 
almost 2000 degrees of clock phase after the start of transmission.   For detection purposes, 
however, we need only be concerned with clock phase over a range of 350 degrees.   If we 
wished to synchronize such a network, a time or phase reference could be established for 
each terminal and repeater that is referred to some control point, such as a station.   Each 
terminal and repeater would then be required to predict the required phase at time of arrival 
at the repeater to which the message is addressed, and to adjust the transmit phase accord- 
ingly.   Suc.i a technique is used for time slotting of messages in TDMA satellite relay systems 
where the central time reference is at the satellite: however, the complexity of controlling 
synchronization among a number of stations in the packet radio system quickly convinces one 
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that this would not be a satisfactory technique for maintaining bit synchronization, although a 
similar technique still may be considered as a method of message slotting. 

The alternate and obvious approach is to synchronize independently to each packet.   This 
was probably the first assumption, but the fixed time reference concept was summarized 
above to emphasize that continuous network synchronization is complex and probably of little 
value for packet radio systems. 

For packet radio, the problem can be reduced to one of time reference (epoch) determination 
for each packet.   If we can design all clocks to run at sufficiently constant rates independent 
of external control, then epoch determination from a transmitted preamble is adequate for 
synchronization (i.e., all that is needed is to set our clock at the beginning of each packet). 
For this system, our day is 10 jis long, and no transaction extends beyond 1000 days on our 
calendar.   We are only concerned with the time of day a particular transaction started.   For 
convenience we reset our clocks to midnight at the beginning of the transaction, and let it 
run at a predetermined rate from that point. 

The following is a summary of characteristics of suggested system: 

a. All stations are bit synchronous in the concept that during the period of one packet the 
slip rate is a small fraction of a bit once the epoch is established (i.e., all clocks have 
accurate rate but are arbitrary in phase). 

b. Epoch is established by a preamble, and once established, timing is not corrected 
during the packet transmission. 

c. Epoch is reestablished for each packet transmission. 

d. Transmit clocks at both terminals and repeaters are phase independent of receive clocks, 
although derived from the same time base.   (This allows synchronization of terminals 
to a particular repeater should this prove desirable.) 

The approach outlined above resolves down to one of accurately resolving a time reference 
(phase) during a defined preamble and accurately maintaining frequency once phase is set. 
No phase correction is made once phase is established.   The argument for this approach is 
summarized below: 

a. Timing must be accurately established by the beginning of the header if header is to be 
accurately decoded.   There is little merit in further correction (by use of phase-lock 
loops) if slip-rate requirements are reasonable. 

b. Preamble may be designed for optimum bit synchronization acquisition, while it is 
desirable that no restrictions be placed on the message or header content (i.e., may 
contain all O's if we so desire).   In a practical system, phase of bit recovery is 
influenced by bit pattern. 

c      The system allows use of the same master clock for outgoing or incoming information. 

d.    Master clock may be of high precision since it is not required that it be adjusted in 
frequency as part of an analog or digital phase-lock loop.   Phase adjustment is made 
using techniques that do not influence clock long-term frequency stability. 
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2.2.1.1 Oscillator Stability Requirements tor System with No Spread 

Figure 2-25 represents a system with no spread spectrum.   Assuming the following 
tolerances on timing: 

Accuracy of estimating of epoch = 12 degrees of clock phase (0.33 ps for 10 kb/s 
system) 

Maximum slip in clock phase over lOOO-bit packet ■ 6 degrees of clock phase 

The above values seem reasonable although they have not been evaluated in terms of loss 
in error threshold. 

If the maximum packet length, including header, is 1000 bits, then oscillator accuracy to 
meet G-degree slip is: 

1 ü -5 
Clock Accuracy = '  .„„„ x-r-nr = + 1. G6 x 10 

Since both transmit and receive clocks are involved in this tolerance, the accuracy of each 
clock must be twice the above value, or about eight parts per million.   If n - 100, then the 
CIOCK can be set to the nearest 1/100 of clock cycle, or 3.6 degrees (this can be improved 
by a I actor of 2 by using both positive and negative transitions of the clock cycle).   This, 
then,  leaves about 8-degree error in determining the epoch.   The ability to meet this 
rei)uirement is related to preamble length, signal-to-noise, and signal dispersion due U, 
reflections: however, it appears that if signal-to-noise is adequate to achieve a bit error 
rate of 10"^ (packet error rate of 10~2), it should be possible to achieve desired synchroniza- 
tion accuracy with a relativciy short preamble.    False alarm rates under no signal condi- 
tions may be a more important consideration.   The system must operate with i wide 
dynamic range of signals: hence, the epoch detector must be able to operate in a Gaussian 
noise environment with a low probability of false alarm.   It appears that use of a surface 
acoustical wave device as a correlator may effectively establish the epoch.   The advantage 
here is that the SAWD is an effective it. frequency correlator and does not require prior 
establishment of carrier or clock reference in order to function.   Its use does, however, 
place some restrictions on frequency otability of the system. 

2.2.1.2 Oscillator Stability Requirements for Spread Spectrum Systems 

The use of spread spectrum and time slotting is being investigated as a means of sorting 
multipath and interference signals on the basis of time of arrival.   With spread spectrum 
systems,  accurate establishment of epoch and good bit sync stability is an important con- 
sideration, particularly if this technique is used to separate signals on the basis of time 
of arrival. 

Consider the model outlined in figure 2-2G.   The data symbol for zero is a PRN sequence 
(PRN'l),  and the symbol for one is an orthogonal sequence (PRN2).   It is convenient, though 
not necessary, to make PRN^ - PRNi, and use differential detection.   This allows use of 
only one code for the surface wave lines to be used in the receiver.   If the sequence is 32 
bits long, the bit rate ■ Rb and biphase modulation is used, then period of sequence 1     1  Rb. 
(The chip rate is 32 Rb and chip period is Tb'32.) 

The correlation peak for PRN sequence is two chips wide at the base: therefore,  if we can 
accurately define epoch, then we can sample the signal through a time gate ol width no 
longer than T^/IG.   By this technique all interference occurring outside this frame may be 
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disregarded.   Thereiore, if other stations transmit at random, the probability of a given 
interferor falling on the desired slot is 1/16 ^0.06.   However, this probability exists only 
il an interfering signal is exactly in synchronization.   If two clocks slip by one cycle over 
packet length of 1000 bits (i.e., one transmits 1000 bits in a period and the other transmits 
999 or 1001), then there is a probability of 1.0 thai, at least 1-bit interference will occur if 
both start transmitting at about the same time.   However, 10-3 dock stability is very poor. 

NOTE 

The signal need not necessarily be time gated if the detection is accomplished by 
sampling the value at precise time intervals,  since time selection is accomplished 
by the sampling process.   However, the signal may also be selected by a time gate 
of some defined width and the value of the signal within the gate integrated over the 
period of the gate by integrate and dump techniques.   The second approach may allow 
poorer clock stability and epoch determination.   Also, multipath characteristics 
are almost certain to affect the optimum choice of detection technique, and the 
need for further evaluation is clearly indicated. 

For this model, it would seem reasonable to allow a gate position drift of 1/4 of a chip 
interval.   This, then, results in a total gate width of 2-1/2 chips plus any further allowance 
that may be required for error in defining the epoch.   For this model, the framing of the 
first and last pulse of the packet is shown for zero epoch error.   (See figure 2-27.) 

For this example, the clock time is allowed to drift 1/4 chip period, or 1/32 x 1/4 ■ 1/128 
Tb where Tb is bit period.   Since two clock oscillators are involved, the accuracy should be 
no worse than 1/2 x 1/128 x 1/1000 =- 4 x 10-6.   This is only twice the stability calculated 
for the nonspread system.   No allowance has been made for epoch error; but for the spread 
system, this is expected to be small if multipath is not severe.   Alf o, some of the skirts of 
the correlation peak may be clipped without significantly affecting t e total energy under the 
correlation envelope.   In fact, in transmitting through a reflective or dispersive medium, 
there may be some advantage in narrowing the window through which the correlation peak 
is sampled. 

It will be noted from this discussion that required stability is a function of packet length and 
a function of chips per bit, but is not a function of bit rate. 

2.2.1.3    Oscillator Requirements 

The stability and aging characteristics of crystal oscillators vary at least two orders of 
magnitude with differences in the cut of crystals and choice of oscillator circuit.    However, 
stabilities in order of a few ppm can be obtained with a well-designed temperature- 
compensated oscillator, and better stability is possible if precision ovens are employed. 
(See appendix 2A.) 

It therefore appears that adequate stability can be obtained with carefully temperati re- 
compensated crystal oscillators if only moderate spread factors are used.    Further, the 
tolerance that may be allowed for the clock frequency of the hand-held terminal may be 
essentially doubled by placing much tighter requirements on the repeater.   Such an approach 
is not unreasonable since temperature-stabilized crystals may be used at the repeater 
without paying a significant price in terms of power consumption.   Such an approach is not 
attractive for the terminal, since the terminal may be operated intermittently.   Crystal 
oven warmup times are not practical for a unit that is operated intermittently. 
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Figure 2- 27.    Framing for Zero Epoch Error. 

If precision temperature-controlled oscillators are used at each repeater, it may be more 
economical to synchronize each terminal clock to a repeater if sufficient traffic through the 
repeater is ensured to allow reliable synchronization.   The terminal need not transm"fto the 
same terming from which it receives synchronization, although there appears to be some 
SS?JJ «/"f ron^ng the terminal to the strongest repeater and then transmitting its 

rfnsm ttil  h'pnn?        ^ ?! terminJli T* l0Ck t0 a repeater' then there i8 ™ ""** ** 
o .n Ü ^ .  ?    ' ^f ■S *?*>** leads t0 confidence that the system is working prior 
mu^ £SÄh iSU^'   SUCl; f1 aPPr0aCh W0Uld require rather 8low clock loopslince it must hold with little slip over at least its transmit period of 1000 bits.   This implies clock 

SZue 1™ f
100 HZ ^ the 100-kb/s SyStem' 0r some form of samPl* and hold C 

echmque.   Since the frequency errors to be corrected result from temperature and agine 
i   appears that once the required correction was determined, it could be held lor lonTperiods 
Such a time ga ed afc system with long hold periods merits further investigation if adequa e 
stability cannot be achieved by simpler techniques. duequaie 

2.2.1.4    Doppler 

For the simplified timing model described above, the timing accuracy required over a packet 
period^was about 40 ns for the system with X32 spread, and about 80 ns for the nonspread 

NOTE 

These values were for reasonable, though somewhat arb'trary, system models- 
hence, little significance should be given to the ratios of the above two numbers for 
the two quite different models. 
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Doppler is a time expansion or compression phenomenon; hence, the maximum relative 
velocity allowed is that which results in a 40-ns time expansion or compression during a 
packet in time of 0.01 second (1000-bit packet at 100 kb/s assumed): 

V = cJ^2_=l-H6xl05x40xlO-9 ^0 74 mile/s ^2680 miieS/hr 
max Tp 10-2 

where 
c - Velocity of light 

t9 = .Ulowed timing error at end of packet 
■ 

T    = Time duration of packet (0.01 second assumed, i.e., 1000-bit packet at 100 kb/s). 

It is therefore concluded that doppler will not present a significant timing problem for packet 
radio systems even if operated from jet aircraft. 

For systems using spread techniques, the doppler frequency error may be a more important 
consideration.   See paragraph 2.1 for the relationship between bit time (T^) and allowed 
frequency error if surface wave devices are used to decode the data symbols. 

2.2.2    Synchronization Preambles 

There are several approaches to the packet synchronization problem that can be utilized. 
These approaches are discussed in varying degrees of depth; from the discussion, the 
recommended approach is selected. 

Several assumptions are made in the evaluation of the candidate preamble schemes.   Some oi 
these assumptions are: 

a. The modulation will be minimum shift keying (msk). 

b. Code spread spectrum pulsewidth of Tc • TR/N, where N is the number of chips per 
hit, while allowing the i^diatcd power to be constant. 

c. Minimum data rate of the order of 100 kb/s. 

-5 d. Bit error probability of 10 

e. The processing gain will be in tue vicinity of 10 to 20 dB. 

Each of the approaches considered assumes that a bit is spread into 127 chips which make up 
a 127-chip maximum length sequence.   Four preamble approaches are considered and com- 
pared.   These approaches fall into two classifications:   (1)   Barker codes and (2) repeat 
codes. 

2.2.2.1    Preamble Specifications 

To begin a discussion of preamble detection, one must establish some preamble specifica- 
tions.   If we assume that a packet consists of 1000 bits of data maximum, then a bit error 
probability of 10-5 results in a packet error rate of lO*2 without error detection and correc- 
tion.   Since error detection with automatic request for retransmission will be used rather 
than error correction, it would be undesirable for the packet error probability or 
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retransmission probability to exceed 10~2.   The preamble should have a detection probability 
at least as good and probably better than the packet detection probability.   Therefore, the 
design goal for the probability of preamble detection will be 99.9 percent. 

A frequently used relationship between false alarm probability and average time between 
false alarms is given by: 

P      -     l 

FA     TFAB 

wheri 

PFA = False alarm probability 

Tp,. = Average time between false alarms 

B = Information bandwidth = 100 kHz. 

Assuming that a packet consists of 1000 bits, a packet duration is 10 ms.   If we assume one 
false alarm for every 1000 packet times (i.e., every 10 seconds), then PFA 

= 10~6.   This 
will be the false alarm probability design goal. 

For differentially coherent psk on msk modulation, a 10.4-dB signal-to-noise ratio (E5/N0) 
is required to achieve a bit error rate (BER) of 10-5.   For this probability of bit error, 
1 percent of the 1000-bit packets will be in error; however, a reasonable approach is to 
assume a 50-percent probability of packet error in order to come up with the worst case 
preamble design.   The 1000-bit packet lias a 50-percent probability of error for a BER ■ 
7 x 10' 4 corresponding to Eb/N0 - 8.2 dB.   A 200-bit packet has a 50-percent chance of 
being correctly received for BER - 4 x 10-3, which corresponds to 6.5 dB.   Since the 
preamble length is the same for either packet size, the design goal will be to provide a 
preamble having a 99.9-percent pvobability cf detection in the worst case E^/NQ environ- 
ment of 6.5 dB.   This margin   en also be applied to some system degradations such as 
timing errors, frequency ^'f^i, doppler, and sidelobes. 

