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ABSTRACT 

The s u i t a b i l i t y of Coherent Minimum Frequency S h i f t Keying 

(CMFSK) modulation f o r data communications on polyphase 

i n t r a b u i l d i n g power d i s t r i b u t i o n c i r c u i t s i s examined. An a c t u a l 

modem was designed and implemented. Average b i t e r r o r r a t e (BER) 

versus r e c e i v e d Eb/No measurements were taken f o r an i n d u s t r i a l , 

commercial, and r e s i d e n t i a l power l i n e environments at 1.2kbps, 

4.8kbps, and 19.2kbps data r a t e . 

The 19.2kbps BER measurements i n d i c a t e t h a t a m a j o r i t y of 

e r r o r s are caused by impulses o c c u r r i n g i n the power l i n e s , w h i le 

other e r r o r s a r e caused by momentary r e d u c t i o n s of r e c e i v e d 

Eb/No. Occurance of e r r o r s c o i n c i d e s mostly with impulses on the 

power l i n e which are h i g h l y p e r i o d i c with the ac mains v o l t a g e . 

In a d d i t i o n , the BER measurements r e v e a l t h a t CMFSK modulation a t 

1.2kbps and 4.8kbps data r a t e i s l e s s a f f e c t e d by impulse n o i s e 

than at 19.2kbps. T h i s f i n d i n g i s a t t r i b u t e d t o the i n c r e a s e d 

r e s i s t a n c e t o impulse n o i s e e f f e c t s as the b i t d u r a t i o n i s 

i n c r e a s e d . 

A baseband spectrum s p r e a d i n g technique i s proposed and 

s u c c e s s f u l l y t e s t e d t o implement low data r a t e t r a n s m i s s i o n s . 

Spread spectrum s i g n a l l i n g overcomes p o t e n t i a l narrow band 

impairments by sending a wide 1 band s i g n a l over the power l i n e s . 

In a d d i t i o n , the reduced power s p e c t r a l d e n s i t y of the spread 

spectrum t r a n s m i s s i o n reduces narrow band i n t e r f e r e n c e t o other 

power l i n e communications u s e r s as well as AM r a d i o s and a l l o w s 

higher output power t o compensate f o r path a t t e n u a t i o n s . 
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1. INTRODUCTION 

1.1 Communications over E l e c t r i c Power L i n e s 

Over the years power d i s t r i b u t i o n l i n e s have been used by 

the power i n d u s t r y -for telecommunication purposes f o r remote 

metering, automatic load management, and other a p p l i c a t i o n s 

C1D—C53. The aim i s t o achieve automatic c o n t r o l of e l e c t r i c 

power d i s t r i b u t i o n . S t u d i e s have been performed t o measure the 

t r a n s m i s s i o n and n o i s e c h a r a c t e r i s t i c s found i n power l i n e s 

C53-C103. These s t u d i e s demonstrate t h a t an u s a b l e power l i n e 

bandwidth l i e s between 1kHz and 10kHz. Above 10kHz, the power 

d i s t r i b u t i o n l i n e c a b l e s , power t r a n s f o r m e r s , a s s o c i a t e d 

d i s t r i b u t i o n f e e d e r s , power f a c t o r c o r r e c t i o n c a p a c i t o r s , and 

other equipment e f f e c t i v e l y form a sharp r o l l o f f low pass f i l t e r . 

The most f r e q u e n t l y encountered n o i s e i s r e l a t e d t o and 

synchronized with the 60Hz mains v o l t a g e . I t i s c a l l e d harmonic 

n o i s e and i t s spectrum shows d i s c r e t e l i n e s a t m u l t i p l e s of 60Hz. 

In order t o s a t i s f y the c o n t r o l and monitoring f u n c t i o n s 

r e q u i r e d by an u l t i l i t y company, data r a t e s of l e s s than 100bps 

are s u f f i c i e n t . There are two common modulation schemes employed 

i n a power l i n e c a r r i e r (PLC) or d i s t r i b u t i o n l i n e c a r r i e r (DLC) 

communication systems. They are PSK and DPSK modulation methods. 

In e i t h e r scheme, the c a r r i e r i s locked or synchronized t o a 

harmonic of ac l i n e frequency. In t h i s way, the spectrum of the 

t r a n s m i s s i o n (30Hz f o r 15bps, 150Hz f o r 75bps) i s centered 

between two harmonics. The r e c e i v e r i s a l s o synchronized t o the 

ac mains v o l t a g e , and t h e r e f o r e , can p r o v i d e e x c e l l e n t harmonic 
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n o i s e r e j e c t i o n . The r e s u l t a n t narrow band s i g n a l d e t e c t i o n i s 

performed i n e s s e n t i a l l y white n o i s e ; and with adequate c a r r i e r 

r e c o v e r y , both the PSK and DPSK systems are s u p e r i o r t o other 

modulation te c h n i q u e s i n terms of a c h i e v i n g the lowest average 

b i t e r r o r r a t e (BER) at the same r e c e i v e d Eb/No. 

C l i n a r d CI13 and O'Neal C53 d e s c r i b e d the parameters of 

s e v e r a l experimental and commercial PLC systems. Most of these 

systems have data r a t e s below 100bps and can e a s i l y s a t i s f y 

present communication requirements. I t has been suggested t h a t 

d e d i c a t e d networks, such as f i b r e o p t i c s and s a t e l l i t e l i n k s , 

would c a r r y an i n c r e a s i n g p a r t of f u t u r e communication needs f o r 

p o w e r — d i s t r i b u t i o n automation C2D. 

Recent developments i n l o c a l area networks and p r o l i f e r a t i o n 

of microprocessor c o n t r o l l e d equipment motivate use of the power 

l i n e s as a communication medium f o r a c h i e v i n g i n t r a b u i l d i n g l o c a l 

area networking. There are t h r e e obvious advantages: 

1. E l i m i n a t i o n of a custom i n s t a l l e d communication networks, 
which c o u l d be c o s t l y i f coverage exceeds s e v e r a l rooms and 
f l o o r s . 

2. Ease of a c c e s s i n t o the network through a standard e l e c t r i c a l 
p lug and o u t l e t r e c e p t a c l e . 

3. Inherent network c a p a b i l i t y w i t h i n every b u i l d i n g t h a t has 
power l i n e s . 

A power l i n e network would f i n d a p p l i c a t i o n s i n an o f f i c e , 

a f a c t o r y f l o o r , and a home C123-C143. Uses i n c l u d e home bus 

c o n t r o l , s e c u r i t y m o n i t o r i n g , and i n t e r a c t i o n s with c e n t r a l i z e d 

and d i s t r i b u t e d data bases. In these a p p l i c a t i o n s , s h o r t 
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messages ensure adequate response time i n heavy t r a f f i c . Long 

messages, r e s u l t i n g from batch p r o c e s s i n g or f i l e t r a n s f e r , c o u l d 

prevent other u s e r s from u s i n g the network and would t h e r e f o r e be 

r e s t r i c t e d from network access u n t i l t r a f f i c has subsided. 

The p h y s i c a l l a y e r of a power l i n e network r e q u i r e s a power 

l i n e modem. Modem design i s d i f f i c u l t because of the in h e r e n t 

i n c o m p a t a b i 1 i t y of the power l i n e s t o c a r r y high f r e q u e n c i e s , and 

the u n c o n t r o l l e d g e n e r a t i o n of impulse n o i s e by p h a s e - c o n t r o l l e d 

e l e c t r i c a l equipment. Furthermore, the t r a n s m i t t e r power i s 

r e g u l a t e d by a p p r o p r i a t e governing bodies [15,16]. L i m i t a t i o n s 

on t r a n s m i t t e d power prevents a modem from a c h i e v i n g a high 

t r a n s m i s s i o n r a t e by t r a n s m i t t i n g at high powers; because such 

t r a n s m i s s i o n s c o u l d cause harmful i n t e r f e r e n c e t o other power 

l i n e communication systems. 

