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Abstract 

NEW MOBILE CELLULAR SYSTEMS 

by 

Zion Hadad 

Advisor: Professor Donald L. Schilling

In this research two types of Spread Spectrum Code Division Multiple Access 

(CDMA) systems are proposed and considered. Direct Sequence Broadband Code 

Division Multiple Access (B-CDMA) in an Overlay application and a Frequency 

Hopping Code Division Multiple Access (FH-CDMA) technique are presented.

The Overlay B-CDMA (O-B-CDMA) signal can overlay the existing cellular 

telephone spectrum (825 to 894 MHz) thereby providing additional capacity to the 

network. This method allows high quality voice and high speed data services to 

coexist with the existing cellular services: Advanced Mobile Phone System (AMPS) 

and Time Division Multiple Access (TDMA). The low level of mutual interference 

experienced between the existing cellular telephone system and the B-CDMA 

overlay system is shown. This approach has been proven successful by actual field 

testing in Des Moines, Iowa. A minimal system was used for the field test, The
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system, consisted of a single base station, equipped with a receive notch filter, four 

remote units working simultaneously, each at a data rate of 64 Kbps, overlaying 40 

AMPS users and surrounded by other AMPS cells . The tested system did not 

include any type of diversity (spatial, RAKE, or hand-off of any kind, e tc )

This research also includes an analysis of a FH-CDMA system that performs in 

either a clear band of frequencies or as an overlay. The proposed FH system 

includes a  six sectored base station, maximal ratio diversity combining at the base, 

switching diversity at the base toward the remote is assumed, and a six ring 

topology for efficient area coverage. The system also uses Reed-Solomon Forward 

Error Correcting Code with erasure decoding.

This research also includes a new approach for the rejection of narrow band 

interference. This has been simulated, implemented, and successfully tested.
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1. INTRODUCTION

Over the last decade, and in particular over the last several years, the demand has 

grown rapidly for mobile Telecommunications systems capable of communicating 

toll quality voice and data rates up to 144 Kbps. Such systems are referred to as 

Personal Communication Systems (PCS) and Future Public Land Mobile 

Telephone Systems (FPLMTS). Currently the RF spectrum is extremely congested. 

If additional communication service is needed, more spectrum must be found or 

more efficient techniques be used. Recently (September 1993) the FCC allocated 

spectrum for PCS in the 1.85-1.97 Ghz and 2.13-2.20 Ghz frequency bends within 

the United States (see Figure 1). The problem- of spectral congestion is not only a 

domestic problem but a world-wide one. The International Telecommunications 

Union’s CCIR has numerous study groups looking into spectrum reallocation to 

meet a myriad of needs.

The reallocation of spectra is a very delicate political matter. It entails taking 

spectra already allocated to one group and setting it aside for another group. 

Where does the existing group move? Who pays for the move? Remember that for 

a group of users to change its frequency band of operation requires that the entire 

RF receiving and transmitting systems be changed.
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While the reallocation of spectra is clearly one way to improve the efficiency of 

spectrum utilization, and the taking of some "sparsely” used government bands and 

transferring them to commercial use is another, ‘spread spectrum" is still another 

Spread Spectrum (SS) allows new users to share the spectrum with existing users, 

thereby postponing and, in some cases, eliminating the need for reallocation of 

spectrum with its obvious cost and political considerations. In the case of newly 

opened ‘virgin" spectrum, the total capacity of the assigned spectrum may be 

larger using a spread spectrum cellular system than is possible by other cellular 

methods such as Frequency Division Multiple Access (FDMA) or Time Division 

Multiple Access (TDMA), for the following reasons.

a. The capacity in a FDMA or TDMA system is determined by the largest 

interference that exists in the surrounding cells, whereas the capacity of 

a SS system is determined by the average of all of the interference 

falling in the baseband.

b. SS systems inherently employ frequency diversity which averages the 

multipath effects.

c. Voice Activity Detection (VAD) can be used to decrease the average 

interference and thereby increase the capacity.

Thus, using the Spread Spectrum - Code Division Multiple Access (SS-CDMA) 

system proposed here results in significantly increased spectral efficiency.
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To illustrate this, two SS techniques are proposed; Direct Sequence (DS) with 

application of Overlay Broadband Code Division Multiple Access (O-B-CDMA) and 

Frequency Hop (FH) spread spectrum with an application of Frequency Hopping - 

Code Division Multiple Access (FH-CDMA). In the O-B-CDMA, a new method for 

rejecting narrow band interference has been developed capable of sharing the 

spectrum with multiple, fixed frequency microwave users.

1.1 Statement of The Problem

Figure 1.1a and 1.1b illustrates the problem. Note that the spectrum shown is 

sparsely used, and the channels being used are distributed throughout the 

frequency band. As a result, the number of additional, standard microwave 

transmission systems that can operate in the band are limited. Using CDMA, the 

number of additional users can be made significantly greater than by using 

standard FM microwave. Here using FH-CDMA, frequencies occupied by the 

Standard Microwave Users (SMU) or by the standard cellular system (AMPS) could 

be "locked-out" and hence not hopped on. Hence the SMU or AMPS are not 

interfered with by the FH-CDMA users nor does the SMU/AMPS interfere with the 

FH-CDMA users. The DS/CDMA system actually shares the same spectrum with 

the SMU/AMPS and hence, some interference with the SMU is encountered. To 

reduce the interference the DS/CDMA system notches the DS spectrum in the 

frequencies that are been used by the SMU/AMPS.
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1.2 Anticipated Benefits.

The implications of a successful outcome are enormous! A spread spectrum 

cellular telephone system could operate in the same band as the standard FDMA 

cellular telephone system without altering the existing system, yet provide a 

significant capacity increase. A stand-alone SS/CDMA system, could provide a 

significant increase in capacity. Finally a SS/CDMA cellular telephone system that 

can operate in a congested microwave band without interfering with existing fixed 

frequency users is a major contribution.

1.3 Previous Work

Table 1.3 presents a comparison between the new wireless systems under 

development which didn’t employ SS. Qualcomm [4] was the first to begin an 

investigation into replacing the existing cellular system by a DS/CDMA system. 

SCS Mobilecom [6] was the first to investigate the feasibility of using DS/CDMA 

cellular telephony as a co-primary user which is called OVERLAY. This work is the 

first for overlay on the AMPS system that may include 57 frequencies per cell. 

ERICSSON, the developers of the GSM system are looking into a FH-CDMA- 

TDMA system, AT&T is developing a prototype FH-CDMA, and the research and 

development center of Motorola are proposing a FH-CDMA-TDMA system for the 

PCS band, None of these menufacturers are currently considering extending their 

systems to OVERLAY.
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2. BACKGROUND AND TECHNICAL APPROACH.

2.1 Introduction

Spread spectrum has a long and interesting history. It has been, and still is, used 

extensively in military communications systems, both to permit communications 

which are not detectable by enemy jamming systems (this property of spread 

spectrum is called "low probability of interception”, or LPI), and to resist jamming by 

an enemy desiring to disrupt communications.

2.2 Characteristics of Spread Spectrum

Spread spectrum (DS.FH) is typically designed to be "transparent” to other users, 

i.e., spread spectrum signals are designed to provide negligible interference to the 

communication of other, existing, users and indeed, it is difficult to determine if a 

spread spectrum signal is actually present. We call characteristics of this type low 

Probability of Interception (LPI) and Low Probability of Detection (LPD), and they 

are requirements for successful military communication. It is these LPI and LPD 

features of spread spectrum that will allow transmission between users of a spread 

spectrum network without the existing users experiencing significant interference.

Spread spectrum is also “jam” or interference resistant. In a military communication 

system, once an enemy detects a communication in progress, it transmits noise or 

other signals to interfere with or jam the communications. A spread spectrum
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receiver spreads the spectrum of the interfering signal and hence reduces the 

interference so that it does not noticeably degrade system performance. It is this- 

feature of interference reduction that also makes spread spectrum useful for 

commercial communications, i.e., the spread spectrum wave forms can be overlaid 

on top of existing narrow band signals. Spread spectrum is also multipath resistant 

as will be explained later

2.3 Principles of Operation

There are primarily two main spread spectrum techniques, direct sequence spread 

spectrum (DS/SS) (see Figure 2.3a) which is an amplitude modulation technique 

and, frequency hopping spread spectrum (FH/SS), which is a frequency modulation 

technique (see Figure 2.3b) The goal of each of these techniques is to take the 

power that is to be transmitted and spread it over a very wide bandwidth so that the 

power per unit bandwidth (Watts/Hertz) is minimized. When this is accomplished, 

the transmitted spread spectrum power received by an existing user, having a 

relatively narrow bandwidth, is only a small fraction of the actual transmitted power.

In addition, in the direct sequence spread spectrum CDMA system one can insert 

a  notch filter in the transmitter and in the receiver, to remove power to be 

transmitted from or in the bandwidth of a neighboring SMU/AMPS. In the FH-CDMA 

system proposed here, we will lock out" frequencies being used by a neighboring 

SMU/AMPS.
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The feature of Direct Sequence spread spectrum that results in interference 

reduction is that the spread spectrum receiver actually spreads the received energy 

of any interference over the same wide bandwidth as the signal while compressing 

the bandwidth of the desired received signal to its original bandwidth. For example 

in [6], if the original bandwidth of the desired signal is only 32 KHz the power of an 

interfering signal 48MHz wide is reduced by 

N=48 x 10®/32 x103 =750 

Note that for any FH/DS spread spectrum system to operate properly, it is 

necessary for the receiver to acquire the correct frequency/chip position of the 

incoming waveform, and it must continually track that frequency/chip position to 

insure that loss-of-lock will not occur. The two processes of acquisition and tracking 

form the synchronization subsystem of a spread spectrum receiver. The former 

operation is typically accomplished by a search of as many hop/chip positions as 

necessary until one is found which results in a large correlation between the chip 

sequence of the incoming signal and the hop/chip sequence of the locally 

generated spreading sequence at the receiver. The latter operation is often 

performed with an “early-late gate” The importance of the combined 

synchronization process cannot be overstated, for if synchronization is not both 

achieved and maintained, the desired signal cannot be despread.
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3. Overlay Direct Sequence Code Division Multiple Access

3.1 Abstract

A Broadband Code Division Multiple Access (B-CDMA) technique is presented that 

will overlay the existing cellular telephone spectrum (825 to 894MHz). The overlay 

will provide additional capacity to the network while allowing high quality voice and 

high speed data services to be coexistent with the existing cellular services (AMPS 

and TDMA). The advantages of using B-CDMA in a fading environment are 

analyzed The low level of mutual interference between the existing cellular 

telephone system and the B-CDMA overlay system is shown. During June, July 

1994 the O-B-CDMA system has been integrated demonstrated in Des Moines 

IOWA

3.2 Introduction

The cellular providers are limited in the service that can presently be provided. 

AMPS service has a capacity limitation of approximately 57 users per base station, 

no privacy, a high frequency of outages due to susceptibility to fading, and little 

capability to transmit data. TDMA and the proposed Narrow band-CDMA services, 

each results in a capacity increase and provides privacy, but the voice quality 

remains poor, data rates are low
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Broad band-CDMA (B-CDMA) provides higher capacity that the above mentioned 

technologies due to its resistance to fading, wired-line voice quality, and data rate 

on demand up to ISDN rates, thereby permitting multimedia communications. 

Further, B-CDMA can overlay and share the spectrum with the existing AMPS or 

TDMA cellular users

3.3 B-CDMA OVERLAY

The O-B-CDMA system connects to the AMPS cellular system directly by coupling 

to the sectored antennas shown in Figure 3.3a. Assume, for example, that there 

are 3, sectored, antennas. The bandwidth spacing used by the AMPS system is 30 

KHz/channel and each channel is spaced 630 kHz apart, rather than 210 kHz 

apart, as is in the case when using an omnidirectional antenna in the base. Thus, 

as shown in the Figure, frequency 1 is in sector one, frequency 2 is in sector two 

and frequency 3 is in sector three, etc.

In order for Broadband CDMA to operate property, four conditions must be 

simultaneously met. When these four conditions are met, coexistence is insured. 