2.2.2.2    Preamble Analysis 

a. Coherent Combining.    The required preamble length and Eb/N0 to achieve the 
probability of detection of 0.999 and probability of false alarm of 10-6 is a function 
of the detection technique.   Coherent combining of the preamble yields the best 
results.   The probability of missing the preamble versus the signal-to-noise ratio 
for a bit is plotted in figure 2-28 with the number of bits in the preamble as a 
p?rameter.   Also, the false preamble probability is 10-6.   xhe results show that 
8 bits are required to achieve the design goals.   The analysis deriving ^hese results 
is eiven in appendix 2B. 

The coherent combining of the bits at the output of the SAWD is difficult. The combining 
accuracy is a function of the if. frequency and must be less than 1 ns. The delay can be 
achieved with a sut ace wave device matched to the msk SAWD. 

b. Noncoherent Comoining.    If the preamble bits are combined noncohereiitly, additional 
bits are required to achieve the same design goals.   This is demonstrated with figure 
2-29 where the number of preamble bits required for a missed preamble probability of 
10"3 is plotted versus the signal-to-noise ratio.   The curves are shown for two values 
of probability of false alarm lO-3 and lO-6.   To achieve the design goals stated above 
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.. 
requires a minimum ot 13 bits ol preamble.   The derivation ol these curves is given in 
appendix 2B.   In order for the analysis to be tractable, some simplilying assumptions 
were made.   For low values ol BT, the results are a tew tenths of a dB pessimistic. 

c.    Post Detection.    A detection decision is made on each bit for the third approach.   To 
exceed the threshold for detecting, the preamble requireo that M out of N bits are 
received correctly.   In one case considered, a Barker code is used to i chieve both bit 
timing and the sync preamble.   The 13-bit Barker code is followed by another 13-bit 
Barker code where each bit of the second code is reversed in iign.   For 26 bits of 
preamble, 21 or more must agree with the stored reference ai the receiver to achieve 
the design goals.   The results are plotted in figure 2-30.   The derivation of these curves 
is given in appendix 2B. 

2.2.2.3    Preamble Approaches 

Four different preamble approaches are discussed in this section.   Some of the advantages 
and disadvantages of each approach will be given.   There are many variations and imple- 
mentation approaches that can be suggested.   In the interest of getting at the underlying 
principles, just a few of the possibilities are shown. 

For each of the preamble approaches considered, each bit consists of 126 or 127 chips, the 
exact number depending upon the code used to select the chips.   The basic preamble 
principles hold independent of the number of assumed chips per bit. 

Barker Preamble with Coherent Detection (Coherent Combining).    One of tne 
classic approaches is the use of the Barker sequences for preamble detection, 
family of sequences is characterized by: 

This 

H(k) 
N for k     0 
il, 0 for k 1,2, in N 

where R(k) is the autocorrelation function and N is the number of bits comprising the 
sequence.   The size of the family is restricted since there are no more than nine known 
Barker sequences.   The Barker code coming closest to satisfying the requirements 
stated above is of length N = 7.   The next largest Barker sequence is of length Nil. 
For N = 7, its sequence is given by: 

+++—+- 

This sequence gives a ratio of 16.9 dB between the peak and the sidelobes.   A plot of 
the autocorrelation of the Barker sequence illustrating this is given in figure 2-31. 
Each bit of the Barker sequence consists of 127 chips  fi'om a 127-chip maximum 
length shift register.   If the Barker bit is positive, the 127-chip sequence is trans- 
mittec'.   If the Barker bit is negative, each chip of the 127-chip sequence is inverted. 
A possible preamble detector implementation is shown in figure 2-32.    Fach SAWD is 
matched to one bit of the Barker code.   The first SAWD has the cosine pulse inter- 
digital transducer, in addition to the 127 taps corresponding to the 127 chips.   Details 
on possible SAWD implementations of msk detectors are discussed in paragraph 2.1. 
The outputs of the seven SAWD*! are summed coherently, amplified, and compared to a 
threshold.   A level sensing circuit establishes the input signal level and normalizes the 
output of the video amplifier so that a fixed threshold V-p can be used.    When this 
threshold is exceeded, the presence of the preamble is indicated.    A pulse is triggered 
at the time the threshold V'T is first exceeded.   The pulse is terminated when the signal 
falls below tue threshold.   The center of th'S pulse is then estimated, which establishes 
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Figure 2-30.     13-Bit Barker Code Followed by 13-Bit Barker Complemented. 
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Figure 2-31.     Autocorrelation of 7-Bit Barker Sequence 
Where Each Bit Consists of 127 Chips of a 
Maximum Length Sequence at 100-kb/s 
Rate. 

the bit timing for the remainder of the packet.   The preamble accomplishes two func- 
tions:   (1) it establishes bit timing, and (2) it indicates the start of the message.   A 
discussion of the accuracy to which the bit timing can be estimated was provided earlier. 
The following expression was derived for the time of arrival variance for a practical 
center pulse estimator: 

2 (2 E/No) 

where E/N0 is the signal-to-noise ratio, and 7 is the chip duration.   For T ■ 79 ns and 
Eb/No = 0.5 dB,   (T= 18.6 ns. 

From the autocorrelation function of the preamble (figure 2-31), it can be seen that 
multipath that is delayed by 100 ns relative to the received signal will be rejected.   Since 
coherent msk detection is used in this example, there is a 180-degree phase ambiguity 
of the chips and bits.   Therefore, the received crosscorrelation pulse at the output of 
the SAWD will be either positive or negative.   This presents no problem as long as we 
are not detecting data, since the output of the envelope detector is always positive. 

As noted above, the peak-to-sidelobe ratio is 16.9 dB (7:1).   The sidelobes, in effect, 
add to noise, thereby reducing the effective signal-to-noise ratio by 1/7 (1.34 dB). 
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One practical shortcoming is in the implementation of this approach as it reqiures seven 
10-ns SAWD's in cascade, each of which has from 10 to 30 dB insertion loss.   Longer 
SAWD's can be used with more taps on each SAWD.   The practical limitation with today's 
technology is about 40 fas. 

With the use of the 7-bit Barker code described above, the design goals are missed only 
by 0.5 dB (the design goal required 8 bits); however, the next shortest Barker code is 
11 bits long. 

Another disadvantage is that the effects of doppler shift, and frequency errors are 
cumulative through the entire preamble.   Thus, the coherent technique is much more 
sensitive to such offsets than a noncoherent combining technique. 

One feature of this technique is that the first two SAWD's could be used for detecting 
differentially coded msk data signals.   Also, the derivation of bit timing and the end of 
preamble or start of message indication do not have to be derived separately. 

b.    Barker Preamble with Differentially Coherent Detection (Coherent Combining).    Another 
Barker preamble approach is shown in figure 2-33.   This approach requires only two 
SAWD's while yielding performance close to that of the optimum approach previously 
discussed.   Differential msk modulation and detection are employed.   The details of the 
modulation technique are more completely discussed in the paragraph on modulation 
approaches. 

The msk SAWD's are 1-bit time long or 10 p.s.   In essence, they are filters matched to 
the spread signal on a bit basis; they remove the pseudonoise spreading.   A baseband 
preamble is obtained at the output of the comparator.   Although a second analog 
matched filter matched to t^w 7-bit Barker sequence would be optimal, a close 
approximation can be obtained by limiting the baseband signal, as shown, and sampling 
at a high rate relative to the bit rate.   Ten samples per chip would be realistic.   This 
8890 (10 x 127 x 7) length sequence of samples is then correlated in a digital matched 
filter with the stored sequence.   It may be possible to implement this operation with a 
high-speed ROM.   The summer consists of counting the pairs of bits that are alike. 
When the digital counter exceeds a predetermined threshold value, the preamble 
presence is established.   Bit timing can also be derived in a manner similar to that 
discussed above. 

The advantage of this approach is the reduction in the number of SAWD's.     Another 
advantage is that, since the bits are encoded differentially, the bit detection circuitry 
can be used to detect subsequent message data bits without the need for separate data 
detection circuitry. 

A disadvantage is that there is some loss of performance.   A detailed analysis of the 
degradations due to the single bit quantization has not been done; but based on experi- 
ence, it is estimated that this degradation may be in the vicinity of 1 to 2 dB, depending 
upon the number of samples per bit.   Added to this is the 1,34-dB degradation due to 
sidelobes.   An additional 2 dB of performance can be gained by extending the Barker 
preamble to 11 bits. 

Another disadvantage is the rate of sampling required in order to adequately capture the 
correlation peaks and achieve a good estimate of bit timing.   Also, the digital filter of 
8890 samples operating at 100 MHz is quite complex, hardware-wise, to implement. 
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Figure 2-33.    7-Bit Barker Preamble and Bit Sync Detector 
Differentially Coherent Combining Detection. 
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Repeat Preamble with F.nd of Preamble Detector (Coherent Combining).    The third 
candidate technique is shown in iigure 2-34.   The preamble, consisting ot n chips from 
a maximum length sequence, is repeated seven times.   The msk SAWD detects one bit 
at a time.   The SAWD is matched to the n chip sequence.   The output of each detected 
bit is coherently added to the previous outputs of detected bits.   At point A in the 
figure, the envelope of R{T) builds up in time as shown in figure 2-35.   A pulse is 
triggered at the tine V'x is first exceeded.   The pulse is terminated when the signal 
falls below the threshold.   The center of this pulse is then estimated, which becomes 
the bit timing pulse for the remainder of the packet. 

The second part of the preamble is the 4-bit Barker sequence.   Its purpose is to establish 
the end of the preamble and the beginning of the message.   Each bit of the Barker code 
consists of n chips from a maximum length PN sequence.   A logic I takes the sequences 
as is, and a logic 0 inverts the sequence.   A 40-IJ.S SAWD may be used to match to the 
Barker sequence.   An alternative is to use four iO-M.s SAWD's simikr to that shown in 
figure 2-32.   A threshold V-j^ is used to indicate the presence or absence of the code at 
the sample time.   If the output exceeds the threshold VX2 •* sample time, then the end 
of preamble is indicated and data detection commences. 

This approach is relatively straightforward.   It requires a few extra preamble bits 
because the detection process is divided into two parts. 

M Out of N Preamble Detector (Postdetection Combining).     An IV1 out of N preamble 
detector, where N is the number of bits in the preamble and M is the number of bits that 
must match to detect the preamble, is shown in figure 2-36,   The preamble length N is 
26 bits.   The preamble consists of a 13-bit Barker code followed by an inverted 13-bit 
Barker code.   The Barker code and its inverse is given by: 

+++++—++-+-+   Barker 

 ++__+_+_   Basker 

The msk detection process can be implemented as shown using a SAWD.   The details of 
this implementation approach are discussed in the paragraph on modulation waveform. 

In this preamble technique, the bit integration occurs alter the bit decisions are made. 
At the detector output (point A of figure 2-36), the waveforms are correlation pulses of 
4-chip duration (316 ns) occurring at the bit rate (lO-^s intervals).   The pulses are 
either positive or negative.   A positive pulse exceeding the threshold yields an output 
pulse from the upper comparator (C).   This pulse is asynchronously into the register. 
An initial estimate of bit timing is also derived from this pulse that is used to clock the 
register at subsequent bit intervals.   If the pulse at the next bit sampling interval is 
positive and exceeds the threshold, it is shifted into the register.   If the pulse is nega- 
tive, an output is obtained from the lower comparator.   At the bit sampling interval, 
this pulse is shifted into the register as a logic Ü.   The matched filter consists of a shift 
register and taps with each tap weighted by either a 1 or a 0 in accord with the Barker 
code. 

One digital implementation approach is shown in figure 2-37.   The two sums compute 
the number of matches and mismatches between the incoming data and the locally stored 
code sequences.   The difference between the two outputs is compared against a 
threshold.   When the threshold is exceeded, an end ol preamble (KOP) is obtained.   If 
the register contains all O's and the 26-bit Barker,  Barker code is received, the 
difference between the two summeis ot the digital matched filter (point P on figure 2-37) 
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Figure 2-35. Autocorrelation of Seven I's where Each Bit Consists 
of 127 Chips of a Maximum Length Sequence at 
100 kb/s. 

follows the correlation function shown in figure 2-39.   The correlations are separated 
by the bit interval.   Without any errors, the output is always negative or zero until the 
preamble lines up exactly in the register.   At this time, the output in 26 u' Hs.   An 
analog implementation of this matched filter is shewn in figure 2-40. 

The expected performance obtained with this preamble approach is calculated in 
appendix 2B.   The results are plotted in figure 2-30.   The probability of a false alarm 
and the probability of a false preamble are plotted as a function of the threshold.   In 
this analysis two thresholds are involved.   The first one is used for the detection of the 
bits and the second for the detection of the preamble.   The probability of a false alarm 
is not a function of the signal-to-noise ratio.   The probability of a missed preamble is 
a function of the signal-to-noise ratio and is plotted for an SKR of 7^.4 dB and 6.5 dB. 
If the preamble is set to 21, the probability of a false alarm is lO"7 and the probability 
of a missed preamble is lO"3 for a 6.5-dB SNR.   This meets our design objectives. 

One of the disadvantages of this approach is the length of the required preamble when 
compared with the approaches discussed previously. 

An advantage is the relatively simple implementation requirement.   The basic speed of 
the detector is at the bit rate, with the exception of a counter in the center of pulse 
estimator which will operate from five to ten times the chip rate.   The basic BAWD 
detector is used for detecting both the preamble bits and the subsequent data bits.   The 
bit timing sampling pulse is derived simultaneously with the receipt of the preamble.  A 
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Figure 2-36. 13-Bit Barker, Barker Preamble and Bit Sync Detector 
(Noncoherent Detection). 
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Figure 2-37.     Digital Implementation of Preamble Filter. 
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Figure 2-38.     Digital/Analog Implementation of Preamble Filter. 
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Figure 2-39, Autocorrelation Output at Point for i's and 13-Bit 
Barker Followed by 13-Bit Inverter Barker. 
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Figure 2-40.    Functional Diagram of Bit Sync Loop. 

e. 

continuously improved bit timing estimate during the preamble enables a continuous 
improvement in the performance of the detected preamble bits. 

Alternate Bit Timing Recovery Approach.    Another way of acquiring bit synchroniza- 
tion that can be applied tr any of the above preamble approaches is by using a 
conventional analog phase-lock loop.   A VCO is phase-locked to the incoming envelope- 
detected correlation peaks that occur at the bit rate.   The correlation pulses sample the 
phase of the local 100-kHz reference and hold the sample value.   This sample value is 
filtered and the output is the control voltage for the VCO.   After the VCO is locked to 
the correlation peaks, its timing is transferred to a counter derived from a stable clock. 
A method of implementing this technique is shown in figure 2-40. 

For this phase-lock loop, Hoffman's* analysis for transient response is shown in table 
2-2.   A loop bandwidth (u  ) of 27rl6 kHz is assumed for a phase-lock loop with lOO-kl'z 
reference frequency.   This assumes age has been set and no noise is present. 