Several commercial power l i n e modems are a v a i l a b l e f o r use 

over e x i s t i n g power l i n e s . They a r e modems from BSR, NONWIRE, 

ExpertNets, and C o n s u l t a n t ' s Choice, a l l from U.S.A. In a d d i t i o n 

t o these commercial pr o d u c t s , s e v e r a l r e s e a r c h papers r e p o r t e d 

s i m i l a r developments. Ochsner [17] d e s c r i b e d a spread spectrum 

FSK system capable of 1200bps t r a n s m i s s i o n r a t e . Van der Srach t 

et a l . L181 r e p o r t e d the r e s u l t of a 60bps ac z e r o c r o s s i n g 

synchronized spread spectrum modem. H i r o s a k i e t a l . [193 

d e s c r i b e d a 9600bps spread spectrum modem s u i t a b l e f o r home use. 

H a r i t o n e t a l . C203 r e p o r t e d a modem IC designed f o r t r a n s m i t t i n g 

and r e c e i v i n g s i g n a l s over ac power l i n e s u s i n g non-coherent FSK 

and on—off ASK modulation scheme. Not a l l power l i n e modems can 
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operate s a t i s f a c t o r i l y a c r o s s phases and under d i f f e r e n t power 

l i n e environments. 

1.2 O u t l i n e of T h e s i s 

In t h i s t h e s i s the s u i t a b i l i t y of Coherent Minimum Frequency 

S h i f t Keying f o r i n t r a b u i l d i n g power l i n e communications i s 

i n v e s t i g a t e d . An a c t u a l modem i s implemented and t e s t e d , and 

CMFSK performance measurements f o r r e p r e s e n t a t i v e i n t r a b u i l d i n g 

l i n e s i s determined. A spectrum spreading technique i s developed 

t o overcome narrow band impairments i n h e r e n t with low data r a t e s . 

The modem i t s e l f has s e v e r a l advantages over e x i s t i n g 

commercial p r o d u c t s , i n c l u d i n g : 

1. V a r i a b l e data r a t e s up t o 19.2kbps. 

2. Compact s i g n a l spectrum and f a s t s i d e l o b e r o l l o f f u s e f u l i n 
lowering narrow band i n t e r f e r e n c e . 

3. T r a n s m i s s i o n spectrum independent of data r a t e achieved by a 
databand spread spectrum technique. 

4. Operation independent of ac mains v o l t a g e , e l i m i n a t i n g the 
need t o a d j u s t t o 50/60Hz, 2/3-phase power l i n e s . 

In Chapter 2, s e v e r a l commercial modems are d i s c u s s e d t o 

g i v e an understanding of e x i s t i n g power l i n e modem technology. 

In Chapter 3 and Chapter 4 r e s p e c t i v e l y , power l i n e 

t r a n s m i s s i o n and power l i n e n o i s e c h a r a c t e r i s t i c s a re presented. 

In Chapter 5, an a c c e p t a b l e power l i n e modem performance 

i s p r e s e n t e d , and the design p h i l o s o p h y f o r a CMFSK modem i s 

o u t l i n e d . 
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In Chapter 6, the performance of the CMFSK modem i n AWGN 

i s r e p o r t e d . The c h o i c e of o p e r a t i n g frequency i s e x p l a i n e d 

and the compact spectrum of the CMFSK modulaion is-demonstrated. 

In Chapter 7, BER measurements a t 1.2kbps, 4.8kbps, and 

19.2kbps i n i n d u s t r i a l , commercial, and r e s i d e n t i a l power l i n e 

environments a re g i v e n . Two major e r r o r mechanisms, namely 

impulse n o i s e and momentary r e c e i v e d Eb/No r e d u c t i o n , a re 

r e p o r t e d . A m a j o r i t y of s i n g l e - b i t e r r o r s a r e caused by impulse 

n o i s e , w h i l e m u l t i p l e - b i t e r r o r s a re caused by e i t h e r adjacent 

impulses or momentary r e c e i v e d Eb/No r e d u c t i o n s . 

In Chapter 8, the m e r i t s of us i n g spread spectrum i n a 

power l i n e modem i s d i s c u s s e d . The advantages i n c l u d e minimized 

c o - s i t e i n t e r f e r e n c e and overcoming of p o t e n t i a l narrow band 

impairments. In a d d i t i o n , an i n t e r l e a v e d PN code databand spread 

spectrum technique i s r e p o r t e d , along with i t s a b i l i t y t o r e s i s t 

small e r r o r b u r s t s . R e s u l t s a re given f o r 1.2kbps and 4.8kbps 

data r a t e a t a code r a t e of 19.2kbps. 

A summary of the r e s u l t s t ogether with recommendations f o r 

f u r t h e r work a r e found i n Chapter 9. 
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2. DISCUSSION OF COMMERCIAL POWER LINE MODEMS 

Commercial power l i n e modems are manufactured by BSR, 

NONWIRE, ExpertNet, and C o n s u l t a n t ' s Choice. The i n f o r m a t i o n i s 

f u r n i s h e d by company l i t e r a t u r e or i n reviews C213-C25D. A b r i e f 

d e s c r i p t i o n on the modems and t h e i r communication p r o t o c o l s i s 

a l s o i n c l u d e d . 

2.1 BSR X-10. A Remote C o n t r o l f o r L i g h t s and A p p l i a n c e s 

T h i s system c o n s i s t s of a c e n t r a l command u n i t (master) and 

a maximum of 255 l i g h t / a p p l i a n c e modules ( s l a v e s ) . A master can 

o n l y t r a n s m i t and a s l a v e can o n l y r e c e i v e . T h e r e f o r e , the 

master does not know whether a command sent t o a p a r t i c u l a r s l a v e 

has been executed or not. 

T r a n s m i s s i o n s and r e c e p t i o n s are synchronized t o the z e r o 

c r o s s i n g s of the power l i n e s . T h i s l i m i t s the BSR systems t o 

s p l i t - s i n g l e - p h a s e supply. A s i n g l e b i t i s sent out between two 

z e r o c r o s s i n g s , y i e l d i n g a t r a n s m i s s i o n r a t e of 120bps on a 60Hz 

power l i n e . There i s no forward e r r o r c o r r e c t i o n (FEC) and no 

automatic request f o r r e t r a n s m i s s i o n (ARQ) b u i l t i n t o the modem. 

The modulation scheme i s on-off ASK a t a c a r r i e r of 120kHz. 

Average t r a n s m i t t e r output v a r i e s from 800mV t o 1.2V depending 

on the impedance of the power l i n e t o which i t i s coupled. There 

i s no documented BER f o r t h i s system but i s b e l i e v e d t o be small 

s i n c e r e c e i v e d Eb/No should be very high g i v e n the l e v e l of 

output power and low data r a t e . T h i s system i s s u i t a b l e f o r use 

i n an apartment complex or a r e s i d e n t i a l house. 
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The c o s t f o r the BSR X-10 system i s about CAN$50 f o r the 

command c o n s o l e and CAN*25 f o r each remote module. 