For example, in Figure 3.3b we see that Condition 1 is that the CDMA base station 

should not jam the AMPS mobile. In this Figure the AMPS mobile is shown placed 

at the edge of 3 cells where it is interfered with by three CDMA base stations. This 

is the worst case position.
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The second condition, which can also be illustrated using Figure 3 3b, is that the 

AMPS base stations should not jam the CDMA mobile. The worst-case condition is 

when the CDMA mobile is placed between the three base stations so that three 

AMPS base stations are jamming it directly.

Figure 3.3c shows the remaining two conditions: Condition 3 is that the CDMA 

mobiles do not jam the AMPS base stations and condition 4 is that the AMPS 

mobiles do not jam the CDMA base station.

Conditions 1 and 4 are largely satisfied by using notch filters in the CDMA base 

transmitter and receiver. While Conditions 2 and 3 can also be satisfied by using 

notch filters in the CDMA mobile units, it is instructive to initially assume that the 

mobile units do not employ a notch filter.

3.3.1. Approximate B-CDMA Capacity Analysis

Condition 2 is to prove that the AMPS base station does not jam the CDMA mobile. 

In Figure 3.3.b we see that the three AMPS base stations are jamming a CDMA 

mobile at the junction of three cells. The interference to the CDMA mobile caused 

by the AMPS system is l=3nAPcF/Gcwhere PCF is the power received at the CDMA 

mobile from the AMPS base, on a per user basis. The processing gain is Gc = W/fb 

for a CDMA bandwidth W and data rate fb: nA is the number of AMPS users/sector. 

The maximum number of AMPS users per sector in a 10 MHz band, using 3



11

sectors, is nA=16 The worst case interference to the CDMA mobile by the CDMA 

base stations occurs when the mobile is jammed by three base stations In this 

case the interference is

I = 3anc PVGc (3.3.1.1)

where aM/2 because one-half of the time a user is not talking and during this time 

the user is not transmitting Hence, on the average, twice as many users can 

operate on the same channel. This is called "voice activity detection". The received 

CDMA power, per user, is P and therefore the signal to interference ratio is

c .M

/ y  g

3 a  n c P CF + 3 nAP; (3.3.1.2)

In order to compare this system performance to the performance that we get in a 

narrowband CDMA system we set fb = 8kbits per second and we find Gc = 

10MHz/8kbits = 1250. Let the signal-to-interference ratio be set to equal 4dB 

Solving Eq (3.3.1.2) yields

nc < ( i f  i f )  nA 167 (3 3.1.3)
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To satisfy Condition 3, that the CDMA mobiles do not jam the AMPS base, we use 

Figure 3.3c The interference to the AMPS base caused by the CDMA users, Uc 

=2a ricPcR /Ga. where the factor of 2 is assumed to account for the effect of spillover 

power from CDMA mobiles in surrounding cells. Actually, the "spillover" depends 

on the hand-off region, the standard deviation (o) of the lognormal distribution for 

shadowing, the number of antenna sectors employed, the propagation exponent, 

the distribution function for the density of subscribers (here assuming a uniform 

density) and etc It can also be shown that spillover decreases with increasing chip 

rate.

The power that the AMPS base receives from an AMPS mobile is Par The signal 

to interference ratio is therefore,

where GA = 10MHz/15kHz = 667. (15kHz is the IF bandwidth of the AMPS system.) 

The interference Iraa is the interference to an AMPS signal received at the base, 

from distant AMPS signals operating at the same frequency. Due to frequency 

reuse this interference is small.

(3.3.1.4)
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If we assume that the signal-to-interference ratio at the AMPS base is 17dB, Eq.

(1.4) reduces to

anc 4.4 (p*  Pc) (3 3.1.5)

3.3.1.1 Simulation

During the last year some simulations has been performed at InterDigital One of 

the Simulations performed of a B-CDMA cellular system overlaying an AMPS 

cellular system The base stations of both of these systems were assumed to be 

co-located and cell sizes were assumed identical. Each B-CDMA user is assumed 

to be operating at 8kb/s and spread over a 10MHz bandwidth. Voice 

communications with voice activity detection is employed and is assumed to result 

in increasing the numbers of users by a factor of 2, i.e., a = 1/2. Adaptive power 

control (APC) is used and a 1dB error is considered in these simulations. The 

Monte Carlo simulations assumed that the AMPS and B-CDMA mobiles were 

uniformly distributed in regular hexagonal cells with a radius of 6 miles, with 1, 3 or 

6 sectors in each cell. The propagation loss model assumed R'2 loss before and R"4 

loss after a breakpoint given by do = 4 hthA where = 5 feet, is the mobile transmit 

antenna height, hr = 300 feet, is the base receive antenna height and the 

wavelength I = 1 feet. Thus, do = 6000 feet. The base antenna pattern was 

parabolic, with a 4dB loss at ± 60 degrees, for the 3-sector case and ± 30 degrees 

for the 6-sector case, and had a limiting front-to-back ratio of 20dB. A log-normal
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shadow loss with an 8 dB standard deviation was used. Power control and hand-off 

was also included.

In this simulation 40 notch filters were used in the base transmitter and 40 notch 

filters were placed in the base receiver. Each notch filter was positioned in 

frequency to the largest AMPS users as seen at the base station. In addition, each 

notch filter was 40dB deep and had a bandwidth of 60kHz. It was found that notch 

filters in the remote units do not significantly improve performance and so such 

notches are not used. Furthermore, it was shown that the removal of the notches 

from either the base transmitter or the base receiver, severely limits the B-CDMA 

capacity. Hence the results shown below all employ base station notch filters both 

in the transmitter and receiver.

Spillover

The results presented below are for 1, 3 & 6 sectors per antenna. Each sector in 

each cell is considered to have equal loading. This result affects the internal user 

loading, which is the capacity, For example, there has been continual discussion in 

the literature as to the magnitude of the effect of the users in adjacent cells on the 

number of users in the desired cell. Table 3.3.1, presents simulation "spillover” 

results as a function of the number of sectors, and the hangover threshold. For 

example, in a S=3 sector system, with a hangover threshold h=3dB, a user U in a 

cell A, who has traveled to cell A from an adjacent cell B, will remain synchronized
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to cell B until the power received by this user from base station A exceeds the 

power received from base station B by table h = 3dB Thus, user U is considered to 

be in cell B although user U is physically located in cell A until a hysteresis power 

of 3dB is achieved. As a result, APC requires user U to increase his power in order 

to reach base station B, thereby increasing the jamming of base station A by user 

U. Consider now that the handover threshold (or hysteresis) is increased to h=6dB. 

In this case users in cell B jam cell A even more.

These conceptual results are verified in Table 3.3.1 which shows that, for S=3 

sectors, the spillover factor k increases from 0.25 to 0.41 to 0.66 as the handover 

threshold increases from h=0dB to 3dB to 6dB. This means that if there are n, B- 

CDMA users in each sector of each cell, the interference appears to have been 

caused by (1 + k) n users. In Eq. (3.3.1.4), it was assumed that k = 1. Table 3.3.1 

also shows that for the same handover threshold, the spillover factor/or 

interference increases as the number of sectors increase. This is due to the fact 

that users in adjacent sectors are detected by the antenna as a result of its finite 

antenna gain characteristic. Thus users in adjacent sectors may provide 

interference to the users in a desired cell. In this simulation we employ h=6dB

In addition, since fading decreases with increased bandwidth, less power must be 

transmitted as the bandwidth increases. Hence spillover decreases with increased 

bandwidth



1 6

3.3.2. Fade Depth

The received signal generally consists of delayed versions of the transmitted 

signal. These are the multipath signals. Those delayed versions of the signal that 

arrive within a chip duration and subtract, cause the received signal to 'fade". 

Those multipath signals arriving outside the chip duration result in an increase in 

the interference level, since these components look like additional CDMA signals; 

however, they do not produce fading. Furthermore, the power contained in each of 

these greatly delayed signals is significantly reduced by the "processing gain" of 

the B-CDMA system. The processing gain is the ratio of the bandwidth of the 

spread spectrum signal, divided by the information bit rate, which is Gc = fA  = 

1250 = 31 dB.

The fade depth is inversely proportional to the bandwidth of the B-CDMA signal,

i.e., the wider the signal bandwidth, the smaller the chip duration and the fewer the 

multipath components that fall within a chip duration. Hence, the probability of a 

frequency-flat fade decreases as the bandwidth increases.

Figures 3.3.2.1 through 3.3.2.3 present the fade probability and fade depth as a 

function of signal bandwidth. Experimental results were obtained for the 

bandwidths 48, 30, 22, 11, 2MHz and CW These experiments were performed in
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an office, in the suburbs and in downtown New York City Note the increase in the 

fade depth, as a function of signal bandwidth Note particularly that the fade depth 

varies only slightly for bandwidths exceeding 11MHz but increases sharply for 

bandwidths of 5MHz or less, this results are giving us the power of the signal which 

include the sum of all the multipath, But this measurement does not tell us about 

the behavior of the signal after despreading which may be one multipath ray or 

some other multipath that comes within the chip time, most importantly, we doesn’t 

know the amplitude level and phase behavior of that despread signal relative to the 

other multipath rays that are outside the despread chip time, If we are working with 

receiver of one “finger" (despreader), The question is, is this finger the best one to 

use? If this is not the best how much amplitude are we losing? This question led us 

to build a  channel sounder to measure the delay spread to determine if we need 

RAKE for B-CDMA, and if need a RAKE what type of RAKE?.

3.3.2.1 RAKE

A "RAKE" receiver is a tapped delay line receiver attempts to collect the signal 

energy from all the received signal paths that fall within the span of the delay line 

and carry the same information. Its action is somewhat analogous to an ordinary 

garden rake and, consequently, the name "RAKE receiver". In our case the RAKE 

receives each multipath signal, delays each by an appropriate amount and then 

combines them following some algorithm. Thus, a RAKE receiver is a space 

diversity receiver that uses the fact that multipath signals are arriving from different



18

directions with different delays and amplitude. This signals are collected in a “time 

diversity receiver". In our channel sounder experiment, a RAKE receiver was used 

to display each of the received multipath signals Figures 3.3 2 4 and 3 3.2.5 show 

the results obtained when using a scanner receiver to search different time delays 

for multipath. These experiments were all performed in suburban environments in 

which the transmitter and receiver were not within line-of-sight of one another. 

Figures 3.3.2.4 and 3 3.2.5 show the close-in multipath. Note that each pulse is 

20ns in duration and that the extent of the multipath is typically less than 120ns. 

Note also that the power in the multipath signal is about 6dB below the largest 

returned signal. Figure 3.3.2 6 shows additional experimental results, obtained in 

Manhattan, using an extended RAKE which views the signal for 4ms In this 

experiment a transmitter was placed on the top of a building located on 23rd Street 

and 6th Ave., in New York City. The receiver was on the ground between 26th and 

27th Streets and 6th Ave., out of sight of the antenna. Note that the primary returns 

were 6 to 10dB, or more, greater than any of the observed multipaths. The last 

experiment was at Central Park here we again were took measurements of delay 

spread Initially we were locked to the Line Of Sight (LOS) ray which was the 

biggest, When we went out of Line Of Sight we kept locking on the same ray that 

become smaller relative to the other multipath (all the rays were out of LOS at that 

point), for this type of behavior we need a  RAKE unless one can make a  coverage 

area that has, all the time LOS with any base (switching diversity by hand-off from 

base to base).
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Summarizing, we find that wider band B-CDMA systems suffer less fading since 

the chip duration enables us to break the time interval of multipath spread to sub 

groups of a time of arrival, each subgroup has duration of a chip time, each 

subgroup is despread separately: all the despread subgroup is then combined 

coherently after multiplying with the optimal complex weight. We find that if the chip 

duration is less than the multipath spread of the channel, then the need for a time 

diversity system such as a RAKE is small, therefore at 10MHz there is little need for 

a  RAKE receiver (Of course, a  RAKE receiver could be used to further enhance 

the performance of a B-CDMA system by increasing the processing gain).

3.3.2.2 Mobility And Adaptive Power Control

A spread spectrum base station receives all of the incoming signals 

simultaneously. Thus, if any signal is received at a higher level than the others, that 

signal's receiver will have a  higher signal-to-noise ratio and therefore a lower bit 

error rate. The Broadband-CDMA base station insures that each mobile transmits 

at the correct power level by telling the remote, every 500ms, whether to increase 

or to decrease its power. This technique is called Adaptive Power Control (APC). 