For noise, no analysis is available to calculate transient time.   For signal-to-noise 
10 dB, doubling the number of bits required seems appropriate, i.e., up to 22 bits 
might be required.   AGC is assumed before phase locking.   Of course, the phase- 
locking acquisition can occur before age is finally settled out. 

*F. M. Gardner, Phase-Lock Techniques, p. 34. 
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Table 2-2.     Hoffman's Analysis for Transient Response. 

PHASE ERROR FREQUENCY 
LOCK TIME 

PHASE TRANSIENT 
TIME 
A = U) , ;= 1 

(V)n 

TOTAL BITS REQUIRED, 
NO NOISE 
w   = 27rl6 kHz 

n 

10 ns —0,36° 

28 ns —1° 

100 ns —3.6° 

2 

2 

2 

8.5 

7 

5.5 

10.5 

9 

7.5 

11 

9 

8 

For ideal sampling with timing offset for maximum likelihood detection, 10 ns of phase 
error corresponds to 0.4-dB degradation point; and 100 ns corresponds to 2TC windows 
peak and store detection worst case where 0.5-dB degradation is seen.   A 10-ns phase 
error requirement also places a stringent requirement on dc phase drift of the phase 
detector and counter circuits used.   Strobing a counter with 10-ns increments requires 
clocks and counters operating in excess of 100 MHz. 

Requirements on timing of 10 ns are possible, but difficult, either with phase locking or 
with SAWD's matched for preamble timing and detection. Therefore, if this approach is 
to be used, the window detecting method should be used. 

2.2.2.4    Comparison of Preamble Approaches 

Table 2-3 contains parameters that are important for deciding which preamble approach is 
most desirable for the ARPA packet radio network.   The four preamble approaches are 
compared on the basis of performance and equipment complexity.   Based on the probability 
design goals, the length of the preamble is diffcient for each approach operating in the same 
signal-to-noise environment.   The best performance is denoted by 1 and the poorest perfor- 
mance by 4.   One should be cautioned that there may be other system factors that were not 
considered in this paper that may influence the selection of the length of the preamble. 

Several approaches are possible for deriving bit timing.   One approach uses a bit timing 
loop as previously discussed.   Another uses a time-of-arrival estimator.   The objective is 
to estimate the time of occurrence of the correlation peak.   Potentially, the bit timing loop 
yields superior tracking performance.   Both techniques can be applied to any of the preamble 
approaches discussed above; however, the longer preambles have the advantage of yielding 
more accurate bit timing estimates.   On the basit   >f these arguments, the M out of N 
preamble technique can yield the best bit timing accuracy at the end of the preamble. 

Multipath rejection is related to the width of the autocorrelation pulse and the sidelobe energy, 
?i ice the autocorrelation pulse width is identical in all approaches, only the sidelobes are of 
concern in this cJialysis.   The sidelobe energy is greatest for the repeat preamble technique. 
The peak-to-sidelobe ratio is larger for the M out of N preamble detector than it is for the 
two coherent 7-bit Barker preamble approaches.   Therefore, the multipath rejection is 
greater for the M out of N technique. 
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Table 2-3.    Preamble Approach Parameters. 
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Barker preamble with 
coherent H^tGction 

1 3 2 3 4 3 

Barker preamble with 
differentially coherent 
detection 

2 4 2 3 2 1 

Repeat preamble detector 3 2 3 2 3 2 

M out of N preamble 
detector 

4 1 1 1 1 1 

Evaluation Scale:       1 Most desirable 
to 

4 Least desirable 

Doppler and frequency offset tolerance is related to the length of the SAWD and whether 
successive bits are combined coherently or noncoherently.   The M out of N preamble tech- 
nique gives the greatest tolerance because each bit is detected and then successive bits are 
accumulated.   Thus, the phase error is accumulated over only a single bit (10 \i.s).   One 
approach to solving the problem, should the frequency error be excessive over a 7-bit 
interval, is to estimate the frequency error and compensate for it at the injection frequency 
of the local oscillator.   This adds to hardware complexity. 

The equipment complexity comparison is subjective and was related largely on the basis of 
the number of SAWD's required and their design requirements. 

One significant feature of several of the approaches discussed is the hardware commonality 
with the message demodulator.   In the case of the second and fourth approaches listed in 
table 2-3, the msk demodulators are identical for both the preamble and data.   Some addi- 
tional hardware is necessary for detecting the preamble. 

On the basis of this tradeoff study, it is clear that the M out of N detector preamble with the 
13-bit Barker followed by a 13-bit inverted Barker would be an optimal approach.   One of the 
basic assumptions of this analysis is that the six tradeoff parameters considered are the 
most critical and that they are of equal importance. 
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2.3    ANALYSIS TOOLS FOR SIGNAL PROCi:SSING 

Several computer programs have been developed as analysis tools in the areas of signal 
design and processing.   The general emphasis in developing these programs has been 
toward spread spectrum techniques, although some of the results may also be valid in the 
performance of the unspread waveforms. 

Code selection is an important subject in the area of signal design.   Although several differ- 
ent types of codes have been considered and their properties investigated, the maximal 
length codes are relatively simple to generate.   Some of the maximal length codes up to 
63-chip length can be found in the literature.   However, anticipating a need to generate 
longer length codes, a program (CODCOR) has been developed to generate all possible 
lengths of maximal length codes.   Another program (COREL) has been developed to study 
the autocorrelation and the crosscorrelation properties of the codes.   COREL is a general 
program and not limited to correlating only the majcimal length codes. 

Another program (AUTCOR) has been developed to aid the signal processing analysis.   This 
program utilizes a fast Fourier transform subroutine.   Through the use of this program, a 
deterministic signal can be correlated in an analog manner with the impulse response of a 
matched filter, thus providing a tool to determine a matched filter response to deterministic 
inputs.   The program, with reasonable manipulations, is valuable in analyzing the perfor- 
mance of both spread and unspread systems when the signal is subjected to some determin- 
istic interference and also is corrupted by bandpass amplitude and phase distortions through 
filters, antenna resonances, echos from mismatched transmission lines, etc. 

2.3.1    Description of CODCOR and COREL (Refer to appendix 2C for listing.) 

The main program, CODCOR, generates any desired length maximal length code.   The code 
is printed out based on the following inputs: 

a. Total number of shift register stages (7-stage shift register generator generates a 
I" - 1 ■ 127-chip length code). 

b. Total number of taps (feedback shift registers) and their sequence numbers. 

c. Initial 1 or 0 setting of each register stage (influences the code starting point of a 
specific sequence). 

The subroutine, COREL, computes the correlation between CP(M) and C(N), where CP(M) 
consists of II number of 1's and O's corresponding to the signal, and C(N) consists of N 
number of 1's and O's corresponding to the code. *  The program is written for M ■ 2N, so 
that CP(M) may consist of a specific code sequence following or preceding another code 
sequence (or the same code sequence lor autocorrelation).   The resultant correlation of 
CP(M) with C(N), denoted by KR(J), consisting of J = (M + N) number cf integers is printed 
out. 

The application of the above programs will become cleai by means of an example, presented 
in the following sections, for selecting the 127-chip length code. 

*It is assumed that 1's and O's of the signal and 1's and O's of the correlator represent 
identical waveforms. 
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2.3.2    Selection ot the 127-Chip Length Code 

r'or a 127-chip length code, irreducible polynomials are reeded ot degree 7.   The irre- 
ducible polynomials of degree 7 are the following (in octal form): 

211; 217:  235; 367,  277, 325, 203; 313: 345. 

Each digit in the above octal formulation represents three binary digits.   The binary digits, 
then, are the coefficients of the polynomials, with the high-order coefficients at the left.   For 
example,  tll'g binary equivalent is 010001001,  and the corresponding polynomial is X7 + X3 

+ 1.   The reciprocal polynomial, 1 + X4 + X7, is also irreducible.   Hence, the feedback 
shift register taps are either 3, 7 or 4, 7 .   All of the other tap combinations appear in 
table 2-4.   As an example, the binary shift register generator to generate a maximal 
length sequence corresponding to the polynomial X7 + X4 + 1 is shown in figure 2-41.   An 
example of X7 + X3 + X2 + 1 is also shown. 

Based on the 18 possible tap combinations, 18 different 127-chip maximal length codes can 
be generated using the program described above.   One of these codes corresponding to leed- 
back taps 7, 3, 2,  1 along with its autocorrelation is listed in table 2-4.   It will be noticed 
that the autocorrelation has three distinct sections:   the first section corresponds to the 
correlation as a result of the coded signal propagating across the decoder with nothing pre- 
ceding the coded signal; the second section represents the autocorrelation of the second 
coded bit preceded by the similarly coded first bit; and the third section is, of course, a 
mirror image of the first section when nothing follows the second bit.   The program com- 
putes the mean and variance of the absolute value of correlation integers comprising each of 
the three sections of correlated output. 

In order to optimize the peak-to-sidelobe level, table 2-5 sun marizes the mean and variance 
of the sidelobes as applicable to the specific starting point of euch code sequence (with all 
initial shift register settings of 1 in each case).   As a result, the code generated by 7, 3, 2, 
1 taps has the best minimum mean and variance combination.   This is the code that has been 
implemented on the test set surface ac oustic wave device. 

2.3.3    Description of the Computer Program AUTCOR (Refer to appendix 2C for listing.) 

The present structure of the computer program AUTCOR is best understood by referring to 
figure 2-42.   The biphase modulated input signal is formulated based on reading a specific 
length code sequence (up to 127 chips length).   This sequence forms the basis of the impulse 
response of the matched filter, as well as the basis of the 2-bit long (both bits identical) 
input signal.   The program is normalized for a carrier frequency of 7 Hz and a chip rate of 
1 Hz.   This allows seven carrier cycles (of sinewaves) for each chip interval, and may be 
altered if desired. 

As shown in figure 2-42, the input signal may be filtered or added with a disturbance before 
correlating it with the matched SAVVD.   The various combinations of the available options are 
obvious from the figure.   The label "channel filters" refers to any filter(s) encountered by 
the input signal at the transmit or the receive (or both) ends.   In the present structure of the 
program, the channel filters consist of a normalized 2.55 Hz wide* 2-pole Chebysh<?v 
transmit filter, and a normalized 2.55 Hz wide, 3-pole Chebyshev receive filter.   An 
additional filter shown in the figure is a normalized 2.5 Hz wide, 3-pole Buttcrworth filter. 
These filters can, of course, be changed by defining a new transfer function.   Only the low- 
pass equivalent transfer functions of the filters need to be defined, as the program auto- 
matically converts to the normalized bandpass transfer function. 

*3-dB bandwidth. 
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Figure 2-41.     Binary Shift Register Generator. 
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Table 2-5.     Mean and Variance of the 18 Maximal Length Codes. 

TAPS 

7, 3 

7. 4 

7, 3. 2, 1 

V, 6, 5, 4 

7, 4, 3, 2 

7, 5, 4, 3 

7. 6, 5, 4, 2,  1 

7, 6, 5, 3, 2,  1 

7, 5, 4, 3, 2,  1 

7, 6, 5, 4, 3, 2 

7, 6, 4. 2 

7, 5, 3,  1 

7,  1 

7,  6 

7, 6, 3,  1 

7, 6, 4,  1 

7,  6, 5, 2 

7, 5, 2,  1 

MEAN 

4 .01 

3 .69 

3 .33 

3 .74 

4 .25 

3 .67 

4 .02 

3 .66 

3 .71 

3 52 

3 40 

3. 74 

3. 75 

3. 17 

4. 13 

3. 79 

3. 66 

3. 58 

VAR 

8.47 

9.61 

4.93 

7.38 

7.90 

5.28 

7.17 

7.59 

8.26 

8.33 

8.59 

8.40 

4.98 

10.28 

9.50 

9.88 

7.53 

8.96 

The program automatically chooses the required number of samples for the FFT subroutine 
based on the code length and the carrier frequency.   The processing time to compute one 
Fourier transform, or the inverse Fourier transform, based on a certain number of 
samples N is directly proportional to N log2 N.   In order to conserve the overall processinc 
time, as well as the main core storage of a typical modern computer, each bit period of the 
correlating signals is divided into four sections, each section is sequentiallv correlated with 
its appropriate counterparts, and the sectionalized results are OaaUf summed using what is 
usually referred to as the overlap-add technique.   The program results into CALCOMP 
plots of the correlated output in the form of a continuous waveform. 
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Figure 2-42.    AUTOCOR Computer Program Structure. 
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2.3.4    Filtering Effect on Correlators Performance 

Figure 2-43 shows the autocorrelation property of the 7, 3, 2, 1 tap code (127-chip length) 
without any filtering.   The signal with the same code is then processed through the following 
filters in cascade: 

(i)  2-pole Chebyshev 2.05 Hz wide filter 
(ii) 3-pole Chebyshev 2.55 Hz wide filter 

(iii)  3-pole Butterworth 2.5 Hz wide filter 

Figure 2-44 depicts the impact of filtering on the matched filter response.   The autocorrela- 
tion peak-to-maximum-sidelobe ratio reduces from 127 to 3 (24 dB) to that of 78 to 8 
(19 dB).   This indicates that the transmit and receive filtering in the test system may be 
reducing the processing gain of the spread signal matched filter. 
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Figure 2-44.     Matched Filter Response of a 127-Chip Coded 
Filtered Signal. 

2-62 

tm mtkJmmtmMmmtmmma ll*M—«M* ammtm 
"--     -' •■'   •'"■■ — 



r "■' "»■*" 'm^^^mmmmmmn'^^mr  mßiwm "«^v" **~^mmmmm**m^—^«*^      •nmMivaiipiiPtw^MwmOTwiiiia.v.nvfW" 

^> 

modulation and detection 

BIBLIOGRAPHY 

E. A. Gerber, "State-of-the-Art -Quartz Crystal Units and Oscillators," Proc IEEE, 
February 1966, pp 103-llb. 

F. Wolf and G. Bistlino, "Quartz Crystal Life Test Data,"   IcCoy Electronics 
Company, December 1966. 

1972 Product Line Data, Bliley Electric Company. 

E. A. Gerber and R. A. Sykes, "State-of-the-Art - Quartz Crystal Units and 
Oscillators," Proceedings of the IEEE, Vol. 54, No. 2, February 1966, pp 103-115. 

D. T. Bell, J. D. Holmes, R. V. Ridings, "Application of Acoustic Wave 
Technology to Spread Spectrum Communications," Texas Instruments Technical 
Report, 29 November 1972; and IEEE Transactions on Microwave Theory and 
Techniques, Volume MTT-21, No. 4, April 1973. 