2.2 NON-WIRE Power L i n e Modem 

The NON-WIRE c o n s i s t s of a c e n t r a l c o n t r o l u n i t (master) 

and a maximum of 255 remote u n i t s ( s l a v e s ) . Master and s l a v e 

can t r a n s m i t t o one another. However, a s l a v e t r a n s m i t s o n l y i n 

response t o q u e r i e s from the master. An onboard microprocessor 

c o n t r o l l e d by a firmware program performs e r r o r d e t e c t i o n , and i f 

p o s s i b l e , e r r o r c o r r e c t i o n on the r e c e i v e d b i t stream. The 

master w i l l r e t r a n s m i t up t o e i g h t times i f a s l a v e does not 

acknowledge w i t h i n a s e t time l i m i t ; t h i s s e r v e s as a n e g a t i v e 

acknowledgement d r i v e n ARQ scheme. The t r a n s m i s s i o n r a t e of t h e 

system i s 1560bps. A f t e r the e r r o r check b i t s are removed, the 

throughput i s reduced t o 1.2kbps. The raw BER i s lower than 

l x l O - = , and the system has at most one undetected e r r o r i n 

two years of continuous o p e r a t i o n . 

The modulation technique used i s on-off ASK a t a c a r r i e r 

frequency of 32kHz. The t r a n s m i t t e d v o l t a g e imposed on the power 

l i n e i s 8v p-p. T h i s system operates asynchronously with the 

power l i n e ac v o l t a g e and c o u l d communicate a c r o s s the d i f f e r e n t 

phases i n e i t h e r a 50/60Hz 2/3—phase power l i n e network. T h i s 

p r a c t i c e i s not recommended and a separate 3—phase master i s 

a v a i l a b l e t o communicate a c r o s s the d i f f e r e n t phases. T y p i c a l 

t r a n s m i s s i o n range exceeds 2000 f e e t i n a power l i n e . 

The c o s t f o r e i t h e r the master or s l a v e alone i s about CAN 



$1000. T h i s i n c l u d e s the b a s i c power l i n e modem and an onboard 

microprocessor which implements the v a r i o u s host inter-face and 

network communication p r o t o c o l f u n c t i o n s . 

2.3 ExpertNets Power L i n e Modem 

The ExpertNets system i s s i m i l a r t o NONWIRE system at the 

p r o t o c o l l e v e l . The modem uses a c a r r i e r frequency of 90kHz. 

The data r a t e i s 700bps at an e r r o r r a t e l e s s than i0~'T. 

The t r a n s m i s s i o n range i s t y p i c a l l y 600 f e e t between u n i t s i n 

standard 110v/220v house w i r i n g s . The output power of the modem 

i s not known. Modem c o s t runs from US$100 t o US$200 per u n i t . 

2.4 C o n s u l t a n t ' s Choice Power L i n e Modem 

T h i s modem boosts of 80,000bps t r a n s m i s s i o n r a t e over ac 

power l i n e s . The high r a t e i s made p o s s i b l e by a modulation and 

d e t e c t i o n technology used i n low frequency and high n o i s e 

environment. The modem uses an I n t e l 8039 microprocessor t o 

perform e r r o r d e t e c t i o n / c o r r e c t i o n and t o implement the network 

p r o t o c o l . A h y b r i d on-off ASK and FSK modulation scheme i s used 

t o combat common ac power l i n e n o i s e s . N e i t h e r the BER nor the 

modem output v o l t a g e l e v e l i s r e p o r t e d . 

2.5 Commercial Power L i n e Modem Technology 

The above survey shows the dominant modulation technology 

i s on-off ASK with c a r r i e r f r e q u e n c i e s from 32kHz t o 120kHz. In 

a d d i t i o n , t he ac z e r o c r o s s i n g s a r e used i n the BSR X-10 system 

f o r t r a n s m i t t e r / r e c e i v e r s y c h r o n i z a t i o n . 
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There are modulation schemes t h a t a re s u p e r i o r t o ASK, i . e . 

•frequency s h i f t keying (FSK) and phase s h i f t keying (PSK) , i n 

terms of lower a c h i e v a b l e BER at the same r e c e i v e d Eb/No. Both 

schemes, however, are more complicated t o implement i n hardware. 

The s i m p l i c i t y of on-off ASK makes l a r g e s c a l e p r o d u c t i o n 

f e a s i b l e , which t r a n s l a t e s t o low c o s t power l i n e modems and 

low c o s t power l i n e l o c a l area networks. 

The c o s t of a power l i n e l o c a l area network w i l l be one 

determinant of i t s success i n power l i n e data communication 

a p p l i c a t i o n s . C o a x i a l c a b l e or f i b r e o p t i c s based communication 

systems w i l l have a much higher t r a n s m i s s i o n c a p a c i t y (1Mbps t o 

100Mbps) and higher r e l i a b i l i t y . At p r e s e n t , the labour c o s t of 

i n s t a l l i n g a d e d i c a t e d network whose coverage i s as wide and as 

u n i v e r s a l as the power l i n e s i s o f t e n very expensive. However, 

t h i s does not apply t o new c o n s t r u c t i o n s where an de d i c a t e d 

c o a x i a l or f i b r e o p t i c s c a b l e can be l a i d along s i d e the power 

l i n e s a t a minimum c o s t . I t i s mandatory t h a t the p r i c e of a 

power l i n e network be kept low enough t h a t i t can be purchased at 

a small incremental c o s t t o complement a f a s t e r d e d i c a t e d data 

communication network. 

The low c o s t requirement makes on-off ASK an a t t r a c t i v e 

modulation scheme i n commercial power l i n e modems s i n c e i t i s 

not hardware i n t e n s i v e and i s e s s e n t i a l l y adjustment-free. T h i s 

i s because an ASK s i g n a l can be generated by a c r y s t a l c o n t r o l l e d 

o s c i l l a t o r and can be de t e c t e d u s i n g a high Q band pass f i l t e r . 

T h i s i s u n l i k e other systems such as PSK or FSK which r e q u i r e s 
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more hardware. 

The s e l e c t i o n of c a r r i e r frequency i s determined by t h e 

n o i s e and t r a n s m i s s i o n c h a r a c t e r i s t i c s of the power l i n e . In 

g e n e r a l , modems having high t r a n s m i s s i o n r a t e s or which are 

expected t o operate i n r e s i d e n t i a l houses and apartments use a 

c a r r i e r frequency from 90kHz t o 120kHz. However, a lower c a r r i e r 

frequency has t o be used whenever t h e r e i s e x c e s s i v e a t t e n u a t i o n s 

at the high f r e q u e n c i e s . A low c a r r i e r frequency p l a c e s the 

s i g n a l spectrum i n high power l i n e n o i s e environments, and the 

data r a t e i s o f t e n reduced t o ensure an a c c e p t a b l e r e c e i v e d 

Eb/No. 



3. POWER LINE TRANSMISSION CHARACTERISTICS 

I n t r a b u i l d i n g power l i n e t r a n s m i s s i o n c h a r a c t e r i s t i c s have 

been r e p o r t e d by Chan C263 and Ochsner C17D. T h e i r r e p o r t s show 

t h a t a t y p i c a l power l i n e a c t s l i k e a low pass f i l t e r , with a 

c u t o f f frequency v a r y i n g from 70kHz t o 150kHz depending on the 

p a r t i c u l a r l o a d p r o f i l e . In a d d i t i o n , s e l e c t i v e frequency fades 

are a l s o r e p o r t e d . T h e i r presence i s a p o s s i b l e combination of 

s p e c i a l l i n e l o a d i n g and e x c i t a t i o n of s t a n d i n g waves i n the 

power l i n e s . 