Simulation

Simulations has been performed by InterDigital. Figure 3.3.2.7a shows a typical 

fading signal which is received at the base along with 10 other independently 

fading signals and thermal noise having the same power as one of the signals.
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Note that the fade duration is about 5ms which corresponds to vehicular speed 

exceeding 60mph Figure 3 3 2.7b and 3.3.2.7c illustrates the results obtained 

when using a particular APC algorithm In this case, whenever the received signal 

changes power, the base station informs the remote and the remote varies its 

power by +1dB Figure 3.3.2.7b shows the APC control signal at the remote Figure 

3.3.2.7c shows the received power at the base station Note that the APC failed to 

accurately track the deep fades and as a result 9dB fades resulted. This reduced 

power level resulted in a BER=1.4 x 102

Figure 3.3.2.8a shows the same fade; however, now a different APC algorithm is 

employed. In this case the control voltage results in the remote unit changing its 

power by a factor of 1.5 in the same direction, or by a factor of 0.5 in the opposite 

direction. In this particular implementation the minimum step size was 0 25dB and 

the maximum step size was 4dB. The resulting control voltage is shown in Figure. 

3.3.2.8b and the resulting received power from the remote unit is shown in Figure. 

3.3.2.8c. Note that the error is usually limited to +2dB with occasional decreases in 

power by 5 to 6dB resulting in a BER » 8 x 10-4, a significant improvement 

compared to the previous algorithm. The use of interleaving and FEC usually can 

correct any errors resulting from the rarely observed power dips 

Initially this APC algorithm didn’t work correctly at the Overlay field test 

application because the AMPS users power combined with the CDMA users
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practical correction to this algorithm was erasure of a bed control signals that are 

arriving to the remote unit.

3.3.3. The Notch Filter To Increase Capacity

The notch filter is used to allow an increased number of CDMA users to operate 

without interfering with the existing AMPS users and also to prevent the AMPS 

users from interfering with the CDMA users. To accomplish this purpose, the notch 

filter can be placed in the base and in the remote subscriber; in the transmitter and 

in the receiver of each. Simulation results show that it is most important to place the 

notch filters in the CDMA base station

3.3.3.1. Theory

The algorithms [11] for narrow-band interference suppression may be classified 

into two general categories. The nonparametric techniques employ the FFT. 

algorithm for performing a spectral analysis that specify the transversal filter. With 

this algorithm no prior knowledge regarding the interference is assumed. The 

second category is based on linear prediction and is termed parametric. The 

interference is modeled as by passing white noise through an all pole filter.

3.3.3.2. Filter Based On Nonparametric Method

The basis for the nonparametric method is that the spectrum of the PN sequence 

is relatively flat while the spectrum of the narrow-band interference is highly
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signal once we have the estimate of the power spectral density we can have the 

transversal filter by doing the IDFT of H(k) where H(k) is defined by

h ( n ) = 2 L , H ( k )  , n = 0 , \ , - - , N -
V - 1

(3.3.3.1)

where H(k) is defined by

(3.3.32)

where P[f ) ,0< /  < Fs denotes the estimate of the power spectral density and F, 

denotes the sampling rate.

The filter needs to be linear phase This is achieved because H{k) = H ' ( N - k )  

since P{f)  = p{f s -  f ) .  Hence, h(n) is symmetric h(n)=h(N -1 - n). In fact, the filter 

whiten the spectrum of the incoming signal.

3.3.3.3. Filter Based on Linear Prediction

Instead of using the received signal to estimate the spectrum directly the estimate 

of the narrow-band interference is based on modeling the interference as white 

noise passed through an al-pole filter The filter is all-zero filter having zero 

positions that coincide with the estimated pole positions,
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An estimate of the sampled interference l(k) is formed from the sampled received 

signal r(k), we can predict l(k) from r(k-1),r(k-2)...,r(k-m). that is,

i ( k  ) = Y  a , r ( k  -  / ) (33.3.3)
/ - i

where {ad are coefficients of the linear predictor which are predicted by minimizing 

the mean square error between r(k) and l(k), which is defined as

E ( m ) =  E [ r { k ) - U k ) ] 2 = E r{k)~YaA k - 1)
i-1

(3.3.34)

Minimization of E(m) with respect to the predictor coefficients {ad is accomplished 

by using the orthogonality principle in Mean Square Estimation (MSE) this leads to 

the set of linear equations

Y j a , p { k  -  I )  = p ( k  ),••• k  = 1,2 ,••• , m (3.3.35)
/ « i

where

p { k )  = E[r(m)r(k  +m)]  (3.3.36)

is the autocorrelation function of the received signal r(k). The equations in 3.3.3.5 

are called Yule-Walker and can be written in matrix form as
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Rnflm = K,  (33.3.7)

where R„ is the m x m autocorrelation matrix, am is the vector of filter coefficients, 

and bm is a vector of autocorrelation coefficients p(k) ,1 < AT <m,. The matrix is a 

Toeplitz matrix which is efficiently inverted by use of the Levinson-Durbin algorithm. 

By using the predicted coefficients in Eq. 3.3.3 3 we find T(k) the estimate of the 

interference, and subtract it from r(k), [r(k)=s(k)+i(k)+n(k)]. The difference r(k)- f(k) 

is processed further in other to get the data.

Eq. 3.3.3 5 requires knowledge of the autocorrelation function p(k). There are 

some methods to predict the autocorrelation function one method is using a block 

of N samples of {r(k)} and then direct estimation of p(k) by using

N-k

Y s r { n ) r { n  +  k ) , . . . k  = (3.3.38)
n=0

Now substitute in 3.3.3 5 and us the Levinson-Durbin algorithm.

3.3.3.4. Performance Simulation, and implementation

In our implementation we had to notch out up to 100 AMPS signals with minimum 

spacing of 30khz. The BW of the CDMA signal is 8 MHz (the chip rate is 8 Mcps ). 

A block diagram of the receiver with notch shown in Figure 3.3.3.1 the spread DS 

signal is received and filtered & passed through a LNA, filter, Mixer, IF BPF at 70
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MHz and BW of 8 MHz, AGC amplifier/attenuator, QPSK demodulator that has two 

output signals, the in phase (I) and the quadrature (Q), these two signals passed 

through two matched filters and then converted to digital by using 12 bits A/D with 

sampling rate of 15.35 MHz, In the baseband notch filter the signal converted to the 

frequency domain by using a pipe line complex FFT of 1024 points, the 1024 

complex output of the FFT is then multiplied by a MASK that is produced by the 

notch filter controller, the output of the complex multiplier then converted through 

the IFFT to the time domain. An overlap and add algorithm was used and out of 

1024 point we used just 512 points. The notched signal then converted back to 

analog through a D/A and recover filter. The output of the notched filter is then 

apply to the despreaders and to the QPSK demodulator that implemented digitally 

as well.

The notch filter was design to work in a fixed mode and in an adaptive mode. In 

the fixed mode we are notching the fixed AMPS frequencies of the desired base 

and some frequencies from the neighbor cell if he is in our sectored antenna beam, 

In the adaptive mode the received signal is sampled at the rate of 1024 times 15 

KHz, FFT of 1024 samples performed, and an algorithm that looks for the 

frequencies need to be notched. The list of frequencies to be notched is transferred 

to an algorithm that estimate the autocorrelation function, and the filter coefficient. 

The algorithm simulates the NB AMPS signals as a sum of a narrow-band (30kHz) 

gaussian noise (colored noise ). The Levinson-Durbin algorithm performed on the 

estimated autocorrelation function. Then the coefficients for the transversal filter is
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calculated (this is the impulse response of the filter) The implementation of the 

filter was based on the convolution theorem and the overlap and add method, 

which is performing a FFT transform on the signal and on the filter impulse 

response, then multiply them and perform an IFFT, while taking care to the “tails” of 

the FFT

To achieve a notch depth of 50 dB and a processing gain of 21 dB, we used an 

A/D of 12 bits and the other calculation in the notch was with higher dynamic range. 

A MASK (the filter coefficients at the frequency domain) that calculated the notch 

controller with 29 notched frequencies is shown in Figure 3.3.3.2a and 3.3.3.2b. In 

Figure 3 3.3.2a the magnitude response of the filter, and one can see that the 

linear prediction did not yield the required notch depth, Furthermore by looking to 

the phase response of the filter in Figure 3.3.3.2b we can see that the filter is not 

linear phase as required.

The output SNR at the receiver is maximized when the receiver consists of a filter, 

say H(f) followed by a filter matched to H(f)S(f). Thus, a matched filter with 

frequency response characteristic H*(f)S*(f) will maximize the output SNR. If H(f) 

represents the filter with impulse response h(t), then H*(f) represent a  filter with 

impulse response h(-t). Thus, the cascade of these two filters is a filter having an 

even impulse response Since we implement the 512 tap FIR filter by using a FFT, 

it is very easy for us to implement two such cascade filter in the MASK (frequency 

domain) The complex MASK that was used initially was replaced by a MASK that is
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just the magnitude (real) of the complex MASK (H(k)H*(k), k=1,2, N] Figures 

3 3 3 3 show the constellation of a QPSK signal that is shown at the despreader 

output. Figure 3.3.3.3a show the QPSK constellation after complex MASK with 40 

notches one can measure that the SNR is low as 6 dB, In Figure. 3 3.3.3b we used 

the magnitude MASK with 40 notches and the SNR improved to roughly 19 dB. In 

Figure 3.3.3.3c we used a magnitude MASK with one notch at zero (center 

frequency) and some emphasis on the higher frequencies for matching with the 

channel, one can see that the SNR improved close to the theoretic processing gain 

which is 20.5 dB.

3.3.3.5. New Notch Algorithm

One can see that the notch filter processor using FFT and IFFT is a  very powerful 

and expensive processor after we proved that the concept of the overlay is a 

working system we then needed to find a good, inexpensive, and small size, 

solution. The new solution to the problem is to use a PN that is already notched in 

the transmitter and in the receiver.

Figure 3.3.3 4 shows the basic block diagram of the spread spectrum transceiver 

using notch filters Refer first to the transmitter section The periodic PN sequence 

is first notched and then mixed with the data. The data has been interleaved, FEC 

encoded and low pass filtered. The data-PN product is then up converted, 

amplified and transmitted If Figure 3 .3.3.12 represents the base station, the data-
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PN product for each of the CDMA users is first combined before being inputted to 

the transmitter block.

In the receiver, the local PN sequence is first notched and then used to despread 

the received spread spectrum signal. The two notch filters usually identical, and the 

notch in the base transmitter for user 1 could be matched to the notch in the mobile 

of user 1 for optimum performance.

The frequencies to be notched can be ascertained in the base by the FFT and 

also by side information conveyed by the AMPS base station. The frequencies 

notched in the mobile are sent to the mobile by the base station and could be 

determined using the FFT shown in Figure 3.3.3 4.

The simulation results presented below emulate a BCDMA overlay on the 10MHz 

AMPS cellular band. Figure 3.3.3 5 shows a sample function of the 32kb/s data to 

be transmitted. This data is low pass filtered to 20kHz. The data before and after 

filtering is shown. Figure 3.3.3 6 shows a sample function of the 8Mchips/s PN 

sequence used in the B-CDMA overlay. This sequence is band limited to 5MHz to 

generate an RF bandwidth of 10MHz. The notches were 60kHz wide and, for the 

purpose of providing an "artistic" picture, were uniformly distributed over 10MHz. 

The baseband time sequence of the PN signal is therefore band limited to 5MHz. 

Figure 3.3 3 7 shows the spectrum of the notch filtered PN sequence.
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The notches are approximately rectangular since they are generated by the 

removal of those specific PN frequencies. Figure 3.3.3 8 shows a "zoomed" portion 

of the received spread spectrum signal with the 40 notches, 40 AMPS interferes 

(shown here for simplicity as CW interferers) and 101 CDMA users Figure 3.3.3 9 

shows the unfiltered transmitted data as well as the received output data after 

filtering using a 20kHz filter Note that some errors in the data exist, however, these 

are readily corrected by the FEC.

The channel has been implemented and performed with a 10'1 BER at J/S =70 dB, 

This includes a 50 dB NB interference rejection. (The quantisation error of 8 bits 

has been used to represent the notched PN code). Figure 3.3.3.10a,b shows the 

transmit spectrum out of the power amplifier, The notch depth is limited by the 

compression point of the 200 Watt PA.