W.W. Peterson, "Error Correcting Codes," The M.I.T. Press, Massachusetts Institute 
of Technology, Cambridge, Massachusetts,  1901, 

B. Gold and CM. Rader, "Digital Processing of Signals," McGrav.-Hill Book Company, 
1969. 

2-63/2-64 

M—li—i«»—^^MM»^-^ ^,^—^--       .     ,        ■■■J^-^„,. —~jmm*-^^^.  mmlm-m J 



^^-■^»•■«PWWWW^W^W mm^m^m^^ 1■ ■      ■' ■ . ■   i    .   . ii amm^mmmm 

I 

, 
Appendix 2A 

Crystal Oscillator Stability 

When defining the -equirements for a crystal oscillator, the factors that must be specified 
are the short-term, long-term, and temperature stability rates.   The short-term stability 
is generally a function of the drive level with greater drive giving better short-term stability, 
but poorer long-term stability.   The long-term stability is basically a function of the cleanli- 
ness of the manufacturing process with the limiting factor being that greater cleanliness is 
more costly.   High-stability crystals must be manufactured in cleanrooms with purity to the 
molecular level.   In ordering a crystal oscillator, the exact parameters must be specified 
(for example:   1 pp lOlO in a period of 10 ms, 1 pp 108 per day and 5 pp 107 over a specific 
temperature range).   For long-term stability, the per day measure is generally the standard 
for the industry.   The frequency for maximum stability is 5 MHz.   Designing to this frequency 
results in a crystal of optimum physical dimensions for achieving the best stability. 

The specification for long-term stability such as 1 pp 108 per day defines the steady-state 
value following an initial stabilization period.   This is as shown in figure 2A-1. 

The length of the transient period is basically a function of the cleanliness of the crystal; 
therefore, the crystals with the more stringent long-term stability rates have shorter tran- 
sient times.   These transient times can vary from a few hours to a month.   Drift rates 

Figure 2A-1.    Steady-State Value Following an Initial Stabilization Period. 

2A-1 

-*•"'"'—•  • J 



^■"I"W  ll«^lf|BPW^W^^»^BW»W ^—-™,_—^,™ 

crystal oscillator stability 

generally are not defined for the transient period.    The crystal will follow the transient 
curve each time it is turned on, and it does not necessarily restart at the initial frequency. 
Two possibilities of operation are shown in figures 2A-2 and 2A-3. 

If a crystal oscillator has only a minimum margin in long-term stabUity, a drift problem 
could arise over a long period.   Most crystals age in the positive direction. 

For the packet radio system, the stability requirement could be primarily a short-term mat- 
ter.   A 1 pp 108 per day drift rate can be readily achieved and, with this, the hand-held unit 
could maintain a frequency rate very close to that of the repeater.   The daily drift rate can 
be specified to the point that the long-term stability factor can be made small as compared to 
the drift due to temperature change.   A reasonable value for frequency stability as a function 
of temperature change over a range of -40 to +750C with temperature-compensation circuitry 
is 5 pp 107.   A short-term stability over a period of 10 msof a few parts in XO™ is possible 
with current technology.   All of these figures pertain to crystals, operating near 5 MHz, 
which are reasonably priced production devices.   Any of these specifications could probably 
be improved by one or two orders of magnitude but with an increase in cost. 

Figure 2A-2.    Possibility of Operation, Example 1. 

Figure 2A-3.    Possibility of Operation, Example 2. 
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Diyttal oscillator stability 

The a^inj; history of two types of crystals over a 50ü0-hour period is shown in figure 2A-4. 
The upper curves show the aging data for a sample of 4.7753-MM/, fundamental mode crystals 
The lower curves show the aging data for a sample of 108.9S8-lfHl fifth overtone crystals. 

In the design of packet radio systems, the stability of both the clock ami the if carrier are 
important considerations. 

The stability required of the rf carrier can also be a very important consideration in the de- 
sign of packet radio systems because frequency uncertainty increases the time required to 
acquire the signal and/or affects the efficiency of the detection process.   The rf stability re- 
quirements of the various detection techniques can be a significant factor affecting the choice 
uf modulation technique.   This subject was discussed previously, particularly with regard to 
stability requix-ed for efficient detection using surface acoustic wave correlators. 

When microwave sources are to be crystal-controlled, it is convenient to operate the crystal 
reference oscillator at as high a frequency as possible.    Fifty overtone crystal oscillators 
operating at a frequency near 100 MHz are typical.   A typical source will employ a crystal 
oscillator at a suitable frequency in the region of 1Ü0 MHz, which produces a spectrum of 
harmonics.   A cavity oscillator in the frequency range of 1 to 2 (.Hz is then locked to the 
appropriate crystal oscillator harmonic using conventional phase-lock loop techniques. 
Further multiplication using varactor muHipliers then may be employed to achieve the de- 
sired output frequency. 

Such microwave sources are not limited to use of high frequency overtone crystals; but their 
use does simplify considerably the frequency reference, since it minimizes the amount of 
frequency multiplication required and reduces the possibility of false lock on an undesired 
harmonic.   Oscillators operating near 100 MHz may have 1 to 2 orders of magnitude poorer 
stability than the best crystals operating at a frequency near 5 MHz„ 
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Figure 2A-4.     Crystal Aging History. 
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.: Appendix 2B 

Probability of Detection for Coherent Combining of Bits 

This appendix gives a summary of the anaiysis used to derive the detection probabilities of 
figure 2-28.    For a perfect envelope detector, the probability of detection is: 

Q 
i) fe-f) 

which is the Marcum Q function where Pg is the power in the carrier sinewave at the detector 
input, T is the bit length and r   is the noise power.   The derivation of this is shown in para- 
graph B.l.   The improvement in signal-to-noise ratio when n pulses are integrated with 
ideal predetection integration is n times the signal-to-noise ratio of that for a single pulse. 
Therefore, 10 log n less signal-to-noise ratio is required in dB for n pulses combined coher- 
ently before d-jtection. 

B.l    DERIVATION OF PD FOR COHERENT COMBINING OF BITS 

A model of the preamble detection circuitry is shown in figure 2B-1.   The local code is 
crosscorrelated with the incoming signal in a SAWD.   The BAWD performs the functions of a 
modulator and an integrator.   The effective bandwidth of the SAWD is B = 1/Tg, where 

T« is the integration time.   The incoming signal itself was spread to a bandwidth W ■ 1/T . 
B c 

where T   is the code chip duration 
c 

NT«, where N is the 
ri 

After the integration for time T 

number of bits which are coherently added, the signal is envelope-detected and applied to a 
threshold device for a synchronization decision. 

The time required to achieve bit synchronization (i.e., for the detected output to exceed the 
threshold) is a function of the sigral-to-noise ratio, the desired detection probability (PQ), 

and the false alarm probability (P^.).   The probability densities of the noise and the signal 

plus noise required to calculate these probabilities depend upon N.    For N = 1, the proba- 
bility density functions (Pdf) at the envelope detector output are Rayleigh and Rician, 
respectively.   For N = 8, the probabity density functions can be approximated by Gaussian 
densities for both noise and signal plus noise. 

Consider first the case for N = 1.   If the detector is assumed to be a perfect envelope detec- 
tor the pdf of the output noise in the absence of a signal (i.e., in the absence of sync) is 
Rayleigh.   Hence, the probability of false alarm is: 

FA 7^1 exp    (- 
V 
.» 2 

)    dv 

2/     2 

(1) 
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probability of detection for coherent combining of bits 
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Figure 2B-1.     Preamble Detection Model. 
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.. 
where 

T 

probability of detection for coherent combining of bits 

Threshold voltage 

a       -^    N B    =    Input noise power 

and 

P„A  ■    10"6. we find that T/o- = 5.26 
FA 

FA 
10" , we find that T/<r ■ 3.72 

The pdf of the detector output when one is within the two chip synchronization window is 
Rician.   Hence, the probability of detection is: 

at 

V    2Ps   1 dv (2) 

where Ps is the power in the carrier sinewave at the detector input.   This is the Marcum Q 
function. 

D 
Q f2Ps 

T) 
o 2 

for P^.   ■ 10"   so that T/r ■ 3.72, we find that Pp. = 0.999, for P /a 
r A US 

22.5 

(3) 

Hence, the predetection SNR is: 

SNR ■ 13.5 dB, PFA = 10' ',  PD ■ 0.999 

For large BT products (i.e., for large N), we may use tbs central limit theorem to approxi- 
mate the pdf as Gaussian, both in and out of synchronism.   Consider first the out-of-sync 
case and assume the detector is a square law device.   The envelope detector is considerably 
more difficult to handle analytically; however, the results are very similar.   The expected 
value of the detector output signal is: 

E {n} ■ 2BT N 

and the variance is 

E(n2) 
(2BTN ) 
 o_ 

BT 
4BTNo 
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E  (V2) =a2 = (2BTN )2   /l  + 2PS 
S O * 

BN 

from which we get: BT 

PD = 1/2 1 + erf E  (V) - T 

/Fcr, n 
J . 

and for Pn = 0.999 we have: 

E  (V) - T = 2.19 

\/2~o 

2B-4 

I 
probability of detection xor coherent combining of bits 

The false alarm probability is therefore 

T - E  (n) PFA =1/2   ( 1 - erf 

yr', 
3 

and for P^. = 10"   we have FA 

T - E   (n) = 2.19 

If the codes are within sync (i.e., 2-chip window), the mean and variance of the detector 
output is: 

E  (V) = 2 BTN o/1+Z!- \ 
\ BNo   / 

and 

J 

Now we are interested in solving for Ps/BNo = SNR. as a function of BT.   We get: 

^2 BT ■ (3.1 +3.1^1 + 2 SNR.   \2 

SNR;       
L j 

.-S From this expression we can plot the results as given in figure 2-29 for P^..  = 10"  .   A 
r Pi. 

similar equation can be derived for different values of P^..   The results are also plotted 

in figure 2-29 for PFA ■ 10"6. 
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probability of detection for coherent combining of bits 

B.2    DERIVATION OF PD F^A M OUT OF N COMBINING 

This is a summary of Hie analysis used to derive the preamble detection probabil- 
ities of figure 2-30.   In this approach, a detection decision is made for each bit.   To 
exceed the threshold for letecting a preamble requires M out of N bits being received cor- 
rectly.   It we assume tha> N 1's are transmitted, then M-N errors are allowed in the re- 
ceived sequence.   Therefore, the probability of detecting the preamble is: 

'„ ■ > - r (N) '*• a - p./- 
where   |  is N/i! (n-i)! and P b is the probability of a bit error.   For a 7.4 dB SNR and the 

threshold set for a probability of a false alarm per bit (P   .    - 0.3 per bit), the probability 
FAb 

of a bit error is 0.015.   With an SNR - 6.5 dB and the same P^.    the probabilitv of a bit 

error is 0.03.   Without signal on the input, a false alarm occurs with the occurrence of 
M or more I's.   Therefore, the :false alarm probability car be written as: 

FA l (r) 
i=M-N 

P-,    1   (l-Pr-A    )N"1 

FAb FAb 

Utilizing these two equations, the results were plotted in figure 2-30 for N = 26 and various 
values of M. 
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Signal Processing Design Program Listings 
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Section 3 

Equipment Consider0tlons 

3.1 INTRODUCTION 

An important aspect of the packet radio communications development is the identification of 
hardware necessary to satisfy the requirements of packet radio.   This identification includes 
the evaluation of available technology to meet packet radio needs and the assessment and 
direction of the future state of technology.   In support of this effort, four areas of component 
selection and evaluation have been identified.   These are surface acoustic wave devices as 
matched filters, broadband omnidirectional antennas, rf sources, and microprocessors.    The 
results and state of these evaluation activities for the four selected equipment areas 
follow. 

3.2 SURFACE ACOUSTIC WAVE DEVICES 

3.2.1    Theory of Surface Acoustic Wave Devices, 
Signal Processing Techniques 

The signal waveform of figure 3-1, or its complement, is to be used to transmit a data 
symbol at some bit rate R-p. ■ 1/TT, on a carrier f .   That is, the transmitted wa' eform is 
given by: 

V±(t) cos [2»ft*«, (t)] 

where a. (t) = ± TT/2 for each chip, depending on the code sequence being used, and the sign 
before   a   is determined by whether the symbol or its complement is desired. 

The bandwidth is determined by the duration of the chip TR/N    rather than the symbol 
duration.   Thus, the bandwidth h" ; !     ^   - 
spectrum signal. 

3.2.1.1    Correlation Receiver 

duration.   Thus, the bandwidth has b^en increased by a factor of N      resulting in a spread 

A conventional technique for detecting and decoding the data stream involves use of a 
correlation receiver in which locally generated replicas of the symbol and its complement 
are mixed with the arriving signal.   If the locally generated signals are given by: 

W^ (t) - cos (2 n f t i Q. + 7  ) 

where 7  is an arbitrary phase term, then the output of the mixers after filtering arc given by: 

X ■ cos 7 (reference same as signal) 

- cos (2 o . - 7)   (reference complement to signal). 
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BIPHASE PSK SIGNAL 

MATCHED FILTER OUTPUT 

t 

ENVELOPE DETECTOR OUTPUT 

i 
SAMPLER 

Figure 3-1.    Timing Diagram for Binary Spread Spectrum System. 
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Provided that the local replicas are phase coherent with the J^mlJjrtfwOrr • 0). then 

is the principal disadvantage of this technique. 

3 2.1.2    Matched Filter Receiver 

^rmltlmptementaHon „f matched fillers tor complex 3ipial structurea. 