3.1 I n d u s t r i a l B u i l d i n g Power L i n e Transmission  
C h a r a c t e r i s t i c s 

A s e t of power l i n e t r a n s m i s s i o n measurements was performed 

i n an i n d u s t r i a l b u i l d i n g (UBC McLeod b u i l d i n g ) . A t r a n s m i t t e r 

was f i x e d a t remote phase B (see S e c t i o n 7.1) and the r e c e i v e r 

was a l t e r n a t e l y plugged i n t o each of the t h r e e phases of a 

3—phase bench power supply o u t l e t bar i n Room 442. The s e t of 

t r a n s m i s s i o n curves are p l o t t e d i n F i g . 3.1. These curves were 

obtained on a weekday between 8:30am and 4:30pm when the power 

l i n e was h e a v i l y loaded. T h i s s e t of remote t r a n s m i s s i o n curves 

i l l u s t r a t e s t h a t : 

1. Tr a n s m i s s i o n l o s s from 20dB t o 40dB i s common with the 
r e c e i v e r and t r a n s m i t t e r on the same phase. 

2. No d i s c e r n a b l e d i f f e r e n c e appears i n t r a n s m i s s i o n 
c h a r a c t e r i s t i c s among the d i f f e r e n t phases i n a remote 
t r a n s m i s s i o n . 

3. No sharp narrow band frequency dropouts >20dB are observed 
between 30kHz and 150kHz. 
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It i s expected t h a t (1) would p r e v a i l i n a power l i n e s i n c e 

i t i s not intended t o c a r r y high -frequency s i g n a l s . Item <2) 

seems t o c o n t r a d i c t other -findings C41, i n which t r a n s m i s s i o n 

d i f f e r e n c e up t o 16dB was r e p o r t e d . T h i s i s not r e a l l y a 

d i s c r e p a n c y as another s e t of curves taken f o r c l o s e - i n and 

across-phase t r a n s m i s s i o n s w i l l demonstrate. In t h i s case, a 

t r a n s m i t t e r was f i x e d i n phase B of the bench supply mentioned 

above and the r e c e i v e r was a l t e r n a t e l y plugged each of the t h r e e 

phases. The t r a n s m i s s i o n curves obtained are shown i n F i g . 3.1, 

which show the 16dB t r a n s m i s s i o n d i f f e r e n c e and some s e l e c t i v e 

frequency fades around 120kHz. T h i s s e t of curves are de s i g n a t e d 

as ' l o c a l ' because the r e c e i v e d SNR i s high e r than those i n the 

'remote' case. N o t i c e t h a t the ' l o c a l ' t r a n s m i s s i o n curves 

r e p r e s e n t better power l i n e r e c e p t i o n c o n d i t i o n s , because the 

r e c e i v e d SNR i s higher than those found i n the 'remote' s e t of 

curves. 

The 'remote' t r a n s m i s s i o n curves show t h a t a t y p i c a l power 

l i n e bandwidth i s q u i t e narrow. In a d d i t i o n , i t shows t h a t the 

s i g n a l l e v e l s a t remote phases are roughly e q u a l . T h i s c o u l d be 

a r e s u l t of s i g n a l leak-throughs from the o r i g i n a t i n g phase i n t o 

adjacent phases v i a e l e c t r i c a l equipment connected t o more than 

one phase. I t has been observed t h a t an o f f — p h a s e s i g n a l o f t e n 

became s t r o n g e r than an in-phase s i g n a l , p o s s i b l y because of some 

p a r t i c u l a r l o a d i n g . In g e n e r a l , s i g n a l leak-throughs tend t o 

e q u a l i z e the s i g n a l l e v e l s i n adjacent phases of a power l i n e , 

thereby lowering the energy i n the o r i g i n a t i n g phase and r a i s i n g 

t h a t i n adjacent phases. I t i s p o s s i b l e t h a t these leak-throughs 
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or bypasses reduce the deepness o-f a fade, which e x p l a i n s (3). 

To observe the e f f e c t s of power l i n e l o a d i n g on t r a n s m i s s i o n 

c h a r a c t e r i s t i c s , more t r a n s m i s s i o n measurements were performed. 

Three more s e t of curves a r e obtained and p l o t t e d i n F i g . 3.2 

(another weekday between 8:30am and 4:30pm), F i g . 3.3 ( a f t e r 

6:00pm on a weekday), and F i g . 3.4 (weekend a f t e r n o o n ) . The l a s t 

two p l o t s c h a r a c t e r i z e the t r a n s m i s s i o n c o n d i t i o n s of a l i g h t l y 

loaded power l i n e , and are expected t o show l e s s t r a n s m i s s i o n 

l o s s . Comparisons between F i g . 3.1 & F i g . 3.2 (loaded) and 

F i g . 3.3 & F i g . 3.4 ( l i g h t l y loaded) demonstrate t h a t a l i g h t l y 

loaded power l i n e s u f f e r s from l e s s a t t e n u a t i o n , e s p e c i a l l y i n 

the high frequency range. In a d d i t i o n , a l i g h t l y loaded power 

l i n e seems t o support s t a n d i n g waves, p o s s i b l y as a r e s u l t of 

untapped energy being c o n f i n e d i n the l i n e . 

Photographs of r e c e i v e d s i g n a l at v a r i o u s f r e q u e n c i e s from 

' l o c a l ' and 'remote' t r a n s m i s s i o n s are shown i n F i g . 3.5. In 

these p i c t u r e s , the e f f e c t s of power l i n e impedance modulation 

can be c l e a r l y seen from the p e r i o d i c amplitude fades or dropouts 

i n the r e c e i v e d s i g n a l s C17,203. ' L o c a l ' s i g n a l r e c e p t i o n seems 

t o be a f f e c t e d the most and e x h i b i t s severe amplitude fades at 

two f r e q u e n c i e s , 53kHz and 106kHz, one being t w i c e the frequency 

of the other one. These p i c t u r e s are taken on a weekday between 

8:30am and 4:30pm. 

The bandpass f i l t e r used i n enhancing the 'remote' 100kHz 

and 120kHz s i g n a l s i n F i g . 3.5 has a c e n t e r frequency of 140kHz 

with a 50kHz bandwidth. 
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F i g . 3.4 ' L o c a l ' and 'Remote' Trans m i s s i o n Curves on a 
Weekend Day 
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'Remote' 

Upper traces 60Hz ac mains v o l t a g e as time r e f e r e n c e 
Lower t r a c e : Received s i g n a l s with amplitude f a d i n g 

F i g . 3.5 P i c t u r e s of Received ' L o c a l ' and 'Remote' S i g n a l s 
a t V a r i o u s F r e q u e n c i e s : 40kHz 



' L o c a l ' 

'Remote' 

F i g . 3.5 Cont'd: 60kHz 
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'Remote' 

F i g . 3.5 Cont'd: 100kHz 
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* Remote' 

F i g . 3.5 Cont'd: 120kHz 
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F i g . 3.5 Cont'd: BPF 100kHz (upper p i c t u r e ) 
and BPF 120kHz (lower p i c t u r e ) 
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106kHz 

53 kHz 

F i g . 3.5 Cont'd: Severe Amplitude Fade at 
53kHz and 106kHz 
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3.2 R e s i d e n t i a l B u i l d i n g Power L i n e Transmission  
C h a r a c t e r i s t i c s 

S e t s o-f t r a n s m i s s i o n curves are obtained f o r a r e s i d e n t i a l 

house. They demonstrate t h a t t h e r e i s a wider bandwidth on a 

r e s i d e n t i a l power l i n e and a l s o t h e r e i s l e s s a t t e n u a t i o n . In 

a d d i t i o n , the e f f e c t of a s i g n a l bypass i s r e p o r t e d . 

The two-story house i s f e d by a 110V/2-phase power c i r c u i t . 

F i g . 3.6 shows the in-phase and across-phase t r a n s m i s s i o n curves. 