3.3.4. Description Of The Overlay Experiment

The field tests were taken at base station Clive in the Des Moines (latter on we 

made another field test at base station Ankeny), a cellular system operated by US 

Cellular. Figure 3.3.4 shows the location of the base stations used in the Des 

Moines area. Note that there is a considerable variation in power levels due to dips 

and rises in the terrain.
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The Overlay Description

The OVERLAY project has basically two building blocks: The Base and Remote 

units. Figure 3.3.31 show the base block diagram, The base is built from an RF 

unit, modem boards, notch filter, telephone interface and echo chancellor unit. The 

remote unit is build from RF unit, modem unit, phone interface and data interface 

for the video system.

The modem is described in Figure 3.3 4.1. The design is based on a one finger 

despreader (no RAKE ) with the next specification:

1. Processing gain of 20 dB (0.5 dB implementation lose)

2. Acquisition performance:

a) Attack time 6 sec at the remote, 50 ms at the base with scan relative.

b) The attack probability is 90% at a J/S=15 dB in 6 second

c)The probability of FA is 0.001%.

3. Tracking performance: lost lock at 20.5 dB

4. Power Control Algorithm :, based on close loop algorithm.

5. Modulation technique : QPSK, 76 kbps

6. No hand-off was incorporated yet.

The notch filter was designed to provide 50 dB deep notches However, due to 

non linear phase problems 30 dB notch depths were obtained.
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The power amplifier was designed for a 200 Watt compression point but we 

actually got just 140 W due to matching problems.

No Hand off - The system at this point is a one cell system and it dose not include 

hand-off In the case of a regular single cell, CDMA does not have any real 

problem, It does not have any Co Channel Interference (CCI). In the case of 

Overlay we have uncontrolled CCI from the AMPS system. This CCI come from 

surrounding, covering and overlapping AMPS cells. We found in our first visit to 

Des Moines, in August 1993, that in some points the difference in power levels 

received at the mobile from one base to the other base can be more than 30 dB, 

The solution to the shadowing problem at the edge of a cell is to employ include 

hand-off diversity between two or three base stations at the mobile as part of a 

RAKE receiver.

The AMPS antenna used at Clive was an Omnidirectional antenna with a full-load 

capacity of 40 users. Arriving at the antenna are interference. We got some 

protection against multipath fading with the price of degradation in our system. B- 

CDMA antenna was co-located with the AMPS antenna but was sectored to a 

beamwidth of 105 degrees. As a result the B-CDMA antenna provided 4 dB more 

gain than the omnidirectional antenna This is illustrated in Figure 3.3 4 2. The 

AMPS power transmitted from the base was measured at 20W/users Thus, when 

40 users are present, 800W are transmitted The CDMA power transmitted from 

the base was able to be varied from a total power of 5W to a total power of 140W.
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These results are illustrated in Figure 3 3 4.3. Note that the product of the cable 

loss and antenna gain is 11dB for the sectored B-CDMA antenna and 7dB for the 

co-located omnidirectional AMPS antenna.

The total power received at the Clive base due to the AMPS users is shown in 

Figure 3.3.4.4. Each point shown in the received power averaged over 1 minute. 

Figure 3.3 4.5 shows the total power received, averaged during each hour, during a 

typical 24 hour period Using Figure 3.3.4 5 we find that the worst case power 

received at the AMPS base station is -60dBm.

The amount of power seen by the B-CDMA antenna is approximately 5dB below - 

60dBm since the B-CDMA antenna has a 105° sector and therefore "sees" only 

30% of the received power. However, the B-CDMA antenna has an increased 

antenna gain of 4dB. Hence, the received AMPS power at the B-CDMA receiver is 

-61 dBm.

The power received at the B-CDMA receiver due to the B-CDMA power/mobile 

was adjusted to be -93dBm and maintained relatively constant by the adaptive 

power control system described in Section 3.3.2 2. If there are NB, B-CDMA users 

in a cell, where NB is large, variations in received power from each user, due to 

imperfect power control, would still result in an average received power of 

approximately -93dBm.



3 3

The power received at the AMPS receiver due to the B-CDMA users is -97dBm 

since the AMPS antenna has 4dB less gain than the B-CDMA antenna

3.3.4.1. B-CDMA Spectrum

The B-CDMA signal used in this test was spread to a bandwidth of 8MHz and data 

was transmitted at the rate of 64kb/s. Thus, each 64kb/s user corresponds to 8, 

8kb/s users. Furthermore, as the data rate decreases, the signal power needed for 

any user to transmit each bit of data also decreases in order to keep the energy 

constant. Thus, each 8kb/s signal can be transmitted with 9dB less power than 

each 64kb/s signal.

3.3.4.2. Signal-To-Noise Ratio

The S/N ratio assumed needed for good AMPS operation was 17dB. The S/N ratio 

needed for good B-CDMA reception (P,=10'5 after FEC decoding) was S/N=4dB.

The results presented in this section and in Section 3.3.5 are summarized in Table

3.3.4.1.

3.3.5. Calculation Of The Number Of Users In The Reverse Link

In this section, the experimental results obtained are used to calculate the number 

of B-CDMA remote users. Figure 3.3.5.1 shows the output I channel of the notch 

filter. The upper curve is the output without connecting the antenna to the system,
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The lower one is with the antenna connected but without any CDMA signals in the 

air The noise floor of the receiver is at a level of Ke*T*10kHz*N F= -174+40+7=- 

127dBm dBm/10kHz The CW that are shown after the notch filter are peaking 

level of -100 dBm, If one integrates this spill over AMPS signals in this curve one 

can get about -90 dBm integrated noise which equivalent to two CDMA users,, that 

are arriving at level of -93 dBm each.

3.3.5.1. At The AMPS Base

The power received at the AMPS base due to a B-CDMA user is -97dBm. This 

power is reduced since the B-CDMA signal has a bandwidth of 8MHz and the 

AMPS bandpass filter is 15kHz. Thus, the attenuation is

OkJ
Attenuation   533 •=- 27dB

15K

The B-CDMA power received, per B-CDMA user, affecting each AMPS user is then 

(see Table 3.3.4.1) -97-27 = -124dBm. Referring to Table 3.3.4.1, the minimum 

power received at an AMPS base station due to a remote AMPS user occurs 

during hand-off and is greater than -92dBm. Thus, the number of B-CDMA users in 

a cell is Ne> where NB is found from the equation:

S N  17 --- (124-Nb)  -92 (3.3.5.1)

Hence

%
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N .

15dB = 31 BCDMA users operating at 64 kb s

0R  (33.5.2)
18dB = 62 BCDMA users operating at 32 kb s

3.3.5 2. AT THE B-CDMA BASE: REVERSE LINK

Using the largest (worst case) averaged AMPS power of -BOdBm (Table 3.3.4.1) 

and noting that the B-CDMA antenna only "sees" 105°(-5dB), so that the B-CDMA 

has 4dB higher gain, the maximum interfering AMPS power is

1  a m p s  = (3.3.53)

The measured signal received by the B-CDMA base is -93dBm. The interference 

produced by

Table 3.3.4.1 Experimentally Determined System Characteristics

Characteristic B-CDMA AMPS

Antenna 105° sectored Omnidirectional

Pt adjustable 5W to 20W/user

Antenna Gain x Cable loss 140W 7dB

EIRP 11dB

18dBWto32dBW

Total

20dBW/user
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Power Received at base per 

B-CDMA subscriber -93dBm -97dBm

Total Power Received 

at base due to remote AMPS 

subscribers measured 

in 8MHz:

Minimum:

Maximum:

-79dBm 

-61 dBm

-78dBm

-60dBm

Power received at AMPS Base due 

to one AMPS remote subscriber, 

normal operating range:

hand-off interval:

N/A

•60dBm to - 

78dBm 

-78dBm to - 

92dBm

Bandwidth 8 MHz 15 kHz/channel

Number of Channels 

(Simultaneous Users)

62, 32 kb/s 40 Maximum

Data Rate 64 kb/s Analog voice
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SNR 4dB (to achieve 

P.=10-5) 

after FEC decoding

17dB

RAKE none embedded in the 

nature of FM

DIVERSITY none two elements 

space diversity at 

the base

FEC Rate -A, K = 7, 

convolutional code 

with 

trellis decoding

None
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each B-CDMA interferer level is on the average also -93dBm, and the interference, 

produced by the B-CDMA and AMPS users, is reduced by the processing gain, 

PG, where

PC 8KLH: = 125(2IdB) (3.3.54)
64kb / s

This processing gain is, however, reduced by the notch filters in the receiver. This 

reduction was measured to be 3dB. The interference produced by each AMPS use 

is reduced by the notch filter by 30dB.

The signal-to-interference ratio is then

7 4dB -   Pb(PQ  (3.3 5 5)
• Hb  P b + P amps* A nf

where NB is the number of B-CDMA users in a sector

PB = -93dBm

PG = 21 dB -3dB = 18dB (due to reduction of received power due

to Notched Filter)

Pam ps = -61 dBm from Table 3.3.4.1
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Anf = 30dB, attenuation produced by Notched Filter

Then

Pb(PG) = - 93dBm + 18dB = - 75dBm (3.3.56)

P a m p s *  Anf = -6ldBm-30dB = -90dBm (3.3.57)

Since the result in Eq (3.3.5 7) is much less than the result in Eq (3.35.6)

Thus, there are 20, 64kb/s B-CDMA subscribers in the sector. Hence there are 40, 

32kb/s subscribers in the sector and in the cell. This result greatly exceeds the 

limitation placed by Eq (3.3.5 2). Note that the notched filter in the B-CDMA base 

receiver is critical for satisfactory overlay operations. The total number of B-CDMA 

users per cell determined by these results is:

nBP B ~ - 8 0 d B m (3.35.8)

and

N, = 93-80=13t*B........ (*20) (3.35.9)
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/V, = 5 % ^  = 1 6 7  u s e r s  a t l 2 k h . p s  (3 3 5 1 0 )

This number neglects B-CDMA spill over and voice activity capability

3.3.5.3. At The AMPS Remote Subscriber: Forward Link

As mentioned earlier, the AMPS base transmits 20W/user. The B-CDMA base 

transmits a total power PTB to nBl B-CDMA users in the 105° antenna sector. This 

power is increased by 4dB relative to the transmitted AMPS signal due to the 

difference in the antenna gains. Figure 3.3.5 2a show a received signal at the 

remote unit during a one CDMA user in the air. The CDMA base was transmit just 

one CDMA user and a pilot with half power level of a user (10 Watts), one can see 

that the AMPS SNR is about 27 dB/30 kHz means we can add more 15 CDMA 

users until we beginning to cause any degradation to the AMPS spec 

Figure 3 3.5.2b is showing similar performance to Figure 3 3.5.2a in distance of 4

miles from the base. Figure. 3.3 5.2c has been taken at a  point that has line of site 

with two base stations during two CDMA users at the air. one can see the problem 

of spillover at a remote between two base stations and how match it is important to 

have any kind of diversity with the two received signals from two bases.

P C ,  HbL 2 7 dH (3.3 511)
15K

A S/N = 17dB is required by each AMPS user. The power PT B is reduced by the 

processing gain
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Hence, with an AMPS power of 20W (13dBW)/user, S/N = aPwiPslPr &cdma/PG 

where

P AMPS = 20W (13dBW)

PG = 27dB

and

a = -4dB to normalize antenna gains 

Therefore

17 = 13-4- (Pt.b-27) (3 3 5.12a)

and

Pt.b = 19dB watt users. (3.3.5.12b)

If 5W (7 dBW) is the minimum transmitted for each B-CDMA user, then without a 

notch filter in the B-CDMA base transmitter,
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nB = 12dB (=16) (3 3 5 13)

Thus, 16, B-CDMA users can operate in the 105° sector at 64 kb/s.

Hence, (neglecting BCDMA spillover and voice activity capability):

NB = 106, 32 kb/s B-CDMA users can operate in a cell (3.3.5.14)

If a transmit notch filter is used with, say a 10dB attenuation, the power, per B- 

CDMA user, need to be increased due the lose in the processing gain by 3dB (to 

10W) and there are then

Nb = 19dB (_79) B-CDMA, 64 kb/s users in the 105° sector (3.3.5.15)

This number clearly exceeds the B-CDMA user limit set in Eq. (3.3.5 2).