To illustrate the advantages of SAW. for matched "»•'«jj^ "I^JSSi'S 

signal, so(t), as: 

A 
s  (t) =   I      s. ( T )h(t - T )d T . 
0 Jo 

For matched filter applications there is a specific relationship between the input signal and 
the impulse response of the filter.   They are matched in the sense that: 

h(t)   '-  s. (T - t), 

where E,  is the total energy contained in the s. (t) signal 

Eb 

T 
rB 2 J Sj  (t) dt 
o 

THio cicmal-to-noise rutio is a maximum only at time t - ig, i.e.,  luiu uu 

XSyr y^hol    This implies ^^^^^^^^ ^ 
Ärr^rchdete^^LestLCerformance is the signal-to-ooiae ratio 

■ ,     A     rt~^ ~f or, -wprne-p nower limited noise-like jamming signal. This 
S; Z^T^^LTs^ZZu^^. or even a statistical representation 

MMk —-—^  
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e[v0enebrvUSerS ^"^ ^ Same Channel-   The noi8e s^^ ^nsity in the receiver Ü given by: 

N   = N D +  N T o       oR oJ 

where N „ and N 
JoR iluu l\j ^re J10186 spectral density contributions due to receiver thermal noisP 

N     T oJ 
(NC/TB) Nc 

e'qua' ^^S^^^^J^^ljSSt " ^ data SignaI OCCUPied a bandwldth 
t^e Ä^S^^^ft^J^^ the effect of 

^^?^is^=ÄtÄ=r'-le^^ 
fi^reTf'An^oo6 SAWI? "^^^ filter *>' phase-coded waveforms are Illustrated in 
tigure 3-2.   An incoming phase-coded waveform   in this case a 7-hif na^^Zul I 
is fed into the input interdigital transcud^r mm   WMÜ \    .    Barker phase code, 
acoustic wave in the piezStr c^ubst^/^i' ^lcb con

f
ve,r;s " into • traveling surface 

a. prec.se iden^oa. ttae iL^va./e^TVht^V.eTerX S.IXU.Xl^ 

both sum „„es aad the phase-eod.^ Z£ZS%£&%£%f£ StSSSi* 
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CODED 
WAVEFORM 
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'     180°   I     180°   i      180°   1        0        |        0        |     180°   ;        0        jpoLARIT 

CODED 
WAVEFOR 

-        I 
|1| |        I        0        •        •       •        1        I •        I DIGITAL 

A   7 BIT  BARKERCODED  BIPHASE  MODULATED  WAVEFORM 

M | T t=x 
Ü r 
p  P 

INPUT, 

TRANSDUCER   SURFACE 

WAVE 

r^: 
PIEZOELECTRIC 

SLAB 

+ 7A u 
B. TAPPED  DELAY   LINE  CODED AS MATCHED 

FILTER   FOR  7 BIT  BARKER  CODE 

OUTPUT 

2       3       4 
TsC 

A 8      9      10     11     12    13 
rrry, v *c 

■-■■-    180 

BIT  PERIOD      PHASE 
SHIFTER 

C.  AMPLITUDE  OF  TAPPED  DELAY   LINE  OUTPUT     THE  AUTOCORRELATION  OF  THE  7 BIT 

BARKER  CODE 

ACOUSTIC SURFACE WAVE  MATCHED  FILTER     TAPPED DELAY   LINE  WITH  PHASE  CODED TAPS 

Figure 3-2.     Principles of the SAWD Matched Filter for 
Phase-Coded Waveforms. 

PIEZOELECTRIC 
SUBSTRATE 

ACOUSTIC  ABSORBER 
(BOTH  ENDS) 

(A)  FIXED 
CODING 

OUTPUT 

D CODING 

1 "V 
(C) SWITCHABLE  CODING 

Figure 3-3.     Tap Phase-Coding Techniques. 
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the schematic.    This approach allows large numbers of devices to be fabricated with 
identical structure and the individual line coding to be carried out quickly and conveniently 
by techniques such as laser beam burnout on a tape programmed XY table. 

The transfer function of the surface wave device will exhibit the response required to be a 
matched filter for each chip of a square modulated waveform.   The response of the taps is 
relatively wideband, and so, does not distort the waveform.   To first order, this function 
is the ideal triangular shape expected for a square chip, although some slight rounding is 
usually observed at the peak. 

3.2.2    Design and Operation of Coded Surface Acoustic Wave Devices 

The matched filter operation described in the previous paragraph is one of a class of filters 
called transversal filters that may be described as tapped delay lines.   While a great many 
techniques have been proposed for generating and detecting surface waves, the interdigital 
transducer has proven to be the most practical, especially in application to spread spectrum 
and communications systems. 

A typical coded SAWD (as in figure 3-4) consists of n-pair interdigital transducers at each 
end of a multiple-tapped center transducer.   A voltage applied between the pads results in 
a strong field between alternate fingers of the pattern.   Since the substrate is piezoelectric, 
this field produces a periodically varying stress ;n the material.   The resultant wave 
propagates on the surface away from the electrodes in both directions, in a manner similar 
to radiation from an end-fire antenna.   Conversely, as the wave passes under other 
electrodes, it produces an autocorrelation voltage that may be detected by external 
circuitry. 

• •• 

INPUT TAPPED DELAY LINE 

Figure 3-4.     Tapped Delay Line Finger Placement. 
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In a spread spectrum communication system, the generated signal is normally clipped, 
eated   and transmitted from a Class C amplifier.   In the receivf r. the signal wil be 
appHedTusuam- after some signal conditioning) to a second device with ^e ^me-mversed 
code.   When the signal matches the coded device, a strong response results.   The operation 
of the system then depends on detecting the existence and timing of the main correlation 
peak. 

The accessibility of the wave to tapping is the key to very flexible code generation and 
SL^S filter^    To first orier, there li a one-to-one relation between the location of 
a Lo on the substr"^ and the signal generated by the transducer (i.e     its impulse response). 
L^Serdeto Ofti« electrode placement and overlap, it is possible to generate signals 
rfo^rttedXÄ   phase, and frequency versus time, including all the standard 
weighted and unweighted Wphas^ and polyphase codes.    Most work to date has ^en done w th 

codls of fixed center frequency, equal chip length, and fixed chip sequence, but even these 
restrictions are not necessary. 

Thus   the design of a device consists of two steps:   specifv ihr desired impulse response, 
to choose Tstrate material and finger geometry to realize th.s impulse response in a 
nractical device.   Specification of the desired impure r3sponse (c^de sequence, frequency, 
ete ) is prTmarilv the responsibility of the communic ti >n system designer   wnomus be 
avvarethatTome practical limitations exist due to fabnoation techniques and choice of 
material    As will be discussed in the next section, these limitations affect <*****«* 
Sh, carrier frequency, fractional bandwidth, and allowable temperature variation. 

Realization of a specified impulse response storts with a first order design ^d only on 
5fe required impulse response, and results in approximate numbers for overall Jejlce 
lize   beamwidths. finger placement, impedance, insertion loss, etc.   As more and more 
ehioL emrided tö the code sequence at higher frequencies, smaller and smaller levels of 
dfstertTon become s^iücant, while the distortive effects become stronger.   The early 
tXcec^vTnt^cuii models can be used to analyze the effect of electrical loading of 
fhP tans   but must be extended to include the effects of acoustic reflections at each electrode 
edge P mile Se details of the design can be complicated, the result is that it is Possibtet* 
rellize in practice almost any desired impulse response within the size and frequency limits 
that can be fabricated. 

3.2.3    Surface Acoustic Wave Device Characteristics 

3.2.3.1    Insertion Loss 

The sources of insertion loss in surface wave devices are: 

a. Bidirectionality loss 

b. Electrical mismatch loss 

c. Parasitic resistance in the transducer pattern 

d. Losses in the matching networks 

e. Propagation losses in the substrate 
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f. Losses due to beam spreading 

g. Apodization losses. 

As discussed in the following paragraphs, the first two are the dominant losses for most 
filters of interest.   Tlr 
design and fabrication. 

      .v...w«.Mft Hdianiapus,  me nrsi two are tne dominant losses for nu 
filters of interest.   The remaining ones are usually small if proper care is exercised it 

The normal filter transducer configuration has a bidirectionalitv loss of 6 dB   half of 
which occurs because the input transducer radiates only half of the power toward the output 
transducer.   The remaining 3 dB   occurs at the output transducer, by reciprocky   it cmT 
only reconvert half of the acoustic power incident on it into electrical output.   Under perfect 
electrical matching condition, the other half of the power is reradiated as regenerated 
acoustic waves giving rise to the triple-transit reflections. 

Half this bidirectionality loss can be removed by placing a second output transducer on the 
substrate on the opposite side of the input transducer.   The resulting three-transducer 
configuration has a basic 3-dB loss due to bidirectionality.   This configuration also has 
fn^rL JrlnlT81* SUpPressi°n if the center transducer is properly matched. Unfortunately 
Its usefulness       ^ COnflßUration cimnot be used for dispersive transducers, which limits 

It is possible to eliminate the bidirectionality loss completely by using multiphase uni- 
directional transducers.   The multiphase drive removes the bidirectional symmetry and 
permits complete conversion from electrical signals to acoustic signals traveling in one 
direction.   Thus, this structure has no inherent bidirectionality losses.   This structure 
also suppresses triple-transit effects becruse the output transducer can absorb all the 
ZZrZ  f 0UfSJiC ***£*'   The 1

limitations on this transducer are due to added fabrication complexity of the multilayer electrode geometry. 

Electrical mismatch is often another major „ource of loss tor two reasons.   First   filters 
are often mismatched as previously prescribed to minimize triple transit due to 
regeneration    Second, transducers are sometimes mismatched to lower the electrical O of 
the input so that the matching network does not introduce unwanted bandnarrowing 

The minimum insertion loss that can be achieved at a gi,   n fraction bandwidth can be cal- 
thnatl*!1*     H approximate expression for the electrical Q of a transducer.    As long as 

^to^SZS^*** 0f ^ {r*Cti0™1 bandWidth' « "» ^y ™™ ^e devL 

SKÜ f"5 t0^8 mi"im
i
um

u
insertion loss as a function of fractional bandwidth for several 

substrates of interest.   In this figure ST-cut quartz indicates the zero temperature 
coefficient CUt '™' HC^ ^^ ^ the designation for the highest coupling coefficient cut 

Use of hoThr*"1?-   S8 '"^ 'r'™"1 l0SS that iS indicatC>d account" fo" bidirectiönali v. Use of the three-transducer configuration or the unidirectional transducers would uniformly 
reduce the curves by 3 and G dB,  respectively.    In practice, these curves provide a good 
estimate of loss expected for typical bandpass filter designs, although some error must be 
expected for filters with bandwidth over 30 percent due to the uncertainties createdZ 
parasitic elements     For moderate bandwidth filters, parasitic elements and propagation 
losses are norma ly negligible below 100 MHz.   Finally, losses due to beam spSng and 
apodization typically never exceed 2 dB for most devices. 
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Figure 3-5, Minimum Achievable Insertion Loss for 
Two Transducers on Various Substrates. 

3.2.3.2    Frequency Uncertainty 

A major factor that can contribute to loss of processing gain is frequency offset of the coded 
waveform     Figure 3-6 is a curve illustrating the loss in processing ^V'^^Ähn ' 
Trror    A null frequency (providing infinite loss) occurs at a frequency offset equal to the 
r^ocal of tie Ume delTv of the matched filter.   As an example   a line 64 Mslong would 
lose 3 dB in processing gain if the frequency offset were 0.45 x 1/64 MS, or about 7 kHz. 

Three sources of frequency error are the transmitter LO. receiver LO   and the matched 
mter (SAWD) used for sync detection.   Doppler must also be considered.   Worst-case 
freq^ncVerrors for a 1-GHz radio system with sources stabilized to 10 Ppm and 0.1 Ppm 
are given in table 3-1. 

One means of avoiding the loss effect due to frequency mismatch is to provide several 
^HvTines °n series   each operating coherently on a short segment of a sync sequence 
S mtTr onutSpuMsS detected'and Kn noncoherently summed     ^f« " ^f^ 
linos is small   the loss in overall processing gain is reduced.   Thus, if foui clelav lines 
each hav^g a UM  ength of 25 ,s) were connected in series, a 6-kHz frequency error would 
resulUn approx^matelv a 0. 2-dB loss in processing gain for each line.   This woulo result 
[n an overa'nioss of processing gain of 0. 8 dB, plus a loss due to the noncoherent addition 
of each of the lines. 
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FREQUENCY OFFSET RELEASE TO NULL FREQUENCY 
(NULL FREQ - 1 I 
I T 

LOSS IN PROCESSING GAIN VS FREQUENCY ERROR 

Figure 3-6.     Loss in Processing Gain Versus Frequency Error, 

Table 3-1.     Worst-Case Frequency Errors. 

LO SOURCE 
STABILITY 

-50°C to +65°C 0° to -H50oC 

± 10 ppm * 0.1 ppm ± 10 ppm ± 0.1 ppm 

Transmit LO 
(1 GHz) 

Receive LO 
(1 GHz) 

SAWD* 

Dopple r 
(Mach 1) 

Worst Case 
Error 

1.0 

1.0 

6.0 

0.44 

8.44 kHz 

0.1 

0.1 

6.0 

0.44 

6. 63 kHz 

1.0 

1.0 

2.4 

0.44 

4.84 kHz 

0.1 

0.1 

2.4 

0.44 

3.04 kHz 

*SAWD error based on 50 ppm, fo - 120 MHz for -50°C to +65°C and 20 ppm for 
0oC to ^50oC. 
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3.2.4  Test Set SAWD Experience 

This paragraph discusses results of our experience with the test set Surface Acoustic Wave 
Device's (SAWD's) and indicates how this information may be used in the ARPA experimental 
equipment design.   The SAWD's for the propagation test set were 127 chipsA)it coded biphase 
(psk) modulation.   Two SAWD's were used, one at 20 megachips per second (mcps), and the 
second at 10 mcps, resulting in bit rates of 157.48 kHz and 78. 74 kHz,  respectively (6.35-|ia 
and 12.7-^s bit code period,  respectively).   The resulting carrier rate to chip rate results 
in an integer number of carrier cycles in a chip period.   Texas Instruments Incorporated 
lator manufactured two devices with the ratio not an integer.   These devices are discussed in 
a subsequent paragraph. 

The 127 maximal length chip code was selected from one of 18 possible codes for higher 
correlation peak to sidelobe ratio.   These SAWD's were purchased from Texas Instruments 
Incorporated. The actual material used was quartz. The SAWD's were mounted on a slab of 
aluminum with covers installed. In the assembly, 50-ohm matching networks were included 
for each port. Each port was brought out on an SMA connector. The assembly size was 1 x 
1-3/10 x 3 inches excluding connectors. 

The actual size of the 10-mcps SAWD was 1/1(5 X 3/8 X 2.ri inches.    As is evident from the 
dimensions, a tremendous amount of volume in the assembly was wasted to include 
terminal, matching networks, and connectors. 

3.2.4.1    Test Results 

Since the correlation peak-to-sidelobe ratios for continuous code are ideally 42 dB and 
these SAWD's were in the 2r)-dB range, there was some concern that the matching 
networks were degrading SAWD performance.   A 10-mcps SAWD was selected for 
test, and SAWD performance was examined with and without matching networks.   The 
block diagram of the test setup is depicted in figure 3-7.   Table 3-2 and accompanying 
figures 3-8 through 3-14 illustrate the results of these tests. 