A wide power l i n e bandwidth appears and t h e r e are no s e l e c t i v e 

frequency f a d e s . F i g 3.7 shows the e f f e c t of a r e s i s t i v e s i g n a l 

bypass on across-phase t r a n s m i s s i o n s . The f i g u r e demonstrates 

t h a t t h e r e i s c o n s i s t e n t improvement from 30kHz t o 150kHz. The 

s i g n a l bypass i s pr o v i d e d by a r e s i s t i v e path connecting a c r o s s 

the two phases of the power l i n e when a range element i s turned 

on. 

The s e t of t r a n s m i s s i o n c u r v e s i s extended beyond 150kHz t o 

500kHz i n F i g . 3.8. They show a 20dB frequency fade at 300kHz i n 

the lBO 4 3 phase. T h i s phase e x h i b i t e d another frequency fade 

at 600kHz, which was not shown i n these curves. By p r o v i d i n g a 

r e s i s t i v e s i g n a l bypass, 5dB t o lOdB r e d u c t i o n s i n the depth of 

these f a d e s were observed. 
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F i g . 3 .6 and ISO 0 Phase Transmission Curves 
i n a R e s i d e n t i a l House 
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F i g . 3.7 Transmission D i f f e r e n c e between the 0° and 
180° Phase With and Without a R e s i s t i v e 
S i g n a l Bypass 
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F i g . 3.8 Extended 0° and 180° Phase Transmission 
Curves of the R e s i d e n t i a l House 
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4. POWER LINE NOISE 

4.1 Power L i n e Noise C h a r a c t e r i s t i c s 

The n o i s e -found on a power l i n e i s mainly p e r i o d i c i n nature 

and shows d i s c r e t e s p e c t r a l l i n e s . T h i s p a r t i c u l a r nature of 

power l i n e n o i s e has important i m p l i c a t i o n s f o r narrow band 

t r a n s m i s s i o n s , because these n o i s e s p e c t r a l s p i k e s can be avoided 

by p l a c i n g the s i g n a l spectrum i n between them, as i s the case i n 

s e v e r a l PLC communication systems. However, t h i s approach i s 

l i m i t e d t o low speed t r a n s m i s s i o n s o n l y . 

Measurements of power l i n e n o i s e s p e c t r a l d e n s i t y are found 

i n C9,10,27,28,293. A s e t of power l i n e n o i s e data was c o l l e c t e d 

i n the i n d u s t r i a l b u i l d i n g and r e s i d e n t i a l house. R e s u l t s of the 

c a l c u l a t e d n o i s e s p e c t r a l d e n s i t y are compiled i n Table 4.1 and 

Table 4.2. In a d d i t i o n , photographs of the power l i n e n o i s e i n 

t h r e e frequency bands were taken i n the i n d u s t r i a l b u i l d i n g and 

are shown i n F i g . 4.1. These p i c t u r e s i n d i c a t e the e x i s t e n c e of 

high amplitude decaying o s c i l l a t o r y outputs from the BPFs caused 

by i m p u l s i v e n o i s e s p i k e s a t t h e i n p u t . Furthermore, they a l s o 

show t h a t the background n o i s e i s a l s o s u s c e p t i b l e t o p e r i o d i c 

power l i n e impedance modulation e f f e c t s (see S e c t i o n 3.1). One 

other o b s e r v a t i o n i s the d i f f e r e n t d u r a t i o n p e r i o d s of these 

impulse e f f e c t s i n the t h r e e frequency bands, about lOOus i n the 

low frequency band (20kHz-30kHz), 50us i n the mid frequency band 

(50kHz-70kHz), and 25us t o 30us i n the h i g h frequency band 

(120kHz-180kHz). The d u r a t i o n of an impulse at the input i s 

around lOus t o 15us. The d u r a t i o n of an impulse n o i s e s p i k e and 
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Table 4.1 I n d u s t r i a l B u i l d i n g Power L i n e Noise S p e c t r a l 
Oensi t y 

f a Phase A Phase B Phase C Remote 

25kHz 85.0 43.4 43.4 91.2 

60kHz 14. 1 22. 1 15.0 16.9 

140kHz .373 .290 .381 .211 

* Remote B i s an o u t l e t used f o r remote r e c e p t i o n and 
t r a n s m i s s i o n as d e f i n e d i n S e c t i o n 3.1. 

note: 1. U n i t i n 10- AV=_ m m/kHz. 

2. Coupling t e r m i n a t i n g r e s i s t a n c e , R»r», i s 12 ohm. 

3. Refer t o Appendix A f o r n o i s e d e n s i t y d e t e r m i n a t i o n . 

Table 4.2 R e s i d e n t i a l B u i l d i n g Power L i n e Noise S p e c t r a l 
D e n s i t y 

f 0 Phase 0° Phase 180e* 

25kHz 1.65 3.28 

60kHz 1.22 .802 

140kHz .0119 .0305 

note: 1. U n i t i n 10-*V 2
1_ m./kHz. 

2. Co u p l i n g t e r m i n a t i n g r e s i s t a n c e , R»r», i s 12 ohm. 

3. Refer t o Appendix A f o r n o i s e d e n s i t y d e t e r m i n a t i o n . 
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F i g . 4.1 Power L i n e Noise i n Three Frequency Bands 
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HIGH EPF C IZokHz -to fQotHz.) 

F i g . 4.1 Cont'd 

4oKHz 14-6 kHz 

1 

F i g . 4.2 Power L i n e Noise S p e c t r a l D e n s i t y 
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i t s induced e-f-fects on the BPFs may have i m p l i c a t i o n s i n high 

speed t r a n s m i s s i o n s . As the p e r i o d of a b i t decreases, the 

p r o b a b i l i t y of i t s i n f o r m a t i o n being destroyed by an impulse 

i n c r e a s e s . 

Table 4.1 and Table 4.2 show a downward t r e n d i n power l i n e 

n o i s e s p e c t r a l d e n s i t y as frequency i n c r e a s e s . T h i s i s i n 

agreement with r e p o r t e d f i n d i n g s . The data a l s o shows t h a t an 

i n d u s t r i a l power l i n e i s n o i s i e r than a r e s i d e n t i a l one. A 

p i c t u r e of the i n d u s t r i a l power l i n e n o i s e s p e c t r a l d e n s i t y i s 

shown i n F i g . 4.2, i n which s e v e r a l i n t e n s i f i e d n o i s e r e g i o n s 

appear. In a d d i t i o n , t h e r e e x i s t s an approximate 20dB d i f f e r e n c e 

i n s p e c t r a l d e n s i t y between the extreme ends of the recorded 

spectrum. 

4.2 Cross S e c t i o n a l Power L i n e Noise C h a r a c t e r i s t i c s 

Power L i n e n o i s e i s i n f l u e n c e d by p a r t i c u l a r l i n e l o a d i n g . 