3.3.5.4. At The B-CDMA Remote Subscriber: Forward Link

Let the power transmitted by the B-CDMA antenna be P t .& c o m a  The power 

transmitted by the AMPS omnidirectional antenna is 20 x 40 = 800W (29dBW). The 

interference at the B-CDMA remote user then has two components;
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where

Pi = P t.b +  a  P amps (3.3.5.16)

and

P amps = 29dB - 4dB = 25dB (_ 316) (3.3.5.17)

where

a = -4dB is due to the difference in antenna gains.

Letting P t .b = nB 10W/user where there are nB users in the sector covered by the 

CDMA antenna.

We see that

P t .b = 10 + nB. in dBW (3.3.5.18)

Hence, the signal to interference ratio at a B-CDMA subscriber is: (neglecting 

spillover from other b a se s)

S 10 PG 

1 ~  K)(«fl -  l) + 316
(3.3.5.19)
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Thus,

j  4dB - WdB * 2/dB - 10 log;0 [IO nB + 316] (3.3.5.20)

Therefore,

27dB SOI = 10nB * SI6 (3.3.5.21)

and

nB = 18.5 users/ 105° sector (3.3.5.22)

There are therefore

Nb = 61. 64 kb /s .  or .122. 32 k b / s  (3.3.5.23)

B-CDMA users in the cell. This number exceeds the number of users found in Eq. 

(3.3.5 2). Therefore, as expected, the B-CDMA overlay capacity is determined by 

the reverse link at the AMPS base station.

3.3.6. Reverse Link Simulation For APC

During the OVERLAY experiment it appeared that the APC reference level at the 

base can be programmed for the AMPS system. In this simulation we trying to fined
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the capacity of the CDMA as a function of the level that the AMPS and the CDMA 

signals set to be receive at the base.

The general formula for mobile radio propagation shown in Eq. 3.3.6.1 was used 

/> = (/,,-4 0 ) -6 1 7 -3 8 4 lo g ^ -  + 2 0 l o g ^  + 1 0 l o g ^  + (G( -6) + G., (3.3.6.1)

were Gt is the base antenna gain (CDMA: Gt =15 dB 60 degrees sectored 

antenna, AMPS: Gt =9 dB, omnidirectional), Gm is the mobile antenna gain 

=3dB,.hbn,is  antenna base height = 250 feet, fwantenna high remote is 5 feet, Pt 

remote =3 Watts.

Other parameters for the simulation were lognormal shadowing a=8 dB, 48 AMPS 

users per base were assumed, Base CDMA notch depth assume 30 dB, cell radios 

R = 8  miles.

The output of the simulation is shown in Tables 3.3.6.1, 3.3.6 2, 3.3.6 3 where we 

can see the number of CDMA users with SNR=3dB as a function of CDMA set level 

(change from -75dBm to -107.5 dBm ) and the AMPS set level ( change from -80 to 

-60 dBm ). The last row in the table show number of CDMA users while the worst 

case AMPS users SNR kept to be 17 dB minimum (neglecting rayligh fading ). the
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crossing point between the two criteria gives the number of CDMA users available 

at that sector

Tables 3.3.6 1, 3.3.6 2, 3.3.6 3 are runs of the simulation for three thresholds (TH) 

for the adaptive notch filter, The thresholds are determined if a notch filter will apply 

on a particular AMPS interferer. Table 3.3 6.1 show that for TH of -92 dBm the 

number of B-CDMA users is between 16 to 19 for BCDMA APC level of -87 5 dBm, 

It is shown that the number of notches that are applying for frequencies from the 

neighbor cell is between 20 to 23.

Table 3.3.6 2 show that for TH of -97 dBm the number of B-CDMA users is 

between 17 to 19 for B-CDMA APC level of -87.5 dBm It is shown that the number 

of notches that are set for frequencies from the neighbor cell is between 25 to 31.

Table 3.3.6.3 shows that for TH of -102 dBm, the number of B-CDMA users is 

between 17.6 to 19.3 for B-CDMA APC level of -87.5 dBm, It is shown that the 

number of notches that are set at frequencies from the neighbor cell is between 30 

to 39.

From the tables it appears that the APC algorithm for the CDMA must be accurate 

and a shift by 2.5 dB can cause some AMPS users at the edge of the cell to work 

with SNR of 14 5 dB If one wants to reduce the interference one needs to cut the
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amount of the CDMA users by almost half It looks, from the tables that the APC 

level of the AMPS is not critical unless The CDMA is required to work with levels 

that are less then -90dBm
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4. OVERLAY FH-CDMA

4.1 Introduction

A FH/CDMA system is proposed here for cellular telephony system. The frequency 

band used consists of two separate bands, one for transmission and the other for 

reception. For the OVERLAY application, existing users within each band may be 

"locked-out”, as shown in Figure. 4.1, i.e., the frequencies chosen in the hop set 

are chosen to exclude those “locked-out” frequencies.

The resulting OVERLAY system is expected to significantly outperform 

conventional cellular systems by allowing far more users to use the same 

bandwidth than conventional cellular systems. In addition, the system can coexist 

with other fixed frequency microwave users.

In order for the OVERLAY-FH-CDMA to operate properly we need to feel the 

same four condition from 3.1. This mainly achieve by not using the same 

frequencies for the FH-CDMA system and the AMPS. The proposed FH system 

include a six sectored base station, maximal ratio diversity at the base, switching 

diversity at the base toward the remote is assumed, six rings of underlay/overlay for 

coverage area and Forward Error Correcting Code with erasure.

4.2 Approximate FH-CDMA Capacity Analysis

The capacity of the FH-CDMA is given by:
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W* B  I
N = — — • —  • J R */!■:('• SKC»FNU) (4 21)

R \ A

Where:

N-Simultaneous calls per cell.

W-spread spectrum bandwidth.

B- efficiency of modulation techniques.

FEC-the rate of the forward error correcting code 

R- rate of digitized voice.

VA-voice activity (voice duty cycle).

FR-Frequency reuse factor.

SEC-number of sectors in cell.

FNLO- frequencies not locked out factor

For example if one uses W=10Mhz, VA=1/2, R=8 Kbps, FR=1, FEC=1/2, QPSK 

modulation => B=1.3 =>channel spacing = R/(FEC*B) = 12.5KHz, FNLO=1 and 

SEC= 6  we will have max. 4800 calls per cell. In the OVERLAY case each FH 

CDMA sector will not use the AMPS frequencies of his cell and the frequencies that 

are used by the neighbor cell, that is within the sector coverage, this will eliminate 

2/7 of our available frequencies at the 10 Mhz bandwidth so the factor FNLO will be 

5/7, at this case N will reduce to 2740 per cell or 457 users per sector, This N can 

increased by using adaptive algorithm to lockout AMPS frequencies that are 

interfered with the CDMA system.
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4.3 System Description

The building blocks of the FH/CDMA system are shown in Figure. 4.3a Here the 

voice is first digitized The hopping rate is 500 hops (SFH). Variable data rate of 

8,16,32,64,144 kbps, can be offered for comparison We will show here 8  kbps The 

Forward error correction (FEC) and erasure encoding is employed with rate 1/2 to 

1/3, The modulation technique is QPSK with shaping using the square root of a 

raised-cosign filter (QPSK-SRC) The FH-CDMA system is orthogonal (see Figure 

4.3b )& synchronous, i.e., all the remotes and the base unit changing frequencies 

at the same time, with 50 microsecond dead time between hops. The frequencies 

sequences are Reed Solomon (RS) code words, All the users within a 

sector/section are using the same sequences of frequencies but each one has a 

different cyclic shift i.e. no two users will have the same frequency at the same 

time. Users from different sector or cells are using different sequences such that no 

two users will collide more then once The diversity that used is space diversity with 

up to four antennas with maximal ratio combined, The diversity at the remote unite 

is assumed to have up to four switching diversity controlled by the base. We 

divided the area surrounding the base to six sectors by using six sectored antenna 

at the base as shown in Figure 4.3c. We divided the cell to six concentric rings as 

shown in Figure 4.3 d each has different set of frequencies and different set level 

for Automatic Power Control (APC) Figure 4 3 e show rings and sectors combined.
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For the OVERLAY FH-CDMA system we added a FFT processor to estimate the 

AMPS frequencies that are used by any cell that is within the sectored antenna 

(include our cell) and to lockout this frequency from the FH list.

4.3.1 Concentric Rings to Reduce Interference

In an attempt to prevent intercellular interference, It is proposed to divide the cell 

into six concentric rings about the base stations, as shown in Figure 4.3.d. The 

bandwidth B was also divided into six groups and one group of frequencies was 

allocated to each ring each group of frequencies are spread in all over the band for 

achieving maximum frequency diversity. Thus, a user Uj. in cell A, at a distance p*, 

from the base station will be given a frequency f5  j, falling within the frequencies of 

F5 , allocated to that ring. It is seen from Figure 4.3.d that the group of frequencies 

marked F5  in cell A is at a different radius from the base station than the group of 

frequencies F5  in cells B or C. The reason for this is to minimize the intercellular 

interference and thereby reduce the probability of error.

Note that a mobile user in cell A at frequency f5  j in band F5  when transmitting to 

its base_receives mobile-to-base interference from the six mobile users at 

frequency f$ j in band F5  in the six surrounding cells. Interference caused by users 

in more distant cells can be neglected; the signal strength from mobiles in those 

cells to the base of cell A are severely attenuated since power decreases by at 

least the 4th power of the distance[3] We assume a 4m power attenuation
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In order to explain why different system configurations were selected, it is useful to 

calculate the worst-case signal-to interference S/I ratio at the base of cell A. 

Consider that each group is allocated 10MHz/(6*12.5) ~= 133 frequencies Then in 

group F4 there are about 133 mobile users, transmitting at frequencies f4  j„ to 

*4,133 using QPSK, and each user having a bandwidth of about 12 5kHz. It is 

possible that six interfering mobile users (each at the same frequency f4  j,) one in 

each of the six surrounding cells, could be at a point closest to the base station of 

cell A, thereby creating maximum interference. Consider Figure 4.3.1.1 Since the 

interfering power received.at the base station of cell A comes from mobiles ub and 

uc, and noting that the power decreases with the 4th power of the distance, we 

have in band F , :

p*-
 ------------ ^ ------  (4.3.1.1)
/ P , 1 'c '

8 J 94

Assuming that Pa  = Pb = PC N° automatic power control

y  = 1 34 (4.3.1.2)

In such a worst-case scenario, which, of course, has an extremely small probability 

of occurrence, the S/I ratio would be unacceptably small. In 4.3.4 we will show how 

power control is improving the S/I



5 3

In Figure 4 3 1 2a,b,c,d,e,f a simulation results of a regular base station is shown, 

the simulation assumption about propagation and transmit power of the base is the 

same as the simulation at 3.3 6  0 and no shadowing. In Figure 4.3.1,2a we see the 

users distributed all over the cell (for convenient the cell appear as a circle instead 

of hexagon ), In Figure 4.3.1.2b we see the power that spill to a desired cell that 

seat at phase zero its look from the Figure that the neighbor users that are close to 

the desired base have about 13 dB higher interference, In Figure 4.3 1.2c we see 

the outage probability that is, the probability that the received signal at the desired 

base will be less then certain SNR, for SNR as parameter going from -10 dB to 40 

dB it looks that under condition of no shadowing ( o=0) and perfect power control 

the worst case SNR is zero dB, Figure 4.3.1.2d show the probability density 

function of the SNR.

Erasure Reed Solomon code is applied, where each symbol is transmitted in 

different frequency (hop) and a block code is spread over 15 hops.

Figure 4.3.1.2.e,f show the block error rate of the received signal as a function of 

the SNR threshold for declaring symbol as erasure, for RS(15,5) and RS(15,7)

Figures 4.3.1,3a,b,c,d,e,f,g repeat Figure 4 3.1.2 but the standard deviation for the 

shadowing is o = 8
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Figures 4 3 14  a,b,c,d,e,f,g repeat Figure 4.3 1 3 for six concentric rings about 

the base stations, By looking at Figure 4 3.1.4 c we can see that the outer ring 

suffer from a bad outage as it shown in Eq. 4.3.1.2.