The optimum carrier and chip rate r equency was derived by monitoring the correlation 
peak on the scope and adjusting frequency for maximum level, or best waveform.   Peak- 
to-sidelobe measurements were made by monitoring the worst-case sidelobe level on the 
scope and then using the step attenuator to set the correlation peak at the same level. The 
comparative insertion loss measurements are taken with respect to the matched network 
case.    Absolute insertion loss for the matched network case was not accounted for. 

The test results indicate that carrier frequency is rather immune (±2.5 kHz) to matching net- 
works, although frequency is    15 kHz below desired carrier of 140 MHz.   All SAWD's of this 
batch were from 0 to 40 kHz low, with mean of about 20 kHz low.   However, changing carrier 
frequency ±20 kHz from optimum carrier on any SAWD completely obliterates the correlation 
peak. 

The optimum chip frequency seems to vary up to ±100 kHz, depending on which matching net- 
works are removed or which shape is desired; however, the peak-to-sidelobe ratio did not 
change ±1 dB over the noted ranges of chip rates. 

Insertion loss is predominant with matching networks.   This is to be expected since the func- 
tion of these networks is to match 50 ohms to the high impedance of the SAWD's.   Note that 
the loss of the tapped output port is less than the transducer input.   This is probably due to 
lower resistive values of the summed taps. 

3-11 

**-***^' ■  11111*111   ■■II.MMI   



equipment considerations 

■ o 
o Q. 

1- 1 

il 
O UJ 

OT  O 

Figure 3-7.    SAWD Test Setup. 
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Flimre 3-8.     Tesl Ruaull  \, 1'i.miv ;;-i).    Test Result B. 

Figure 3-10.    Test Result C Flaure 3-11.    Test Result D, 

Flimre 3-12.    Test Result K. Fiijure 3-13.    Test Result F 
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Figure 3-14.     Tost Result G. 

Table 3-2.     Test Results. 

TEST SKT 
BAWD NO B 

OPTIMUM 
CARRIER 
FREQUENCY 
(MHz) 

OPTIMUM 
CHIP 
FREQUENCY 
(MHz) 

WORST-CASE 
PEAK/SIDE- 
LOBE (dB) 

COMPARATIVE 
INSERTION 
LOSS (dB) 

FIGURE 

With input and 
output match- 
ing network 

139.985 19.999 +23 0 3-8 

Input matching 
network 

139.987 20.101* +23 -8 3-9 

removed 139.987 19.951 +23 -8 3-10 

Output matching 
network 

139.984 20.074* +23 -4 3-11 

removed 139.984 19.987 +23 -4 3-12 

Both input and 
output matching 
network 

139.989 
139.989 

19.901* 
19.992 

+23 
+23 

-14 
-14 

3-13 
3-14 

removed 

*Chip rate adjust ed for ideal sh: ipe.. 

The only performance effect other than insertion loss of the SAWD matching networks is that 
the correlation peaks a little sharper at the epoch without the matching networks.    This 
should be expected since a bandwidth limiting of the matching networks is excluded: however, 
these sharper peaks did not improve the peak-to-sidelobe ratio. 

Note that the peak-to-sidelobe ratio of 23 dB for eontinuous code is much worse than 42 dB 
for the ideal case.    Earlier tests for these sets of SAWD's were in the 25- to 26-dB range. 
The difference between the two tests could be the result of different views,  since these are 
waveform comparisons off the screen of an oscilloscope.    Regardless,   15- to 20-dB degra- 
dation is seen in the test set SAWD's, 
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Degradation U due to transmission line type of acoustic reflections on the substrate 

between taps. 

For biphase psk. since taps are spaced 180 deg^ 
vious tap and reflections forward again Produce ™0 ^   Ho-deJee phase increments 
add together arithmetically    However, ^^f^t^^hence! reflections tend to 

3.2.4.2    20-mcps Code into 10-mcps SAVVD 

A plculiar phe„ome„o„ has been ^^J^^'J^ZZZZi, a. 

ÄeVnTor/wl^r^Veat ^te?^ are SL..W- of M meps. Sueh as 
5 mcps and 2.5 mcps. 

Original Code (20 mcps):   1 1 1 0 0 1 0 I 1 1 0 0 1 0 1 1 1 0 0 1 0 

Half-Rate Code (20 mcps):  l     1      0      0      1     0     1      1      1      0      0 

Half-Rate Code, Delayed       l      0      1      1     1     0     1      1     0      1 
1 Chip (20 mcps) 

Autocorrelation of 
Half Rate 

Autocorrelation of Half 
Rate, Delayed 

When the two Thus, two 10-mcps channels are created, but separated by half bit intervals, 
outputs are summed, a 20-mcps bit rate correlation results. 

3.2.4.3    Noninteger SAWD's 

r fh^ao <?AVVn'<;    These SAWD'l did not have any matching 
i^oL3, tz^z\Tzz:LTni^

s
ml sr ^se SAW. ««****** 

returned to TI. 
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Table 3-3.    SAWD Performance. 

TEST SET 

SAWD No. 1 

SAWD No. 2 

OPTIMUM CARRIEI: 
FREQUENCY (MHz) 

139.960 

139.960 

OPTIMUM CHIP 
FREQUENCY (MHz) 

10.120 

10.155 

WORST-CASE PEAK-TO- 
SIDE LOBE (dB) 

17 

23 

The pea>.-to-sideIobe ratio is somewhat worse with this type of SAWD, therefore, new de- 
signs should not use non-integer SAWD's if possible. 

3.2.4.4    Conclusions and Recommendations 

The primary conclusion is that the matching network on the input and output ports have no 
effect on SAWD performance.   Matching networks appear to do iheir intended function of 
impedance matching to improve insertion loss of the device.   Therefore, SAWD >mDerfec 

SAWDTo^ldbe^^d^ 23"dB P6^-10-814161056 Performance (continuous code) where an ideal 

Non-integer SAWD's should be avoided because of the degradation in peak-to-sidelobe ratio. 

From the results of the test set SAWD's, a peak-to-sidelobe ratio of 30 dB maximum seems 
»ASL u        }'   AllowinK Processing gain to be 10 dB better so that degradation is solely 
SAWD limited, spread factors of no more than 100 is warranted for continuous code and 
code/code inverted types of modulation. 

With dual data rate packet radio concepts, the same codes or truncated codes should be 
avoided between the two code rates. 

3.2.5    State of Technology in SAWD 

22! i^fSSüS has Pu
u
blished a Srsph (figure 3-15) summarizing their fabrication limita- 

tions; i is indicative of the present SAWD technology and is included for reference. A quote 
from TI relating to the attached graph is as follows: q 

"A 25-percent bandwidth has been assumed for practical reasons (insertion loss 
spurious responses from device and electronics, etc.). Devices within the center 
shaded region are readily obtainable in large quantities. Devices in the lightly 
shaded region are also readily available but require more custom work. The outer 
shaded region contains those devices that are technically feasible and potentially pro- 
ducible in quantity but still in the development stage. Extrapolations outside this 
region entail considerable technical as well as economic risk. The top and rizht- 
hand boundary determine the maximum bandwidth and time lengths which may be ob- 
tained using the given level of technology. The product is the maximum chip length 
obtainable and is shown in the figure for each of the three regions." 

f^nronH8^^10^ byTI ^V g00d indication of ^ spread factors we should consider 
tPr^nf^J £ '"a!**? lmPlemented ^ing surface wave devices.   We should think in 
terms of 100 chips per bit or less initially.   Devices in the 100-chip to 1000-chip area are 
possible, but are still in the developmental stage 

. ; 

i 
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Figure 3-15.    Current Fabrication Capabilities for Coded Devices. 
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3.2.6    Performance Limitations 

The performance of SAVVD's   has been improving at a rapid rate for several years as device 
designers become more familiar with the photolithographic techniques developed for inte- 
grated circuits.   Progress is expected to continue at a rapid rate because the microelec- 
tronics industry is itself on the threshold of a revolution in circuit lithography as electron 
beam and ion etching techniques become practical.   In perspective, it should be remembered 
that we are discussing applications in communication systems.   Since large numbers of users 
are usually involved, the choice of technique becomes price sensitive as well as technology 
sensitive.   With this in mind, let us look first at what can be done within the constraints of 
current mass production techniques. 

The most highly automated production lines in the world for photolithography are those used 
for making integrated circuits.   Both quartz and lithium niobate are readily available on a 
2-inch quartz slice using such equipment.   The codes shown are 10 ^xs on ST-quartz.   Longer 
codes (up to 13 /is) can be accommodated by deleting one of the end transducers and scraping 
more material at the top and bottom of the slice.   While it is desirable to operate below 
200 MHz, acceptable results can still be obtained at 300 MHz on ST-quartz or 400 MHz on 
41.ö degree Z-cut X-propagating lithium niobate.   For those production lines using 3-inch 
slices, an additional 8 to 10 ^s is available, but at slightly lower resolution. 

Size restrictions are removed by going to custom fabrication, although increases above about 
4 inches involve some premium from materials suppliers and increasing difficulty in handling 
and fabrication.    For example, a single code pattern longer than 3.5 inches requires special 
equipment to generate and use.   Maximum possible code length is a somewhat nebulous 
quantity usually not of practical interest in multiple-user communication systems because of 
the expense involved.   Quartz may be obtained longer than 10 inches and lithium niobate in 
lengths approaching 10 inches.   The corrospending delay times can be increased even 
more by such techniques as the wraparound delay line with separate devices being driven 
from each delay line tap, or by printing parts of the code on each side of the substrate. 

Resolution restrictions can be eased by use of narrow field of view proj action printing. 
Resolution of 1 micrometer (0.7 to 1.0 GHz fundamental) is paid for by a rraximum field of 
0.25 inch from a given reticle.   Larger patterns require joining several segments with 
placement errors of a fraction of a line-width. 

Further improvement in resolution can be obtained by using electron beam techniques for 
producing photomasks and/or devices.   The very best resolution (0.14 micrometer) has been 
obtained using scanning electron microscopes but over extremely limited fields of view. 
Machines designed especially for mask generation are capable of larger fields at somewhat 
worse resolution (e.g., 0.5 micrometer over 50 mils, for 2500 lines, and similar numbers 
of lines for larger fields). 

Several pattern generation and reproduction machines are compared in table 3-4 in terms of 
field of view, resolution, and maximum number of line pairs (i.e., cycles of carrier signal) 
that can be produced without realignment. 

For frequencies above 300 MHz and code sequences longer than 1 JUS, intrinsic surface wave 
attenuation can become important.   Small losses can usually be ignored and larger losses can 
be compensated by weighting the taps.   Weighting is less desirable, since the same device 
cannot be used for both code generation and correlation, thereby making fabrication tolerances 
more stringent.   A reasonable loss allowance for practical devices is 3 dB.   Assuming that 
surface preparation has been properly done, then attenuation increases quadratically with 
frequency, with one dB/ßs at 0.6 and 1.05 GHz for quartz and lithium niobate, respectively. 
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0 Table 3-4.    Typical Lithography Limitations. 

TECHNIQUE TYPICAL 
EQUIPMENT 

FULL FIELD CAPABILITIES 

FIELD SIZE 
an.) 

LINE WIDTH 
(^im) 

LINE PAIRS 

Large-scale 
photoplotting 

Gerber Photoplotter 30 x40 50 10,000 

Contact printing Conventional Production 
Equipment, 3-inch Mu^k 

3.5 
(diagonal) 

4 12,000 

High resolution 
projection printing 

Mann Projection 
printer 

0.25x0.25 1 3,100 

Electron beam Production 
Oriented 

0.300 
0.050 

2.5 
2.5 

1,500 
1,250 

Electron beam Scanning Electron 
Microscope 

0.004 0.1 500 

3.2.7    SAWD Technology Summary 

The present state-of-the-art technology of SAWD's as applied to the ARPA packet radio con- 
cept (spread spectrum) may best be summarized by table 3-5. 

Devices in the first two columns are readily available in large quantities. Custom manufac- 
tured SAWD's are also readily available, but take more time and are more expensive. 
Developmental SAWD's are technically feasible, are potentially producible in quantity, but 
are still in developmental stage. Extrapolations outside this region entail considerable 
technical and economic risk. 

Materials used are usually either quartz or lithium niobate (LiNbOß).   Which material is used, 
transducer type, and configuration of SAWD's are determined by the device manufacturer 
to best match to performance parameters specified. 

3.2.8    Summary of Definitions 

Tb  =  «b bit rate ■ bit internal 

T     = R        chip rate 
c 

= chip interval 

bit rate 

R    =   chip rate 
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Table 3-5.    SAWD State-of-the-Art Technology. 

CONFIGURATION 

Carrier Frequency 

Percentage Bandwidth 

Bit Period 
(total delay) 

Spread Factor 
(10- to 20-ns delay) 

Insertion Loss 

Temperature Variations 

PREFERRED 
PRODUCTION 
SAWD's 

10 to 50 MHz 

5 to 20% 

0.1 to 10 us 

1 to 500 

15 to 35 dB 

±50 ppm 

PRODUCTION 
SAWD's 

10 to 200 MHz 

5 to 20% 

0.1 to 10 /xs 

1 to 500 

15 to 35 dB 

±20 ppm 

0° to 50oC 

CUSTOM 
SAWD's 

DEVELOPMENTAL 
SAWD's 

2 to 600 MHz 

5 to 25% 

0.1 to 25 ßS 

1 to 1000 

±50 ppm 

-50oC to ■^50C 

2 to 1000+ MHz 

0.01 to 75/is 

1 to 10,000 

E. = energy per bit 

E = energy p3r chip 

E ■ energy of preamble 

S 

N    = 

E/T ■ signal power 

Gaussian noise (per Hz bandwidth) 

N "  NoB = total integrated noise over bandwidth B 

Nc  = number of chips per bit (spread factor) 

3.3    EVALUATION OF ANTENNA FOR PACKET RADIO 

wfthSilf«^ % foll°wifg is/° outlineomnidirectional antenna concepts and considerations 
with emphasis on those best suited to the hand-held terminals.   The treatment is given from 

Z^TLP     I   r 
VieW an,d co?cl™ions drawn herein may be obviated when the antennas are 

included as part of a complete link performance model.   Issues such as bandwidth, tuning 
and matching are not addressed in this brief investigation of antennas. 

Implementation of the packet communications system will require the use of several types of 
^SaaZl MWeT' the, d;fference in technology represented by the change from conventional 
communications to packet communications does not create any new demands on the antenna 
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design not previously encountered.   The basic parameters to be analyzed for the various 
terminals that make up the complete system are: 

a. 

b. 

c. 

d. 

e. 

Directivity, or area of radiation covered by each specific antenna 

Polarization of the radiated signal 

Efficiency of the antenna 

Frequency 

The size of the antenna that is priii.arily a function of the other four parameters. 