Measurements of n o i s e s p e c t r a l d e n s i t y were performed i n the UBC 

McLeod B u i l d i n g on f o u r high power l i n e a c t i v i t y and on f o u r low 

power l i n e a c t i v i t y days. A high a c t i v i t y day i s any non-holiday 

weekdays between 8:30am and 4:30pm. A low a c t i v i t y day i n c l u d e s 

any weekend days. Measurement r e s u l t s a r e found i n Table 4.3, 

which shows a t r e n d of i n c r e a s e d n o i s e on low a c t i v i t y days and 

decreased n o i s e on high a c t i v i t y days. T h i s t r e n d i s a t t r i b u t e d 

t o reduced power l i n e a t t e n u a t i o n s on low a c t i v i t y days. But i t 

has been observed t h a t power l i n e s on a weekend p e r i o d may have 

n o i s e v a l u e s s i m i l a r t o t h a t of a high a c t i v i t y day, simply 

because t h e b u i l d i n g ' s power l i n e s a re loaded. 
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Tabl e 4.3 I n d u s t r i a l B u i l d i n g Power L i n e Noise S p e c t r a l 
D e n s i t y on Four High A c t i v i t y and Four Low 
A c t i v i t y Days 

Phase A 

HIGH A c t i v i t y Days 

Phase B Phase C Remote B* 

60kHz .435 1.43 2.72 5. 17 
60kHz 6.55 2.02 3. 11 3.31 
60kHz 6.26 1.29 3.52 6.26 
60kHz 1.57 .513 .870 .828 

140kHz .314 .034 . 156 .113 
140kHz . 143 .087 .119 . 143 
140kHz . 131 .055 .097 .087 
140kHz .072 .031 .023 .034 

LOW A c t i v i t y Days 

60kHz 4.92 3.52 4.43 5.70 
60kHz 11.64 5. 17 4.43 6.26 
60 kHz 10. 14 3.52 3.96 3.52 
60kHz 1.51 1. 19 1.56 1.29 

140kHz .298 .026 .087 .934 
140kHz .298 . 191 .271 1.38 
140kHz .387 .206 .346 .855 
140kHz .064 .037 .020 .034 

• Remote B i s an o u t l e t used f o r remote r e c e p t i o n and 
transmi s s i o n de-fined i n S e c t i o n , 3.1. 

note: 1. U n i t i n 10-* V 2, /kHz. 

Coup l i n g t e r m i n a t i n g r e s i s t a n c e , R* n, i s 3.3 ohm. 

3. Refer t o Appendix A f o r n o i s e d e n s i t y measurement. 
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5. CMFSK POWER LINE MODEM DESIGN CONSIDERATIONS 

5.1 Power L i n e Modem Design C r i t e r i o n 

An a c c e p t a b l e modem design should meet the f o l l o w i n g 

r e q u i rements: 

1. A c c e p t a b l e channel b i t e r r o r r a t e performance a t high 
t r a n s m i s s i o n r a t e , i . e . 1 0 - 3 or b e t t e r at 19.2kbps. 

2. Minimum s p e c t r a l s p i l l o v e r t o reduce harmful i n t e r f e r e n c e t o 
other power l i n e communication systems and AM r a d i o s . 

3. Proven technology g i v i n g high r e l i a b i l i t y , low implementation 
d i f f i c u l t y , and low c o s t . 

4. A b i l i t y t o operate i n 50/60Hz 2/3-phase 110V/220V power l i n e 
networks with minimum user adjustment. 

5. A b i l i t y t o operate c o n t i n u o u s l y i n a power outage. 

6. A b i l i t y t o c o — e x i s t with e x i s t i n g power l i n e communication 
systems i n the same power l i n e network. 

7. Meets or exceeds a l l a p p l i c a b l e emission r e g u l a t i o n s . 

Some r e s e a r c h e r s C17D-C19D have a p p l i e d spread spectrum 

methods t o power l i n e modems. T h e i r i n t e n t i o n i s t o overcome 

narrow band frequency fades and t o a c h i e v e Code D i v i s i o n M u l t i p l e 

Access. In Chapter 8, the advantages and disadvantages of u s i n g 

spread spectrum s i g n a l l i n g over power l i n e s are d i s c u s s e d i n more 

d e t a i l . Here a b r i e f summary w i l l s u f f i c e . 

The primary u s e f u l n e s s of spread spectrum i n our a p p l i c a t i o n 

l i e s with i t s s p e c t r a l d e n s i t y r e d u c t i o n c a p a b i l i t y . Coupled 

with the CMFSK modulation with i t s compact spectrum and f a s t 

s i d e l o b e r o l l o f f , spread spectrum i s a b l e t o t r a n s f o r m remanant 

s i d e l o b e s p i l l a g e s i n t o 'AWGN'—like n o i s e s . T h e r e f o r e , spread 
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spectrum a l l o w s the use of enhanced t r a n s m i t t e r power t o overcome 

path a t t e n u a t i o n without g e n e r a t i n g unacceptably high l e v e l s of 

i n t e r f e r e n c e . 

One should keep i n mind t h a t the u l t i m a t e goal i s t o 

c o n c e n t r a t e as much energy as p o s s i b l e i n the band of i n t e r e s t , 

and t o t r a n s f o r m unavoidable s p e c t r a l s p i l l a g e s i n t o white n o i s e . 

T h i s approach may seem redundant s i n c e the power l i n e i t s e l f w i l l 

e v e n t u a l l y e l i m i n a t e the high frequency components of a s i g n a l . 

Although t h i s may be the case i n remote t r a n s m i s s i o n s , much 

high frequency i n t e r f e r e n c e can reach near—by or c o - s i t e u s e r s . 

T h i s i s s i m i l a r t o the n e a r / f a r f i e l d problem d i s c u s s e d i n 

Chapter 8. 

The use of ac z e r o c r o s s i n g s i n s y n c h r o n i z i n g a t r a n s m i t t e r / 

r e c e i v e r p a i r i s found i n BSR X-10 and i n C43. The b e n e f i t i s 

c l e a r i n low t r a n s m i s s i o n r a t e system where small t i m i n g e r r o r s , 

i n the form of in-phase z e r o c r o s s i n g j i t t e r [ I B ] , can be 

t o l e r a t e d b e f o r e system performance i s a d v e r s e l y a f f e c t e d . 

Measured r e s u l t s f o r o f f — p h a s e z e r o c r o s s i n g j i t t e r were not 

i n c l u d e d i n C183. Our o b s e r v a t i o n s i n d i c a t e t h a t o f f - p h a s e z e r o 

c r o s s i n g j i t t e r i s much more s e r i o u s than in-phase j i t t e r . T h i s 

i s t o be expected s i n c e in—phase z e r o c r o s s i n g s are d e r i v e d from 

the same 60Hz s i g n a l but o f f - p h a s e z e r o c r o s s i n g s are d e r i v e d 

from t h r e e d i f f e r e n t 60Hz ac v o l t a g e s . In high speed data 

t r a n s m i s s i o n s , these z e r o c r o s s i n g s may not be a c c u r a t e enough t o 

p r o v i d e adequate s y n c h r o n i z a t i o n t i m i n g . However, they can s t i l l 

p r o v i d e c o a r s e t i m i n g r e f e r e n c e . 
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Sixty—Hz s y n c h r o n i z a t i o n methods - f a i l d u r i n g a power outage. 

I t i s argued t h a t t h e r e i s no expected communications needs i n 

such a s i t u a t i o n , and t h e r e f o r e , outage problems can be ignored. 

However, t h i s approach i s r a t h e r r e s t r i c t i v e on a power l i n e 

l o c a l area network c a p a b i l i t y . Power supply networks i n l a r g e 

b u i l d i n g s may be backed up by g e n e r a t o r s , d i g i t a l systems may be 

t e m p o r a r i l y backed up by b a t t e r i e s t o perform pre-programmed 

shutdown o p e r a t i o n s , and power l i n e s e c u r i t y / m o n i t o r networks may 

be r e q u i r e d t o remain o p e r a t i o n a l d u r i n g power outages. 

Any modem design f o r use on power d i s t r i b u t i o n networks 

must c o n s i d e r the problems mentioned i n t h i s and preceding 

s e c t i o n s . In the f o l l o w i n g s e c t i o n s , the design of a coherent 

minimum FSK modem i s d e s c r i b e d along with i t s BER measurements at 

d i f f e r e n t b i t r a t e s and d i f f e r e n t power l i n e environments. 

5.2 Design O b j e c t i v e s of a CMFSK Power L i n e Modem 

From the above d i s c u s s i o n , a compact spectrum modulation 

scheme with f a s t s i d e l o b e r o l l o f f i s d e s i r a b l e i n c o n t r o l l i n g 

i n t e r f e r e n c e when output power must be r a i s e d t o compensate f o r 

t r a n s m i s s i o n l o s s . S everal compact spectrum modulation schemes 

e x i s t and a r e d i s c u s s e d i n 130,313. A s u i t a b l e modulation scheme 

has a constant envelope and continuous phase t r a n s i t i o n output 

waveform. 