4.3.2. Sectored Antennae Can Minimize Interference

By using directional antenna at the base we get improvement of the power received 

at the mobile unit the mobile units received signal is the combined direct and 

reflected signals from scatters located in all directions around the Mobil and by that 

the RMS delay spread can be reduced dramatically which reduce the need of 

equalizer to combat against ISI (Inter symbol interference) caused by multipath 

fades. However the use of directional antenna at the mobile unit will add some 

gain. But it would limit reception to a certain angular sector, consequently, it is 

more or less to maintain level of reception over an omnidirectional coverage area.

The use of sectored antenna minimized the Co-Channel Interference(CCI) (the 

power that spills over from one cell to the neighbor cell up link or down link).

In order to reduce the worst-case S/I condition described in Sec. 4.3.1, 6 -sector 

antennae ere selected, as shown in Figure 4.3c. In this case, each base station 

uses 6  antennas and each antenna transmits to users in its sector

The worst-case mobile-to-base station interference occurs from a single user 

whose signal can be seen from the base station. This is illustrated in Figure 4.3.2.1
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where we see user u/\ communicating in band F-) at a frequency f-j to the base 

station at cell A User U0  in cell B (below cell A in the Figure), is also transmitting in 

band F-| at the same frequency f-j. Since U0  is within the antenna beam width of 

the base station in cell A, user U0  will interfere with user u/v However, it is readily 

seen that no other user in any of the other adjacent cells will interfere. Thus, 

assuming PA = PB the worst-case S/I produced by U0  is S/I = 16 (=12dB). The 

average S/I is, of course, much higher.

Figures 4.3.2.2a,b,c,d,e,f,g shows the simulation results of base divided to 6  

sectors with o=0, In each sector there are now N users, in the cell we have 6 N 

users, the outage (Figure 4.3.2.2c ) show some degradation compare to non 

sectored ring (with the price of six time the capacity)

Figures 4.3.2.3a,b,c,d,e,f,g shows the simulation results of base divided to 6  

sectors with a=8 , The block error rate is almost unaccented.

4.3.3 Rings Sectored Antennas Can Minimized Interference.

For achieving maximum capacity, The technique that is proposed here uses a 

“frequency group" consisting of rings with sectored antennas to minimize 

interference. In order to theoretically eliminate the intercell interference, the use of 

6  rings with 6 -segment antennae is considered As seen from Figure 4.3.d each 

ring is sectored so as to insure no interference from users in adjacent cells.
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For example, consider (4 3 d ) the mobile user u/\ shown in the outer ring in cell A 

in frequency band F2 Interference to its sectored base station in cell A could only 

come from a mobile user ub in inner ring at cell B in the band F2 Since band F2 is 

divided into 6  sub bands, it is readily arranged that the frequencies used in F2(A) 

do not correspond to the frequencies in F^B) within the same sector Using this 

design, consisting of rings and sectors, there is no Interference between adjacent 

cells (ignoring multipath).

4.3.4 Forward Power Control

Forward Power Control (FPC) is the adjustment of the power transmitted by the 

base to achieve a fixed receive power at the mobile. FPC can be employed to 

minimize the base-to-mobile interference. The purpose of FPC is to insure that the 

signal power transmitted by the base, received in any frequency ring, is the same. 

Thus, in Figure 4.3 d using FPC, more power would be transmitted to mobiles far 

from the base than to mobiles close to the base. Assuming a perfect FPC, the 

power received by a user u-|, a distance r-| from the base, would be the same as 

the power received by a user U2  a distance r2  from the base If their transmitter 

powers are pi, and P2  respectively, then

Referring to Figure 4.3.4, base station A transmits, at frequency f-j a power p/\ to 

user u/\ a distance ra from the base Let base station B transmit, at frequency f-| a

(4.3.4.1)
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power pg to user ub a distance r^ from base station B. User ug then receives a 

signal power S equal to

• _S = r
and an interfering power, I, where

If FPC were not used, PA = PB and

S
/

r \« 
P

\ rk

If FPC is used, PB = I> .( r6 ) 4 l \  = p *(rt )4 so that

(4.3.42)

(4.3.43)

(4.3.44)

S
I

r \
"/m

Thus, FPC does not consistently provide a S/I improvement, unless 

one will design the reference power and the frequencies carefully.

(43.4.5)

4.3.5 Reverse Power Control

Reverse Power Control (RPC) requires that a mobile user is received at its base 

with the same power regardless of where in the cell the mobile is positioned.

• To determine if RPC can improve the S/1,, refer to Figure 4.3.3
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Assume that cells A and B have a radius rg Let u/\ be placed a distance ra from 

its base and ug be placed a distance from its base and on a line connecting both 

bases Then the S/I is

Since r^ can be larger or smaller than ra , this type of RPC has no consistent 

advantage in this system, unless one will design the reference power and the 

frequencies carefully.

4.3.6 Rings and Sectored Antennae Can Increase Capacity C By A Factor of 6

4.3.6.1 Reverse Link

The capacity of the system depicted in Figure 4.3.d can be increased by a factor of 

6  if we .

I. Let each sectored-ring contain all of the frequencies allocated to that sectored- 

ring. For example, each sectored-ring F2  contains the same 133 frequencies

(4.3.5.1)

Without RPC,

(4.3.52)
1 \  rb )

However, with RPC,/Jfl = P ^ t (rJ r0Y PA = P ^ ( r j r 0)4

(4.3.53)
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II Let the power transmitted by a user in a given ring be controlled by the base 

station and follow the rule shown below;

Ring Band Power

outer F2 Po

F3 Po

F1 Po

F4 1.4Po

F6 3Po

inner F5 10Po

Using this set of transmitted powers, one can readily show that the worst-case S/I = 

15dB and occurs for users in bands F1 and F4 The values for the transmitted 

power shown above have been selected to maximize the S/I ratio, neglecting 

adjacent sector interference and multipath.

If the spacing of the rings were selected to allow an equal user density, i.e., each 

sectored-ring is of equal area as shown in Figure 4.3.6.1, the power transmitted in 

each ring is as follows:
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Ring Band* Power Transmitted

Outer F2 P.

F3 P.

F, P.

F4 1.12P0

F6  1 5P0

inner F5 2.4P0.

Then one can readily show that the worst-case S/I is 8.5dB. The values of the 

transmitted power shown above have again been selected to maximize the S/I 

ratio, neglecting adjacent sector interference and multipath.

Figure 4.3.6.2a,b,cld.e,f,g, 4.3.6.3alb,c,d.elf,g are showing the improvement of 

apply different APC level to each ring for regular base (no sectors) where in Figure

4.3.6 2 the standard deviation o=0 and in Figure 4.3.6 3 the standard deviation 

a=8.

Figure 4.3.6.4a,b,c.d.e.f.g, 4.3.6.5alb,c,d.elflg are showing the improvement of 

apply different APC level to each ring for base that divided to rings and sectors 

where in Figure 4 3.6 4 the standard deviation o=0 and in Figure 4 3.6.5 the 

standard deviation o= 8



6 1

Figure 436.6e,f,g, 4.3.6.7c,d.e.f.g are showing the average (all the rings ) 

improvement of apply different APC level to each ring for base that divided into 

rings and sectors, Where in Figure 4.3.6 6  the standard deviation a=0 and in 

Figure 4 3.6.7 the standard deviation o=8 .

4.3.6.2 Forward Link

Figure 4.3.6 8  show the SNR of user that is located in a cell with rings (no sectors) 

and APC correction, The user is located at different points and rings it is shown that 

the worst case location gives 7 dB SNR, The performance of the forward link are 

comparable to the performance of the reverse link.

4.3.7 Choosing the Hop Duration

The above discussion neglected the effect on system performance of multipath 

fading However, in Fig 4.3.7.1 one can see that a  narrow band (12.5kHz) signal 

can fade by more than 14dB, When such fades occur, it is possible for the S/I to 

decrease dramatically and produce a significant number of errors.

Indeed, the primary purpose of frequency hopping is to move a signal at a 

frequency f,, which is fading, to a new frequency fj which may not be fading. 

However, to use the entire frequency band effectively, all frequencies must be 

used, even those which fade Unfortunately, the fading frequencies vary with 

geography, cars, people, and office environment, so that there is no guarantee of a
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to good” non-fading frequency the solution for that is space diversity as it will show 

next, but sec 4 3.2-6 show that we need to protect our self from spillover (CCI).

One of the main criteria for the hop duration is the channel delay, the channel 

delay most to be less then 1 0  ms if we wont to avoid echo canceller in the system. 

On the other side long code word with interleaving will help to average the effect of 

a bad hop

I propose a hopping rate which can accommodate bit rates from 8 kb/s to 144kb/s, 

i.e., 8 kb/s, 16kb/s, 32kb/s and 64kb/s, 144Kb/s. Higher data rates may require an 

equalizer as a result of multipath returns causing intersymbol interference. A 

proposed frame structure is shown in Figure 4.3.7 2 Since the frame is 0.5 ms in 

duration, the hop rate is 2khops/s. If Forward error correction using a rate - Vito 1/3 

will be use. Erasures are used since the presence of a deep fade during a hop is 

readily detected, the interleaving depth time will be ~ 8 ms (16 hops), this 8 ms delay 

does not require an echo-canceller for voice. In the simulation that perform in sec. 

4.3.2-4.3 6  for RS (15,7) QPSK modulation with data rate of 8  kbps the channel 

rate is (1517)* 8  with nearly two symbols per hop the hop rate become (15/7)*2+( 

time between hope~50 micro sec. ). If we will add some signaling with the data we 

will have channel rate that is close to 1/3 (data rate of 24 kbps ).
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4.3.8 Diversity

The performance of a FH system can be improved dramatically through the use of 

space diversity With this procedure, two to four antennas at the base station 

receive the mobile's transmission and, using the optimal, maximal-ratio combining 

technique, obtain 2-4 order diversity. Furthermore, since it is known which antenna 

has received the stronger signal at each of the mobile’s hop frequencies fi, then 

during the next hop the base transmits to the mobile, at the same frequency fi, 

using the antenna which received the larger power.

This procedure is illustrated in Figure 4.3 8  In this Figure, the transmit and receive 

bands are called the X and Y bands. The mobiles and the base station select 

frequencies from both bands Note that the base transmits at the mobile’s hop 

frequency one hop later In this case, the multipath seen is “almost" reciprocal, 

particularly since a frame is only 0.5 msec.

Using the above procedure, the base has 2-4 maximal ratio combining and the 

mobile achieve 2-4 order switched space diversity, without any increased 

complexity in the mobile’s handset.

4.3.9 Hand-off

The system design presented above depends on the ability of a mobile user to 

switch frequency bands when moving from sector-to sector and/or from ring-to ring. 

There is also a corollary requirement to provide an adequate number of
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frequencies in the sector to accommodate different quantities of users. For 

example, in Figure 4.3d we can accommodate a maximum of 200 users per 

sector/ring If 201 users appear in a sector and only, say, 150 users appear in an 

adjacent sector/ring, the sector size should be adjustable to meet the demand. This 

section addresses these concerns.

The frequency hopping mobile user changes frequency (hops) every 0 5ms. Thus, 

every second there are 2000 hops. When the base station records a power level 

decrease over a reasonably large number of hops, say 100 hops (50ms), it tells the 

mobile to switch to a new band of frequencies. In addition, as the mobile moves 

from sector-to-sector or from one cell to another, the mobile receives a slow 

hopping pilot signal sent from each sector. Thus, only 6  pilot signals are required to 

effect hand-off between sectors or cells. That is, the mobile receives the pilot 

signals from all nearby sectors. If a pilot signal strength exceeds that of its present 

pilot by a meaningful amount, then the mobile can request hand-off.

4.3.10 Overlay

In order to overlay on the fixed service microwave user, one of two approaches can 

be employed:

In the first approach, we recognize that the mobile users in a cell would affect, at 

most, one microwave user The base station, knowing which band of frequencies is 

used by the microwave user, “locks-out” that band so that the number of users in
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the band is significantly reduced. For example, if the allocated band is 15MHz and 

the microwave user has a bandwidth of 10MHz, then the number of users in the 

cell is only one-third of the maximum possible capacity. In the case of AMPS 

overlay the frequencies that are used by the desired and the covered neighbor 

AMPS base station will not use by the FH/CDMA system at the same base stations, 

so the capacity of the FH-CDMA will reduce to 5/7 of the available capacity.