The proper cnoice of these parameters is a major factor in effectively and efficiently com- 
pleting the path that links the source of a message with its final destination. 

3.3.1    Terminal Antenna 

In order to be practical, the antenna for the hand-held personal terminal must be small and 
simple.   The size of an efnc ent antenna is largely a function of frequency; hence, from a 
physical point of view, the higher frequencies are desirable.   However, as indicated in 
section 2, this convenience is bought with higher transmit power.   In considering the 
frequency band likely to be available for packet radio service, any frequency likely avail- 
able will not result in objectionably large antennas. 

The simplest and most common type now in use on most hand-held transceivers is the 
quarter, wave or near quarter-wave monopole shown in figure 3-16.   At 300 MHz this is a 

10 INCHES 
FOR  300 MHZ 

POLARIZATION    VERTICAL 

PATTERN    OMNIDIRECTIONAL WITH 
^ULL OVERHEAD 

Figure 3-16.    yiarter-VVave Monopole. 
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10-inch whip, or at 3000 MHz a 1-inch post mounted on top of the transceiver.   Under ideal 
conditions, the radiation pattern is omnidirectional with the maximum signal at an elevation 
angle of 20 to 40 degrees above the horizon and a null directly overhead.   The polarization is 
vertical.   Under these ideal conditions, the radiation pattern characteristics are also ideal; 
however, when in actual use, these conditions do not always exist.   At 300 MHz, the position 
of the radio with respect to the operator will affect the antenna impedance, its efficiency, 
and its radiation pattern. 

As the frequency is increased, the impedance and efficiency are less dependent on operator 
proximity.   Also, the radiation pattern in the near field becomes more stable; but at the 
same time, the reflections from nearby objects, including the operator's body, are more 
pronounced and partial fading of the signal results from the cancellation effect when the 
direct and reflected signal arrives out of phase.   An examole of this is seen in the portable 
uhf television receiver.   Reception can vary from perfect to unsatisfactory by simply moving 
its location 2 or 3 feet with respect to nearby reflecting objects.   Overcoming this multipath 
effect is one of the most difficult problems associated with the hand-held personal terminal. 

The antenna radiation characteristics can be made less dependent on operator proximity at the 
lower frequencies by using a balanced antenna such as a dipole, as shown in figure 3-17, 
rather than a monopole, and choking off the rf current that ordinarily flows down and is 
radiated from the radio housing.   Tliis increases the size of the antenna and complicates its 
design, but would improve the signal level significantly at 300 MHz. The crossover point 
above which a dipole would no longer provide improved operation over a monopole is the 
frequency at which the top of the transceiver becomes approximately one-half wavelength 
across its surface.   This would probably occur somewhere near 1500 to 2000 MHz. 

10 INCHES 
AT  300 MHZ 

10 INCHES 
AT  300 MHZ 

i 
POLARIZATION    VERTICAL 

PATTERN    OMNIDIRECTIONAL 

WITH  NULL OVERHEAD 

3-22 Figure 3-17.   Half-Wave Dipole. 
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With antennas it is necessary to consider the nature of the polarization of the signal they 
receive or radiate.   This rf polarization, which is a measurement or indication of the 
direction of the electrical field vector, can be linear, elliptical, or circular.   A pictorial 
representation of this is shown in figure 3-18a., b., and c.   Linear polarization can be 
oriented in any direction such as vertical, horizontal, or diagonal, and circular can have 
either a right- or left-hand sense of rotation.   Vertically polarized antennas will receive 
either a vertically polarized field or a circularly polarized field; however, a 50-percent 
power reduction or loss results if the antenna is linear and the field is circular.    Likewise, 
the horizontal antenna will receive either horizontal or circularly polarized energy with a 
3-dB loss for circular.   A right-hand circularly polarized antenna will theoretically receive 
no signal from a left-hand field, provided both the antenna and the field are purely circular. 

One of the major problems associated with portable hand-held antennas is multipath fading 
causing a strong reflected signal arriving at the antenna 180 degrees out of phase with the 
direct signal.    For linear polarization this can cause almost complete cancellation of the 
direct signal; however, with circular polarization the reflected signal is of the reverse 
sense and the cancellation is less severe. 

The polarization of both the monopole and the dipole is linear, and in order to radiate omni- 
directionally, both must be vertically oriented.   Since this is the most normal attitude ^or a 
hand-held transceiver, maintaining vertical polarization should present no problem.   Hori- 
zontal polarization that is omnidirectional can be obtained through the use of a horizontally 
oriented tri-dipole antenna, shown in figure 3-19.   If horizontal polarization had any oper- 
ational advantages over the vertical, it would be considered; however, it has no advantage 
and will not be further considered. 

Circular polarization, however, will have three limited advantages.   It will not have the over- 
head null that is characteristic of the monopole or dipole.   Also, the requirement for main- 
taining vertical orientation of the transceiver will not be as critical.   The third and most 
significant advantage is the phenomenon mentioned previously whereby the signals bouncing 
off reflective surfaces tend to be of the opposite sense or circular polarization, thus mini- 
mizing the fading due to multipath cancellation.   It was primarily for this reason that 
circular polarization was chosen for uhf satellite communication.   The improvement is in 
the order of 6 to 10 dB. 

The only disadvantage of circular polarization is that it complicates the design of the antenna 
This is true for the other antennas in the system as well as the hand-held units, since all 
antennas in the system should have the same type polarization. 

There are several antenna configurations that can be used for obtaining omnidirectional 
circular polarization such as: 1. the co.ncal spiral,   2. four diagonal dipoles,   or 3. the slot 
excited biconical horn, as shown in fig.-t  s 3-20, 3-21, and 3-22.   Of these, the conical 
spiral is probably the least expensive     T   : diameter of the base of the conical spiral is 
approximately one-half wavelength at the   ..vest usable frequency; therefore, this antenna 
could be considered impractical for frequji.oies below 1500 MHz.   The base diameter for 
this frequency would be 4 inches.   It is difficult to envision an antenna of larger dimensions 
as being practical for a hand-held radio. 

It is then concluded that a vertical monopole or a center-fed dipole is best suited for the 
hand-held unit if the frequency chosen is below 1500 MHz.   A circular polarized antenna 
might provide ß-dB improvement in circuit margin due to reduced multipath and would be 
practical above 1500 MHz. 
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LINEAR POLARIZATION 

WAVE 
I,       DIRECTION 

(a.) 

ELLIPTICAL POLARIZATION 

(b.) 

CIRCULAR POLARIZATION 

(c.) 

Figure 3-18.     Pictorial Representation of Linear, Elliptical, and Circular Polarization. 
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O 2 INCHES AT 3 GHZ 

    56 \ 

POLARIZATION: HORIZONTAL 
PATTERN: OMNIDIRECTIONAL 
WITH  NULL OVERHEAD 

Figure 3-19.    Tri-Dipole Loop Antenna. 

m 
2.5 INCH   DIAMETER 
AT  BASE  AT 3 GHZ 

POLARIZATION:  CIRCULAR 
PATTERN    OMNIDIRECTIONAL 

Figure 3-20.     Conical Spiral. 
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DIPOLES  ARE  ORIENTED 
AT 45  DEGREES.  LENGTH 
IS 2 INCHES AT 3 GHZ. 

POLARIZATION    CIRCULAR 
COVERAGE    OMNIDIRECTIONAL 

Diagonal Dipoles. 

DIAMETER  OF  CONE  IS 
4  INCHES  FOR  3 GHZ 
POLARIZATION  CIRCL'LAR 
COVERAGE:  OMNIDIRECTIONAL 
WITH   NULL   OVERHEAD 

Figure 3-22.    Slot-Fed Bicone. 
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3.3.2    Repeater Antenna 

Many of the problems associated with the hand-held units such as the proximity effect of the 
operator, tilting of the antenna, and size limitations are not applicable to the repeater/ 
station antennas     Since the antenna is fixed, higher gain in the form of directivity is more 
practical as well as desirable.   Two types of antennas are required.   One type is needed to 
provide communications with the individual portable personal transceivers.'   The other is 
needed to communicate with the central control station.   The antenna that is used for 
receiving and transmitting to the portable units must have a radiation pattern that is 
omnidirectional in the azimuth plane with gain accomplished bv reducing the vertical plane 
beamwidth. K 

Since the antenna that is used to transmit to and receive from the portable units must have 
broad azimuth coverage (somewhere between 180 and 360 degrees) a gain of 8 to 10 dB is 
considered practical.   A vertically stacked array of four radiating elements will provide 
this amount of gam.   To achieve 3-dB more gain theoretically requires twice as many radi- 
ating elements; however, the added complexity of the antenna feed system increases the 
losses and a gain in the order of only 2 dB in all that is actually achieved.   A four-element 
array will have a vertical plane beamwidth of approximately 20 degrees. 

What has been said for the hand-held units regarding size polarization and cost is also true 
for the fixed site omnidirectional antennas.   For the lower frequencies, collinearly stacked 
vertically polarized dipoles are practical.   At 300 MHz one dipole is 20 inches long and a 
four-element array with optimum spacing between elements is 100 inches long.    \t the lower 
uhf frequencies, circular polarization can be obtained with diagonal or inclined dipoles as 
shown in figure 3-21.   At higher frequencies this technique becomes less practical     \t 3 
GHz, an array consisting of slots on a vertical cylinder are more appropriate and easier to 
manufacture. 

The repeater/station antenna that is used to transmit to and receive information from a 
single central station is not limited to 8- or 10-dB gain since it is not required to have broad 
azimuth coverage.   A gain of 29 dB can be obtained at 3 GHz with a 4-foot diameter parabolic 
reflector type antenna.   A 2-foot diameter reflector will have 23-dB gain at the same 
frequency.   The reflector type antenna is probably the most practical for this application 
at frequencies below 3 GHz.   Above 3 GHz a horn may be less expensive. 

The polarization for this antenna is not as important as it is for the hand-held units since 
reflections and multipath do not present a serious problem.   For reasons of simplicity 
linear polarization is more appropriate. 

3.4 RF SOURCES FOR PACKET RADIO 

3.4.1    Introduction 

The state-of-the-art of solid-state rf sources in terms of power output and cost for several 
frequency bands from 225 MHz to 36 GHz is presented herein.   It is emphasized that the cost 
of current devices is influenced by many factors,   including production quantities, frequency 
stability, noise characteristics, tuning requirements, and power output.   These factors and 
their relation to current design and future needs for packet are also presented 
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3.4.2 General Considerations in RF Source Design and Economics 

3.4.2.i    Cost Factors 

The power output requirement is an obvious cost factor; however, it is not as obvious as is 
the frequency stability and nrü'e requirements that strongly influence the source design. 
For example, a 6-GHz low power microwave source that sells in quantity for less than $500 
may appear a poor economic choice compared to the reflex klystron it replaced, which could 
be purchased for about $50.   However, when one considers the power supply and automatic 
frequency control requirements needed for the klystron, the solid-state source typically is 
more economical.   The power supply requirements are typically 24 volts dc, which is often 
obtained directly from float charged batteries, and the frequency control is continued within 
the solid-state source by means of a phase-locked loop that synchronizes the microwave 
oscillator to the harmonic of a lower frequency crystal oscillator. 

For the system being considered, simplification may be possible.   In particular, digital 
modulation systems can tolerate considerably higher level or phase noise than most analog 
systems for which most current rf sources are designed.   This could lead to simpler and 
more economical devices.   Further, it should be recognized that avalanche transit time 
and transferred electron device technology is yet quite yrung and, hence, considerable 
improvement in the cost versus power output relationship can be expected. 

The cost is almost certain to remain closely related to the power output requirement.   Quite 
low powers can provide reliable high data rate transmission over long line-of-sight paths, 
if directional antennas are used; however, power output requirements will be moderate for 
omnidirectional systems, and this has influenced the status of current technology.   As will 
be noted below, rf sources with output capability in the 10- to 100-watt range exist for 
P-band (225 to 400 MHz).   This is achieved by techniques of combining the outputs of two or 
more amplifiers through hybrids.   Such sources are typically used in various mobile appli- 
cations that employ omniantennas, and often suffer severe obstruction loss. 

Power combining techniques are also applicable to microwave sources, but are generally 
not applied because the resulting complexity would make the device both costly and unreli- 
able compared to alternative devices such as twt amplifiers for the 1- to 100-watt nower 
range and multicavity klystrons for higher powers.   Both these devices, have high power 
gains (30 to 50 dB); hence, where power requirements exceed 1 or 2 watts at frequencies 
above 2 GHz, such electron devices typically are still applied. 

3.4.2.2    Peak Power Capabilities 

Most solid-state microwave devices have relatively low thermal time constants and very 
definitie peak voltage limitations.   Therefore, the devices are peak power limited; hence, 
peak power cannot be substantially increased by lowering the duty cycle.   This is likely 
of little importance in designing repeaters and high capacity stations, since they must be 
designed Lc be transmitting a substantial period of the time; however, for low-capacity 
portable terminals, it would be desirable to employ devices that operate efficiently with 
high peak power and low duty cycle.   If rf power devices are employed that are peak power 
limited, it is desirable that the devices may be turned off and on rapidly to minimize power 
consumption of the portable terminal. 

3.4.3 Characteristics of Available RF Sources 

Cost and performance characteristics of available uhf and microwave rf sources for several 
microwave frequency bandb from 225 MHz through 3G GHz are summarized below.   The 
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characteristics listed are believed to represent the state-of-the-art for sources that are 
currently production devices for commercial and military systems. 

3.4.3.1    Sources for P-Band (225 to 400 MHz) 

Transistors are exclusively used to generate up to 150 watts of cw power in this frequency 
band.   The power train takes the form of a low-level oscillator followed with series ampli- 
fier stages up to 50 watts, then parallel power stages to reach the 100- to 150-watt level. 
The parallel output stages use hybrid power combiners to sum the individual stage powers. 
These power sources are widely used in military systems, and commonly, the amplifiers 
operate over the entire 225- to 400-MHz band with no tuning.   Transmitters are common at 
1-watt, 10-watt, and 100-watt outputs, depending upon the application. 

Modulation is usually applied at the low-level source input; typical modulations usftd are am., 
fm, pm, and multitone.   The limiting characteristic of transmitters using such power trains 
is amplifier distortion and thermal properties.   At the higher power levels (50 watts and 
above) a forced cooling system is required to keep transistor junction temperatures within 
acceptable reliability range. 