The spectrum f o r ASK, FSK, and PSK modulation schemes has a 

f i r s t n u l l at 1/T, T being the b i t d u r a t i o n . A more compact 

spectrum i s r e a l i z e d with coherent minimum FSK (CMFSK). I t has a 
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1st n u l l a t .75/T and a f - " * s p e c t r a l r o l l o f f r a t e , compared 

t o f - 2 i n e i t h e r PSK or ASK. I t s drawback i s an e x t r a 3dB 

r e c e i v e d energy i s r e q u i r e d t o achieve the same BER performance 

of a p e r f e c t l y s y c h r o n i z e d PSK system o p e r a t i n g i n white n o i s e . 

In p r a c t i c e , the 3dB energy advantage a PSK system enjoys over a 

coherent FSK system i s sometimes obscured by imperfect c a r r i e r 

r e c o v e r y C30,32,33,343 and by the presence of im p u l s i v e n o i s e . 

The impulse n o i s e e f f e c t on a PSK/DPSK and FSK system was 

re p o r t e d i n 126,35,363. Chan [263 presented the BER s t a t i s t i c s 

f o r t h i s author's CMFSK modem and f o r a p e r f e c t l y synchronized 

PSK modem. He s t a t e d t h a t the 3dB advantage of the PSK system 

d i d not seem t o enhance i t s performance over the CMFSK modem. 

However, Chan r e p o r t e d more double and t r i p l e b i t e r r o r s from the 

CMFSK modem and more s i n g l e b i t e r r o r s from the PSK modem a t the 

same BER, which was a t t r i b u t e d t o the PSK in h e r e n t 3dB advantage. 

However, t h i s f i n d i n g i s not supported by comparing the Eb/No 

va l u e s corresponding t o the same BER from e i t h e r modem. A 

p o s s i b l e i n t e r p r e t a t i o n of Chan's o b s e r v a t i o n i s t h a t the CMFSK 

modem i s more t o l e r a n t of low l e v e l impulse n o i s e , but makes more 

e r r o r s when overcome by them. T h i s p o s s i b l e i m p u l s e - t o l e r a n t 

a b i l i t y of a FSK system may be because s i g n a l d e t e c t i o n o n l y 

i n v o l v e s t he frequency i n f o r m a t i o n , w h i l e on the other hand, a 

PSK system r e l i e s on both the c a r r i e r and phase i n f o r m a t i o n of an 

incoming s i g n a l . T h i s g i v e s PSK the 3dB energy advantage i n 

AWGN, but not n e c e s s a r i l y so i n impulse or non-Gaussian n o i s e . 

The BER ver s u s Eb/No curve of the PSK modem, without r e l y i n g on 

p e r f e c t s y n c h r o n i z a t i o n , should be e s t a b l i s h e d t o i n v e s t i g a t e i f 
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th e r e i s any s i g n i f i c a n t energy advantage of PSK over FSK i n 

impulse n o i s e impaired s i g n a l d e t e c t i o n . 

The coherent minimum FSK modulation scheme seems t o be a 

good compromise between a compact spectrum, steep s i d e l o b e s , and 

e f f i c i e n t use of r e c e i v e d s i g n a l energy. I t s implementation i s 

f a c i l i t a t e d by proven modulation/demodulation techniques from 

e x i s t i n g i n t e g r a t e d c i r c u i t c h i p s . The goal of control led 

i n t e r f e r e n c e can be achieved by a p p l y i n g spread spectrum methods 

t o the baseband s i g n a l without e x c e s s i v e s p e c t r a l s p i l l o v e r s from 

the d e s i r e d s i g n a l frequency band. Spread spectrum i s thereby 

e f f e c t i v e i n re d u c i n g narrow band i n t e r f e r e n c e t o other power 

l i n e communications users and AM r a d i o s , w h ile a l s o a l l o w i n g a 

higher t r a n s m i t t e r output t o compensate f o r path a t t e n u a t i o n . 

5.3 Design of a CMFSK Power L i n e Modem 

The h e a r t of the modem l i e s with two EXAR ICs, XR-2206 and 

XR-2211. The XR-2206 i s a f u n c t i o n generator used i n the 

t r a n s m i t t e r s e c t i o n f o r g e n e r a t i o n of the two FSK f r e q u e n c i e s . 

The XR-2211 i s a FSK demodulator used i n the r e c e i v e r . The ICs 

are chosen f o r t h e i r frequency s t a b i l i t y a g a i n s t power supply and 

temperature v a r i a t i o n s . The block diagrams of the t r a n s m i t t e r 

and r e c e i v e r a re found i n F i g . 5.1. More d e t a i l e d schematics a re 

found i n Appendix B. 
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5.4 CMFSK Modem T r a n s m i t t e r D e s c r i p t i o n 

R e f e r r i n g t o the t r a n s m i t t e r block diagram, the two FSK 

f r e q u e n c i e s a re determined by CI, R l , and R2. The FSK s i g n a l 

from the XR-2206 i s f e d t o a l i n e a r power a m p l i f i e r . The 

a m p l i f i e d s i g n a l i s then coupled i n t o the power l i n e v i a p u l s e 

transformer T l and ac b l o c k i n g c a p a c i t o r C2. The input t o the 

power a m p l i f i e r i s c o n t r o l l e d by VR1, and t h e r e f o r e , the power 

d e l i v e r e d t o the power l i n e can be v a r i e d . Measurements were 

performed t o determine the output power at v a r i o u s t r a n s m i t t e r 

output v o l t a g e l e v e l s (see F i g . 5.2). The r e s u l t s a re con t a i n e d 

i n T able 5.1, which shows a maximum output of 0.8W. The power 

l i n e impedance was a l s o determined t o be 10.5+.5 ohms at 

120kHz, which agrees well with other r e p o r t e d v a l u e s 137,383. 

5.5 CMFSK Modem Receiver D e s c r i p t i o n 

The r e c e i v e r c o n s i s t s of an in p u t power l i n e c o u p l i n g 

network, a bandpass f i l t e r , a FSK demodulator, a b i t c l o c k 

r e c o v e r y , and a d i g i t a l integrate/dump (see F i g . 5.3). 

The i n p u t power l i n e c o u p l i n g network i s made up of an ac 

b l o c k i n g c a p a c i t o r CI, p u l s e transformer T l , and r e s i s t o r R l . 

The frequency response of t h i s c o u p l i n g network i s f l a t from 

30kHz t o beyond 200kHz (+0.0dB, -2.0dB). 

The bandpass f i l t e r (BPF) i s made up of a hig h pass f i l t e r 

f o l l o w e d by a low pass f i l t e r . I t s —3dB bandwidth i s about 50kHz 

and i s cen t e r e d a t 140kHz. The e q u i v a l e n t n o i s e bandwidth i s 

deduced t o be 60kHz from the BER measurements i n AWGN. 
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Spra^ue Poise Transferrer 

11Z210Q 

where 

2 x V o u * x V„ 

PF = Power F a c t o r = magnitude I cos |̂  3 

P o u t = Power D e l i v e r e d i n t o t he Power L i n e 

( V o u ^ X X PF) - l o u t 2 X R m t 

= ( V o u t x Va x PF) - V j ^ x R i n t 

R R 2 

R m t = I n t e r n a l R e s i s t a n c e o-f the Power L i n e Coupling 

= measured t o be 3.0+.3 ohms. 