4.3.11 Modulation Technique

Figure 4.3.11 show that by using Generalized Tamed FM with channel spacing of 

6.25 Khz it is required E5 /N0  OF 11.9 dB at Pb=10*2 in AWGN with Adjacent 

Channel Interference Protection Ratio (ACIPR)of 13 22dB and by using 

Differentially-Coherent QPSK with square-root of raised-cosign filtering (DCQPSK- 

SRC) it is required E5 /N0  OF 7.25 dB at Pb=10*2 with Adjacent Channel 

Interference Protection Ratio (ACIPRjof 62.93dB. one 0 3 0  s®6  that QPSK-SRC can 

give improvement of up to another 3dB, by using APC that relax the ACI 

requirement.

4.3.12 Synchronous Orthogonal FH/CDMA

It is recognized that as the number of users in a net increases, the possibility of two 

users hopping on to the same frequency band increases Such an occurrence is 

called a collision and results in a significant increase in the probability of error.
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If N bits occur during each frequency hop, a collision could result in a high 

probability of N/2 bits being in error. Thus, the hop rate, which effectively governs 

the number of bits/hop, affects the maximum number of simultaneous CDMA users. 

Using the proposed synchronization technique presented here, collisions will be 

significantly reduced

A FH CDMA system requires a time and frequency design approach. For example, 

as shown in Figure. 4.3b each user is given a set of frequencies fj-fn on to which 

they can hop. Since a cell communicates simultaneously with K users it is 

proposed to transmit synchronously from the cell to these users. Thus there can be 

no collision in cell-to-user communication. In the AMPS system cells are spaced 

15000 feet apart. Hence, the maximum distance from user-to-cell is 7500 feet. 

Assuming a hop rate Of FH - 2000 hops/s, the duration of a hop is 0.5ms, a time 

much larger than the time for a signal transmitted by a handiest to reach a cell 

(7500ns) In the PCS systems cells are spaced 1200 feet apart. Hence, the 

maximum distance from user-to-cell is 600 feet and the propagation time is 600ns.

As a result of the use of micro cells, the synchronization problem is greatly 

reduced Indeed a hopping rate of 2 khops/s in a  cellular system virtually eliminates 

all synchronization problems include those from users in adjacent cells.
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To do this, each user would synchronize its transmission to the start of a received 

frequency hop. The transmissions received at the cell from each user would then 

be delayed by no more then 2(dmax) measured in nanoseconds. Thus, for users 

no further than 15000 feet from a cell, the maximum delay between users is 

30000ns round trip, and by adding in between the hops 50 microsecond dead time 

(no transmission ) we are going to eliminate any collision, In another word we 

guarantied synchronization FH.

The hopping sequences are designed to be orthogonal within a sector/ring, i.e., no 

two such sequences will have the same frequency The hopping sequences are 

designed for a less then one collision between two rings/sectors that are using the 

same set subset of frequencies. This was achieved by using a Reed Solomon code 

Figure 4.3.12a show for example a generator matrix with primitive element a=5 in 

GF(q) were q=23, the generator matrix is

G =
1 1 1

l a  a 1 a
(4.3.12)

The code has length q-1 and minimum distance q-2 the code word generated by 

C=(n,r)*G Figure 4.3.12b show (n.r)for r=1, r can go 1 q-1 for q-1 sets.
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Figure 4.3.12c shows one set of 22 (q=23 jsequences Figure 4.3.12d show table 

of Crosscorrelation of sequence # 1 with all the other sequences one can see that 

there is jast one collision between two sequences.

4.3.13 Synchronization

Synchronization is always a major consideration in any spread spectrum system, 

but in a commercial, CDMA system it is even more critical. The reasons for this are 

(1 ) there are many users in the system, and hence the probability of a false 

synchronization is high, and (2 ) the synchronization system must be inexpensive. 

Synchronization consists of two parts, acquisition and tracking This second task is 

extremely important in determining the needed processing gain and the code 

duration used.

The synchronization system proposed here is to have each cell transmit a “pilot" 

synchronization hopping sequence in addition to the K hopping sequences 

containing data.

Each user synchronizes to the pilot sequence. In a 7-cell code reuse system there 

will be 7 pilot sequences, one for each cell. The user searches all possible 

sequences and locks to the largest signal which then dictates the users operational 

cell.
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A typical acquisition and tracking circuit showing is shown in Figure 4.3 13 In this 

Figure, the center frequency of the incoming signal is Wj Each Th seconds (the 

hop duration) this frequency changes The modulation (digital voice or data) is 

shown as <p(t). The bandpass filter has a bandwidth capable of passing the 

modulation. The local output of the frequency synthesizer "camps” and waits, at 

frequency wo+wj, where wo is the IF frequency and wj is any one of the L hopping 

frequencies selected When energy is detected at the frequency Wj, the synthesizer 

is hopped to the next frequency wj+1 , etc. The number of frequencies that must be 

considered to “assure” synchronization is a function of the number of interferes, K.

4.3.14 Coding

Sec. 4.3.2-4.36 shows the effect of several (N,K) RS codes (15.5),(15,7) and 

(15,9). In the final system with 6  sectors and 6  rings it is shown in Figure 4.3.6.7c,f 

that in CCI from a near sector we can get 10"5 to KT® Block error rate. The CCI that 

need to be considered is all the CCI users that are covered by the base sectored 

antenna, By simulation we found that the other five users that are using the same 

frequency are contribute on the average the same amount of spillover like the 

nearest sector., According to the SNR is degraded by 3 dB According to that the 

(15.5) RS code will be safer. By deploying the voice activity algorithm the outage 

probability of the system is dropped by a factor of two and according to that the RS
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(15,7) is good One may consider, concatenated code like soft decision 

convolutional code with a RS code.
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5. CONCLUSION

It has been shown that Spread Spectrum modulation is an excellent choice for 

implementing cellular systems. It can provide very high capacities and excellent 

quality service compared to the performance of existing modulation techniques. SS 

CDMA can be particularly attractive for an Overlay application.

OVERLAY B-CDMA

Figure 6.1 is a complete simulation performed by InterDigital Corp A plot of B- 

CDMA users vs. AMPS users is shown where both use a  1, 3 or 6  sector antenna. 

Both transmit and receive notches are utilized in the base. The B-CDMA data rate 

is 32 Kbps, the bandwidth is 10MHz, and voice activity detection is not employed. 

Tables 3.3.6.1 & 2 presents simulation data of the overlay system with emphasis on 

the APC levels These results compare favorably with the 64 and 32 Kbps data rate 

8  MHz B-CDMA experimental results obtained in the Clive and Ankeny B-CDMA 

overlay experiments.

We note that as the AMPS traffic decreases, the B-CDMA capacity for traffic can 

be increased dramatically. Furthermore, the rule-of-thumb, which states that the B- 

CDMA capacity in a clean channel should be:

N h W 4 f h (6.1)
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is verified in Figure 61.

If wired-line voice quality is required, a data rate of 32kbps is needed 

Speech Quality - for Broadband-CDMA you can operate at 16 and 32 kbps. A 

narrower band CDMA requires the use of synthetic vocoders. This imposes 

minimum end-to-end delays of mobile to mobile communications of over 200 ms. In 

other words, B-CDMA has the quality of a satellite link.

Broadband-CDMA can support data rates up to ISDN rates, i.e., data rate on 

demand. Narrowband-CDMA never claims to be able to go beyond a limit of 9.6 

Kbps.

Broadband-CDMA performs better indoors as well as outdoors than a narrower 

band CDMA. The reason for this is the significantly increased multipath rejection 

that you get from the wider bandwidth.

Frequency management - there is no frequency management necessary for 

Broadband-CDMA, it occupies the full 10MHz. Therefore it simplifies operations 

and deployment.

Transition procedure - at the very beginning there will be many AMPS users in the 

band The number of cellular users are expected to grow over the next decade. 

However, as the number of AMPS users decrease, more and more CDMA users
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can be deployed. Even, initially, while the AMPS users are plentiful no channels 

have to be removed While AMPS operation continues, Broadband-CDMA is 

operating, overlaying on the same band, sharing the band, with the AMPS users

Finally, Figure 6.2 shows the Efficiency, in terms of simultaneous Users/MHz, of 

FDMA, TDMA and CDMA Note that B-CDMA has the highest capacity, since it 

minimizes the effect of multipath.

FH-CDMA

It has been shown that FH like DS has very good potential, especially when the 

sectors and the rings approach is deployed. Overlay capability is a natural 

characteristic of Frequency Hopping. Simply avoid using (hopping into) frequency 

channels that are in use by others! It has been shown that with 6  sectors and 6  

rings and with FEC of rate 1/2 to 1/3 we can gain a capacity of 4800 to 3200 users 

running at an 8  Khz rate Voice activity detection is used as a last resort for reduce 

the CCI interference between sectors and bases. In another words FH-CDMA can 

have 320 to 480 users per MHz. This is a big number that will not have use in the 

immediate next five years so, initially, one can take some of features out and begin 

with a smaller capacity system with perhaps 1 0 0  users per base.
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Figure 3.3.5.1 b I channel output from notch filter with AMPS 

and CDMA (left curve ), No signal (right)



Figure 3.3.5.2a One CDMA with AMPS received at the Remote unit.
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Orthogonal & Non-Orthogonal Hopping

OrthogonalNon-Orthogonal

Figure 4.3.b Orthogonal & Non-Orthogonal Frequency Hopping
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Figure 4.3.c FH-CDMA using concentric Frequency Bands.
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11 5

a -P .
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Figure 4.3.1.1 SNR calculation for rings.



1 1 6

9 . Wo rlog.no Melon. bv Splllovtr powor

i »n

t i

j
*» m

V
C, O w U «« y r |> |> IIW ) I*« > rtnya  w W irt* e  A y e  l*eW 4e p ro M M W  to r  t i t o f i « 4 t o i t o t A P C .

B
s %

n*

m
i •

O jiatol -  eOMMI

Ml
M.OtV - 
N* II
( • 1

f t ,  s to c k  • r r e r  r»U
« l  O MItronl • n c u r *  p d n k

Figure 4.3.1.2

^^1

r toamwriMasiii.ri.Aot* 
rtto *  . L  « |  owtoo o l  H i M n  m W i  to r  t o o  wctoroO  c o m .

Outage and Block error rate for 

regular cell, o = 0.

I



117

V*v"

a. I t o l H W M C l M .
b.

H

I
1I

. 0  M»

twKsrrv Fu;̂ cnoK

kv\ .

C, (Man  pritit lty

'A J 5

Figure 4.3.1.3

■

Outage and Block error rate for 

regular cell, a  = 8.



JS O B K SiL littE i;

Figure 4.3.1.4 Outage and Block error rate for rings cell without 

APC correction, a  = 8 .



f  f  ?  !f i?

|!
I

I-i*

: ? * ■ * = s •

RBRRRPl

ill*1

f  If f  f  !f if •- 'h.

f
I*

: ? *
- 8 s

RRRRRR

m i l

i i
l!

!

I-
!'

k s ; 
»

rnnnnn

m i s

H

Figure 4.3.1.4 Outage and Block error rate for rings cell without 

APC correction, o = 8) 119



1 2 0

To Show That Interference Is Reduced By 2* = 16

Figure 4.3.2.1 SNR calculation for sectored cell.
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Calculation of the S/I Produced at MobileFigure 4.3.4

Due to an Interfering Base.
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Figure 4.3.6.1 Showing The Radios of a Rings

to achieve a constant user density.
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In FH-CDMA To Achieve Space Diversity.
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T u u l .  A CIPR C*fA»tLmu k *  GTFM a r e  DCQPSK-SRC.