Typical available sources in this band have the following characteristics: 

Frequency: 225 to 400 MHz, broadband 

Power Output: 

Efficiency: 

Volume: 

Up to 100 W 

30 percent 

10 W - 6 in.3 

100 W — 20 in.3 (not including cooling hardware) 

Weight: 

Cost: 

10 W - 6 oz. 

100 W - 20 oz. 

10 W - $600 

100 W - $2100 

Future trends a.-e toward higher power transistors designed for improved impedance match- 
ing, lower disto.-tion, and lower thermal resistance.   This will result in lower hardware 
costs by reducing the number of parallel stages required to obtain 100-watt levels. 
Packaging trends are toward hybrid construction, providing low volume and weight. 

3.4.3.2    L-Band Sources (400 to 1700 MHz) 

Microwave transistors are widely used in this band.   Power output varier, irom a few milli- 
watts to 20 watts.   The best available power transistor sources are capable of about 15 watts 
cw at L-band, or 100-watt pulse power.   Efficiencies reach 60 percent ai 1 GHz ^50 percent 
at 2 GHz).   Input voltage requirement is normally 28 volts dc.   Size and wMght vary with 
output power.   Typical available source in this band has the following characteristics: 

(A) High Power 

Frequency: 

Power Output: 

(B) Low Power 

1 GHz 

2 W 

Frequency: 1 GHz 

Power Output: 50 MVV 
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(A) High Power (B) Low Power 

Efficiency: 20 percent Efficiency: 1.5 percent 

Volume: 15 in.3 Volume: 2 in.3 

Weight: 25 oz. Weight: 2 oz. 

Price: <$1500 Price: $300 

Tuning: Voltage tuning Tuning: Voltage tuning 

' 

Several solid-state microwave devices are used in this band:  namely, microwave transistors, 
transistor driven varactor harmonic-generator chains, bulk effect devices in LSA modes, 
and avalanche devices in both TRAPATT and IMPATT modes.   Power output, efficiency, 
size, and price vary depending on the device used.   Maximum attainable power in this band 
is 10 watts cw using microwave transistors and 20 watts using a transistor multiplier 
chain.   The following are typically available characteristics in the S-band. 

(A) High Power (B) Low Power 

Frequency: 2 GHz Frequency: 2.0 GHz 

Power Output: 2 W Power Output: 40 MW 

Efficiency: 15 percent Efficiency: 2 percent 

Size: 170 in.3 Size: 2 in.3 

Weight: — Weight: 3 oz. 

Price: <$12,000 Price: $   $350 

Tuning: Both electrical 
and mechanical 

Tuning: Voltage tuning 

3.4.3.4    C-Band Sources (3.7 to 6.4 GHz) 

In this band, there are wide selections of microwave sources ranging in power from a few 
milliwatts to a maximum of 4 watts cw at the high end of the band.   Various devices are 
used in this band, depending on frequency, power output, and size.   Microwave transistors 
are used at the low end, transistor multiplier chain is used at mid and high end of the band, 
and bulk and avalanche devices are used at the high end of the band.   A typical source in 
this band has the following characteristics: 

(A) High Power 

Frequency: 6 GHz 

Power Output: 1.5 W 

Efficiency: 10 percent 

Size: 125 cu. in. 

Weight: — 

Price: <$12,000 

Tuning: Voltage 

(B) Low Power 

Frequency: 5.5 GHz 

Power Output: 100 MW 

Efficiency: 4 percent 

Size: I la. 3 

Weight: 1.5 oz. 

Price: <$500 

Tuning: Mechanical 
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3.4.3.5    X-Band Sources (6.4 to 10.9 GHz) 

Sources using both bulk and avalanche devices are used in this band.    Maximum power 
attainable is 4 watts in the low end of the band and 2 watts   at the high end of the band; how- 
ever, higher power is becoming available with new circuit techniques.   A typical source in 
this band has the following characteristics: 

(A) High Power (B) Low Power 

Frequency: 10.9 GHz Frequency: 8.0 GHz 

Power Output: 1 W Power Output: 50 MW 

Efficiency: 8 percent Efficiency: 1 percent 

Size: 25 in.3 Size: <2 in.3 

Weight: 20 oz. Weight: 4.0 oz. 

Price: <$2000 Price: <$500 

Tuning: Varactor tuning Tuning: Mechanical 

3.4.3.6    K-Band Sources (10.9 to 36 GHz) 

Maximum attainable cw power in this band is 2 watts at the low end and a few hundreds of 
milliwatts at the high end of the band.   Tunnel diodes and both bulk and avalanche devices 
are used in this band.   Sources with higher power are currently being built in the laboratory; 
however, they are not commercially available but may be practical in the next year or two. 
A typical source has the following characteristics: 

Frequency: 

Power Output: 

Efficiency: 

Volume: 

26 GHz 

100 MW 

0.5 percent 

o •     3 9 in. 

Weight: 

Price: 

8 oz. 

<$700 

Tuning: 

3.4.4.    Summary 

Mechanical 

An evaluation of rf solid-state sources from 225 MHz to 36 GHz has been presented. This 
survey has included power output capability, efficiency, volume, and cost information. A 
detailed bibliography is included at the end of this section. 

3.5     MICROPROCKSSOR EVALUATION FOR PACKET RADIO 

The packet radio network will require the use of a microprocessor in the network elements. 
This will allow a substantial and flexible information decision and handling capability.   The 
use of programmable logic will allow network and device operating characteristics to be 
postulated, tested, and optimized via software changes in the system operating softwares. 
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This will allow the experimental system to seek an optimum solution relatively rapidly under 
operating conditions, without requiring hardware modification with the inherent delays and 
difficulties. 

Requirements of the microprocessor for the packet radio network are fast operating 
speed,  f.o minimize node processing delay: low p^vver requirements,   for battery 
operation; and current availability, so the hardware can be implemented.   These and other 
considerations are discussed in this report. 

The purpose of this investigation was to characterize the technology of microprocessor 
components, memories, and structures.   The study is heavily weighted in favor of com- 
ponents that are available now.   The many designs that are being planned or that are on-going 
at the various semiconductor houses are not considered in this evaluation.   It is felt that 
there is not enough ensurance that these devices will be available for equipment delivery in 
1974. 

3.5.1    Evaluation Factors 

Refer to table 3-6 for a list of the microprocessor sets available.   Also included are lists 
of random access memories and programmable read only memories. 

J 

Table 3-6.     List of Available Microprocessor Sets. 

COMPANIES WITH MICROPROCESSO.lt SETS 

1. Intel:  4-bit, 4004; 8-bit, 8008; both are single chip cpu's. 

2. National Semiconductor:   Multichip cpu, can choose wox'd width. 

3. Rockwell-Microelectronics:  4-bit single chip cpu. 

4. Fairchild:   PPS 25, decimal-oriented set 

COMPANIES WITH PLANS FOR MICROPROCESSOR SETS 

1. INTEL:   8-bit N-channel cpu, 8080, December 1973. 

2. Motorola:    8-bit N-channel cpu, first quarter 1974, 

3. Rockwell-Microelectronics:    8-bit cpu. 

4. Western Digital Corp.:   8-bit N-channel cpu, before 1974. 

5. Signetics:   No information. 

6. Hughes Aircraft Co.:    No information. 

7. AMI:    16-bit general-purpose set. 
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•» 

a. 

A litsing of the several factors considered in evaluating the various component sets is 
included in the following tables: 

Table 3-7      MOS Random Access Memories.    This table gives a comparison of several 
ome avlilable se^conductor RAM's.   The parameters used for comparison are listed 

in the table. 

b      Table 3-8      MOS Programmable Read Only Memories.    This table gives the 
'    parameters of two available PROMs for comparison. 

c.    Table 3-9.    CPU Parameters Used in Evaluation. 

d      Table 3-10.    RAM Parameters Used in Evaluation.    Tables 3-9 and 3-10 define the 
'    parameters that were considered in evaluating the various systems. 

T.hlP I 11      Comoarison of Microprocessor Sets.   This table gives a comparison of the 
•     mTEL 8^8.lf Äe NaSonal Semiconductor IMP-16 and IMP-8 Microprocessors. 

3.5.2    Conclusions 

Based on the investigation, the following selections have been made: 

a. The National General-Purpose Controller/Processor appears the mostpromising for the 
packet radio repeater requirements. 

b. Complementary MOS (C-MOS) for random access memories. 

c. Programmable (electrically erasable) read only memories will be used. 
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Table 3-7.     MOS Random Access Memories. 
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Table 3-8.     MOS Programmable Read Only Memories. 

PARAMETEB INTEL 17ü2.\ NATIONAL MM4203 

1.     Power dissipation 7ü() mW 700 m\V 

2.     Cycle time 700 ns 700 ns 

3.     Chip enable Ionic Single line ;3-bit control 

4.     TTL compatible Yes Yes 

5.     Power supplies +5, -9 +5, -12 

(i.     Number of pins 24 24 

7.     Operating temperature Ü0C to 70^ -550C to 850C 

8.     Required clocks None None 

Table 3-9,     CPU Parameters Used in Evaluation 
(Refer to table 3-11.). 

1. Power Requirements   Includes cpu, lltpporting circuitry, and one input/ 
output port.   Does not include any memory. 

2. Supporting Circuitry Required  The number of integrated circuits required to 
make the cpu a workable system.   Does not 
include memory or tty interface. 

3. Program Storage Efficiency      The number of memory locations necessary 
to store a benchmark program. 

4. Power Supplies 

a. Number required. 

b. Voltages required are the voltages of common usage. 

5. Input/Output Interfacing 

a.     Eaie of design — What is available to aid hardware design. 

1).     Number of input and output ports. 

c. Software — What is available under software control. 

(i.     Printed Circuit Hoard Partitioning Kase — Breaking up components on two or 
three boards, how many pin-outs are necessary. 
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., 
Table 3-9.     CPU Parameters Used in Evaluation 

(Refer to table 3-11.) (Cont). 

7. Clock Requirements 

a. Frequency — Is it easy to derive; 

b. Number of phases. 

c. TTL or MOS level. 

8. Allowable Voltage Fluctuations or Ripple 

9. Cost 

a. CPU chip(s). 

b. Supporting circuitry. 

c. Printed circuit boards. 

d. Prototype kit. 

10. Memory Addressing 

a. Direct. 

b. Indirect. 

c. Indexed. 

d. Literal. 

11. Instruction Set Utility 

a. Number of instructions. 

b. Number of different instruction types. 

c. Unusual instructions. 

12. Number of Registers 

a. Accumulator. 

b. Index. 

c. Scratch pad. 

13. Stack Capabilities 

a. Size of stack. 

b. Is is accessible through software? 

14. Largest memory capacity addressable 

15. Capability for customer microprogramming 

3-37 

   MMi 



equipment considerations 

Table 3-10.    RAM Parameters Used in Evaluation (Refer to table 3-11.). 

1. Cost per Bit.   Interface and control circuitry includer'.   (Refresh circuitry 
included if necessary). 

a. 1024 word x 8-bit system 

b. 1024 word x 16-bit system 

2. Power Dissipation per bit   Interface and control circuitry.    (Refresh 
circuitry included if necessary). 

3. Cycle Times 

a. Access — Time from chip select until data available. 

b. Read — Access time plus deselect time. 

c. Write/refersh. 

4. Refresh Requirements 
a. Number of address changes required for complete memory refresh. 

b. Minimum time between refreshed. 

5. TTL Compatibility 

6. Operating Temperature   If not specified over the military range, will the 
memory function at high temperatures ? 

7. Power supplies 

a. Number required. 

b. Voltages required — Are the voltages of common usage ? 

8. Availability 

a. Can the part be had in large quantities ? 

b. Second sourced. 

c. State-of-the-art    Is it the current design? 

9. Packaging Efficiency  Using 16,192 bits as a standard, how many interface 
code's are necessary to produce a memory system with 
interface, control, and refresh circuitry included. 
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Table 3-11.     Comparisor of Microprocessor Sets. 

1. Power Requirements (Watts) 

2. Supporting Circuitry Requimcl 

3. Program Ktorapc Efficiency 

4. Power Supplies 

!). Input'Output Interfacing 

(!.    Printed Circuit Board Partitioning 

7. Clock Requirements 

8. Allowable Voltage Fluctuations 

9. Cost 

10. Memory Addressing 

11. Instruction Set Utility 

12. Number of Registers 

'". Stack Capabilities 

14. Largest Memory Addressable 

15, Capability for Mtoroprogrammlng 

INTEL 
800.8-1 

With TTL - 7 W 

With CMOS - 1 W 

.'17 interface codes 

124 words x 8 bits 

+5 V, -9 V 

8 possible input/output ports 

No input lines for com- 
munioating with cpu except 
control panel interrupt 

An 8-bit bidirectional bus 
is used for data input/output 
and addressing.    This 
allows for fewer pincuts 
from board. 

TTL level clocks 

2-phase 

t.r)% 

CPU chip - $180 

SIM 8-01 - MOO 

INTKLLEC - 8 $;i(>.r)0 

Indexed only 

is instructions 

1 8-bit accumulator 

I) general registers 

2 of the (J can bo used for 
indexing. 

7 14-bit registers for 
program counter storage 
only. 

16K word x 8 bit 

None 

NATIONAL SEMICONDUCTOR 
IMP-lfi 

With TTL - 14 W 

With CMOS - 3 W 

40 interface codes 

49 words x 16 bits 

+5 V, -12 V 

(i general-purpose flags 

4 general-purpose jump 
condition inputs 

1 general interrupt input 

IB-bit bidirectional bus is used 
for input/output and addressing. 
The wider word and greater 
number of cpu lines makes for 
more pinouts. 

-12 V to +5 V swing 

4-phase 

fc5 percent 

CPU chips - $4,,i0 

IMP - 160 - $950 

IMP - KiP - $:i8.r)0 

Direct,  indirect,  indexed, 
literal rel 

Helative type 

43 instructions 

Software control of stack and 
external flags 

External jump condition inputs 

Four 1 li-l)it accumulators 

Sixteen IG-blt registers 
accessible through software 

65K word x 16-bit 

Instruction sets can bo 
developed 

NATIONAL SEMICONDUCTOR 
1MP-8 

With TTL - 8 W 

With CMOS - 2 \V 

.'14 interface codes 

^r> V,  -12 V 

Same as IMP-lli 

8-l)lt bidirectional bus is used 
for input/output and addressing 

-12 V to +5 V 

■I-phase 

fcB percent 

CPU chips - $270 

IMP - SC - $800 

IMP - 8P - $;!7no 

Direct, indirect, indexed, 
literal 

Paged type 

:1S instructions 

Software control of slack and 
external flags 

External jump condition inputs 

Four IG-blt accumulators 

Sixteen S-hil registers 
accessible through software 

fiSK word x 8-1)11 

Same as IMP-10 
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