System
Description

Channel
Spacing

ACIPR
(a tP b -1 0 -* )

Required E^NoM
Pb-lO-^hAWON 

(without ACI)

1. GTFM (8 kb/s)
Linear Amplification 
TX/RCV FUien: 5 3  kHi 3 dB BW 
10 dB stopband attenuation

6.25 kHz 13.22 dB 11.9 dB

2  GTFM (8 kb/l)
Hardlimiter (Class C Approzimation) 
No TX Filter
RCV Filler 53 kHz 3 dB BW 
80 dB nopband attenuation

12.5 kHz 59.07 dB 103 dB

3. DCQPSK-SRC. r * 0 3  (8 kb/s) 
Linear Amplification 
TX/RCV Fillers: 4 kHz 3 dB BW 
80 dB nopband auemutioa

6.25 kHz 7737 dB 9 dB

4. DCQPSK-SRC. r -  0 J  ( t  kb/s) 
Linear AmoUTicaikMi 
TX/RCV Fillers: 4 J  kHz 3 dB BW 
80 dB nopband attenuation

6.25 kHz 6293 dB 725 dB

S. DCQPSK-SRC. r - 0 3  (SUt/s) 
Linear Amplification 
TX/RCV Fillers: 4 kHz 3 dB BW 
SO dB stopband attenuation

12.5 kHz 100.6 dB 9 dB

6. DCQPSK-SRC. r -  0 3  (tkWs) 
Linear Amplification 
TX/RCV Filters: 4 3  kHz 3 dB BW 
SO dB nopband attenuation

12.5 kHz ^  S9.55dB 725 dB

Otu

10 i f  r

-40

•70

WWW

1444 }OS 1IS ■17
Fnonncy nonrtitiidlidiliw*

f i g u r e  4.3.11 Pow er Spectral Densities of the Modulation.
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Figure 4.3.12 Reed Solomon code for selecting FH-CDMA sequences.
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Bandwidth: 10 MHz

Data Rate: 32kb/s
312.5

<— no notches

250

X I

Q.
£>187.5«

125
6 sector

3 sector

62.5
Omni

20 80 40
AMPS traffic intensity per base

voice activity detection is not employed

FIGURE 6.1
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MOBILE TECHNOLOGIES EFFICIENCY COMPARISON

Technology Efficiency
(Users/MHz)

Voice Data 
Rate (kb/s)

Frequency
Raise

Comments

AMPS 224 Analog 7 BASELINE

NAMPS 6,72 Analog 7 x 3 AMPS

ISS4 6.72 8 7 x 3 AMPS

ETDMA 18.0 4 7 x 8 AMPS; Includes VAD

GSM 5 13 4 Includes Fee, Rate 1/2

NCDMA 22.4 8 1 x 10 AMPS; Includes VAD 
and Variable Rate Coder

BCDMA 32 8 1
8 32 1 For a 3-Sector antenna

FIGURE 6.2 

) ----------------------------------



TABLES



Digital Telephony - Comm on Air Interfaces
{excluding Spread Spectm m  / CDMA)----------------------------------- Wireless Communications Products

I $-54 GSM

Prototype PCN

PHP
Cordlees CPC

CT-3
Frequency Bend 

(MHz)
•24-M I
66*694

•» 0 -» lS
•3S-960

•10-630
•40-160

verloue 
2 GHz rang#

1710-17SS 
1 •05-1660

•30-131
•40-641

various 
1 GHz range

Available Bandwidth SO MHz

Multiple Aoo# m
Tarhftt îa

TDMA/FDMA TDMA/FDMA TDMA/FDMA FOMA TDMA/FDMA

Frog Channel Sgeclng 30 kHz 200kH z 300 kHz 300 kHz 200 kHz 100 kHz 1000 kHz

f  Freq Channel# 1660
TOM Channel per 
Freq Channel

Duptei Method FOP FDO 122- FDD 122. 222- 222- 222-

Totel Ouplez Channeli 2496 1000 1SOO

Equlv BW p e ' 
Ouplez Channel

Channel Bit Rate 46.6 kbpa 270 kbpe 42 kbpe 4S0 kbpa 3M kbpa 270 kbpe 11S2 kbpa 72 kbpa 72kbpa •40 kbpe

Pete Service 6 kbpa 16 kbpe 6.7 kbpa 32-320 kbpe 32 kbpe I  kbpe 32-736 kbpe 3 2 kbpe 3 2 kbpa 3 2 kbpe

Velee Digitization 
Algorithm

RPC-LTP VSELP ADPCM AOPCM

I kbpa 1 3 kbpa 6.7 kbpe 32 kbpa 32 kbpa 6.7 kbpa 32 kbpe 32 kbpa 32 kbpa 3 2 kbpa

Forward Error Corr. 6  kbpa •  J  kbpe 4.5 kbpe 4.S kbpa

» le n g th 4.6 meoe 20 maoc 4.6 meoe

Baeeband Modulation PV4 DOPSK
Hendaet Xml Pwr .6-1.20 W variable

^  Oetey Spread Equal
AveliebHHy U N

Hot* I 1 W  CVr~)

BQ u**e rn/m
JLiZ O.Il

Bedsore Japan CC-ETSI

<«irre.

<V, Britain 
lAuterole 
Sony

Erleaaon
NovAtel

R ockw ell In te rn a tio n a l D igital C o m m u n ic a tio n s  D iv isio n
July 1991 (18)

Table 2.2.1 Digital Telephony - Common Air Interfaces



SpiUpver Results for 
B-CDMA Adjacent Cell Interference

h (dB) S » 1 HCO S - 6

0 k -  0.22 k = 0.25 k -  0.48

3 k -  0.31 k -  0.41 k -  0.66

6 k -  0.48 k -  0.66 k-0.96

S ** Number of Sectors 
h ”  Handover Threshold 
k ”  Spillover Factor 
F T B -  lOdB

Table 3.3.1 •'
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0 1 2 3 5 6 1 7 * * 10 1 " 12
0 00 -75.0 -77 5 - to o -82 5 -85.0 -87 5 -900 -92 5 -950 -97 5 -1000 -102 5 -1050
1 - to o 19.6 196 19.5 193 19.0 18.4 17.3 15 4 120 61 -4 5 -234 -57.0
2 -77.5 196 196 19 5 193 19 0 184 17 4 1 5 (i 124 68 -1.3 -21 2 -53.1
3 -75 0 196 196 195 193 189 18 3 172 1 5 ’ II 7 3 3 5 6 -25 2 6 0 2
4 -72 5 19 6 196 194 192 188 18 1 169 14 6 107 16 -8 9 -31 1 •707

S -700 19 6 195 194 19.1 186 17 8 163 13./ 9 0 07 -14 1 -405 4 7 3

6 -67 5 19 6 19 5 194 19 1 186 177 16 13 4 N 5 0? -15 7 -43.2 -922
7 -65 0 19 6 195 19.3 18 9 183 17 2 152 117 5 5 -56 -25 3 -604 •1227
S -625 19.6 >9.4 19.2 188 182 169 14 8 10 9 -II -8 1 29.8 -683 -136.8
9 -600 195 194 19 1 186 17 8 162 11 5 8 7 0 1 -15 2 -42 4 -908 -1769
1000 11 1 9 34 6.1 108 19.1 14.1 606 107 7 191 5 340 5 605 5 1076.8

TA BLE Number o f  BCDMA users with SNR > J dB in a sector as
a function o f APC AMPS ( - 6 0  dBm to -S O  dBm) and the set 
level o f  the CDMA APC (-75 dBm to -100 dBm), with spill 
over, ( horizontal (BCDMA),vertical (AMPS))Row 10show 
it o f BCDMA under the constraint o f  SNR AMPS>I 7 dB.
Adaptive notch Is apply for the neighbor AMPS ceil with 
TH - 92

NOTCHED AMPS SM1.L OVER NOTCHED AMPS POWER N OP NOTCHES
-  -  -  iii ■ ■ m -  -  m

-84 622 93 651 20
84.971 93 014 21
84.604 92 367 21
84.092 91.689 21
83 572 899 21
83 96 87 844 22

83 503 85.615 22
83 827 84 227 23
83 541 82 58 23

Tabic 3.3.6.1 Number o f BCDM A users as a Function of APC levels, AMPS and

CDMA, threshold for AMPS being in a notch =-92 .



0 1 ' J < * 6 7 » 9 10 " '2 ■3
0 00 -750 -77 5 •800 -82 5 -850 -875 •900 ■92 5 95 0 •97 5 •1000 -102 5 I Of .9
1 -goo 197 197 196 195 19 4 19.1 186 178 162 13 5 8 7 01 -15 1

2 -77 5 197 196 196 19.5 1 9 3 . 19V 184 17 J 15 7 12b 70 -29 •20 5

3 -75 0 19 7 196 196 195 192 189 1*2 17 1 150 II 7 4 7 -69 -276

4 -72 5 197 196 196 195 193 189 182 17 1 15 1 II 4 50 -6 5 -26 9

5 •700 197 196 195 19.4 191 18 7 179 16 5 13 9 94 14 -128 •38 1

6 -67 5 196 196 195 193 19 0 18 5 17 6 159 129 76 -19 -187 -486

7 -65 0 196 196 19.4 192 18.8 18 1 16 8 14 5 104 J 1 -99 •329 -73 9

S -62 5 196 19.5 19.4 191 18 6 177 16 1 13 J 83 06 •163 -444 •94 3
9 -600 19 6 19 5 193 18 9 18 3 17 2 152 II 7 4 4 •4 5 -25 1 -600 •122 0
Ifl 00 I I* 1 9 3 4 6 1 10.8 19.1 34 1 606 107 7 191 5 340 5 60S 5 1076 8

TABLE Number o f  BCDMA users with SNR >3 dB hi a sector as 
a function o f  APC AMPS (-60 dltin to -SO dBm) and the set 
level o f  the CDMA APC (-75 dBm to -100 dBm), with spill 
over, (  horizontal (BCDMA) itrtlcal (AMPS)) Row 10 show 
tt o f BCDMA under the constraint o f  SNR AMPS>I7 dB. 
Adaptive notch Is apply fo r  the neighbor A MPS cell with 
•n i 97

NOTCHHD AMPS SPfl.L OVP.R NOICIIPI) AMPS POWI'R N OP NOTTMRS-  -  w» »  -  m
88 763 93 651 25
88.14 93 014 25

87.411 92.367 25
87.746 91 689 27
87 207 899 27
8742 87 844 28

• 87.01 85.615 28
87 013 84 227 29
87 823 82 48 31

Tabic 3.3.6.2 Number o f BCDM A users as a Function of APC levels, AMPS and

CDMA, threshold for AMPS being in a notch=-97.
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1 0 1 2 2 4 _ T 5 | 6 "1 7 - 8 I ’ I 10 1 1 12 150 00 -75 0 -77 5 800 -82 5 -850 -875 -900 -92 ? -95 0 -97? -1000 •102 5 1050
1 -too 19.7 19 7 196 196 195 193 190 18.5 17 6 159 129 76 -1 8
2 -77 J 197 19 7 19 7 19 6 195 19 J 19 0 18 5 170 15 9 13 0 76 • 15
1 -73 0 107 197 106 106 10 ' 101 | 0(l 18 1 174 l ?6 124 6 7 ■ 1 ?
4 -72 A 197 197 196 196 195 193 1*111 18 4 17 4 15 5 12 3 65 39
5 -70 0 19 7 10 7 10 6 195 194 192 18 7 ■ 7 9 Ib ii 14 1 9 7 2 0 118
6 -67 5 107 196 10 6 105 19 3 189 18 3 (7 1 IS 1 119 5 9 -4 9 24 1
7 -65 0 19.7 19 6 195 194 19,1 186 17 7 16 1 U  1 84 (14 -16 1 -440

8 -625 19.6 196 19 4 192 189 18 2 170 15 0 1I J •17 7 0 •279 -649
9 -600 196 195 193 19 0 185 176 15 9 130 7.8 -1 5 180 -473 -99 5

10 00 1 1 19 34 6 1 108 19.1 34 1 606 107.7 191 5 3405 60S 5 1076 8

TABLE Number o f  BCDMA users with SNB > J dB in a sector as
a function o f  APC AMPS (-60 dBm to -80 dBm) and the set 
level o f  the CDMA APC (-75 dBm to -100 dBm), with spill 
over, (  horizontal (BCDMA) vertical (AMPS)) Row 10 show 
tt o f BCDMA under the constraint o f  SNR AMPS>17 dB. 
Adaptive notch Is aplyfor the neighbor AMPS cell with 
T il - 1 0 2

N O in iP .1 )  AMPS SPII.L OVI'R n o t o i p u  a m p s  p o w r r  u  o p  n o t c iip .s
•" m m

91 825 9.1651 30
92 404 93014 33
92 265 92 367 34
92878 91.689 16
92422 899 36
92 411 87 844 37
93 195 85 615 39
92 991 84 227 19

92 9 82 58 39

Table 3.3.6.3 Number o f BCDM A users as a Function o f APC levels, AMPS and

CDMA, threshold for AMPS being in a notch . - 102
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