F i g . 5 . 2 CMFSK Modem Power Output Measurement Method 
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Table 5.1 Coupled Power i n t o the Power L i n e @ 120kHz 

v 4 „ v o u t v „ Pc3«Jlt 

1.00+.01V 0.93+.01V 70+2mV 50mW 

2.00+.02V 1.86+.02V 138+2mV 200mW 

3.00+.02V 2.80+.02V 202+2mV 440mW 

4.00+.05V 3.72+.05V 290+2mV 790mW 

note: 1. P 0 « t = Power d e l i v e r e d i n t o the power l i n e . 

2. Power l i n e impedance i s deduced t o be 10.5+.5 ohms 
@ 120kHz u s i n g t h i s t a b l e and F i g . 5.2. 

3. Refer t o F i g . 5.2 f o r power measurement technique. 
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The XR-2211 FSK demodulator i n c o r p o r a t e s a phase locked 

loop (PLL) t o compare the incoming -frequency with a r e f e r e n c e 

frequency. The FSK demodulation process generates an analog 

v o l t a g e at p i n 11, which corresponds t o e i t h e r a sent '1* or '0' 

p l u s r e c e i v e d n o i s e . The r e f e r e n c e frequency i s c o n t r o l l e d by 

C2 and VR1 and the bandwidth of PLL response i s s e t by R2 and C3 

(see [393 f o r more i n f o r m a t i o n on FSK modulation/demodulation). 

The recovered analog data p u l s e s a re then low pass f i l t e r e d t o 

f u r t h e r a t t e n u a t e out-of-band n o i s e . At t h i s p o i n t , the data 

p u l s e s c o u l d i n s t e a d be analog s i g n a l s , thereby p r o v i d i n g v o i c e 

communications c a p a b i l i t y v i a the power l i n e s . T h i s method i s 

used i n most low c o s t r e s i d e n t i a l power l i n e FM intercoms. 

The analog data p u l s e s , a f t e r h a r d l i m i t i n g , d r i v e a phase 

locked loop (XR-2212) c o n t r o l l e d b i t c l o c k r e c o v e r y c i r c u i t , 

which s u p p l i e s t i m i n g s i g n a l s t o the modem's d i g i t a l c i r c u i t r y . 

The p r i n c i p l e of b i t c l o c k r e c o v e r y i s d i s c u s s e d i n [40,413. 

In essence, a d i f f e r e n t i a t e d b i t stream has a d i s c r e t e s p e c t r a l 

l i n e at the b i t r a t e frequency. T h i s l i n e i s then locked onto by 

a PLL, which p r o v i d e s the a p p r o p r i a t e b i t t i m i n g s i g n a l s . A more 

d e t a i l e d d e s c r i p t i o n on the o p e r a t i o n of a c l o c k r e c o v e r y c i r c u i t 

i s found i n [423. 

The d i g i t a l integrate/dump uses a 1 - b i t A/D co n v e r s i o n t o 

e x t r a c t 16 samples of e i t h e r '1' or '0' from a raw data p u l s e . 

At the end of the sampling i n t e r v a l , the 16 samples a r e summed 

to y i e l d a t h r e s h o l d d e c i s i o n on the data p u l s e . I t s advantage 

i s t he e l i m i n a t i o n of an ' i n t e g r a t e ' c a p a c i t o r which i s prone t o 
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a l a r g e v o l t a g e step change caused by an unsuppressed impulse 

(see F i g 5 . 7 i n C4D). If a d i g i t a l integrate/dump had been used 

i n t h a t i n s t a n c e , the impulse would l i k e l y have m o d i f i e d one or 

two samples out of s i x t e e n , r e s u l t i n g i n decreased ' i n t e g r a t o r ' 

s e n s i t i v i t y t o impulse e f f e c t s . Another b e n e f i t i s the easy 

a d a p t a t i o n t o other b i t r a t e s by a simple change i n the sampling 

c l o c k r a t e . F i n a l l y , t h i s d i g i t a l integrate/dump can be e a s i l y 

i n c o r p o r a t e d i n t o an IC c h i p . Degradation due t o the d i s c r e t e 

nature of t h i s c i r c u i t does occur because of hard d e c i s i o n s on 

each sample; however the degradation i n terms of higher BER was 

not apparent when t h i s d i g i t a l integrate/dump was compared t o an 

analog integrate/dump. T h i s i s a t t r i b u t e d t o the many samples 

used i n forming the t h r e s h o l d d e c i s i o n . 
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6. PRELIMINARY CMFSK TESTS TO SELECT SIGNALLING PARAMETERS 

6.1 CMFSK B i t E r r o r Rates i n AWGN 

A white n o i s e t e s t was performed t o v e r i f y modem o p e r a t i o n 

at 19.2kbps t r a n s m i s s i o n r a t e and o f f s e t frequency of +4.8kHz. 

The c a r r i e r frequency was chosen t o be 120kHz. The t e s t setup i s 

as shown i n F i g . 6.1 and the white n o i s e BER ver s u s Eb/No r e s u l t s 

are p l o t t e d i n F i g . 6.2. A d d i t i o n a l BER t e s t r e s u l t s a t 1.2kbps 

and 4.8kbps data r a t e were obtained and recorded i n Table 6.1. 

Using these r e s u l t s , t he e q u i v a l e n t n o i s e bandwidth was estimated 

t o be 60kHz, which i s l a r g e r than the measured —3dB bandwidth of 

52kHz. In white n o i s e the BER of the CMFSK modem i s given by: 

BER = Q C ( E b / N o ) 1 " 3 3 

CO 

where QZxl = ( 2 7 T ) - 1 ' 2 exp(-y s e/2) dy 

Eb = average b i t energy = Pb / b i t r a t e 

= V 2 . i 0 / b i t r a t e 

No = n o i s e d e n s i t y = V 2
n o , „ / Eqv BW 

Pb = r e c e i v e d s i g n a l power 

Eqv BW = E q u i v a l e n t n o i s e bandwidth 

The s o l i d c urve shown i n F i g . 6.2 r e p r e s e n t s the i d e a l BER 

performance u s i n g 60kHz as the e q u i v a l e n t n o i s e bandwidth. 

6.2 S p e c t r a l Comparison of a PN Sequence and i t s CMFSK Output 

, The spectrum of a 19.2kbps, le n g t h 2047 PN code i s shown i n 

F i g . 6.3. The main lobe i s centered at d.c. and i s 40kHz wide. 

If the spectrum i s centered at 120kHz, i t would r e p r e s e n t the 
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Table 6.1 1.2kbps, 4.8kbps, and 19.2kbps BER R e s u l t s 
i n A d d i t i v e White Gaussian Noise 

B i t Rate Eb/No BER P r e d i c t e d BER 

1.2Kbps 4.95dB 7.2x10"= 3.8xl0~= 
1.2kbps 8.47dB 5.7x10-=* 4.0x10-=* 
1.2kbps 10.97dB 3.2x10"* 2.1x10-* 
1.2kbps 12.55dB 2. 9x10-° 1 . I x l 0 - B 

1.2kbps 13.58dB 1.4x10-= 9.0x10-^ 

4.8kbps 4.95dB 7.5x10-= 3.8x10-= 
4.8kbps 8.47dB 6.8x10-=* 4 . 0 x l 0 - 3 

4.8kbps 10.97dB 2.2x10-* 2.1x10-* 
4.8kbps 12.18dB 1.5xl0-«» 2.4x10-" 
4.8kbps 12.91dB 3.0x10-* 4.9x10~* 
4.8kbps 16.99dB < 10-° 7 . 6 x l 0 - 1 3 

19.2kbps 4.95dB 6.7x10-* 3.8x10-= 
19.2kbps 8.47dB 5.0x10-=* 4.Ox10~ 3 

19.2kbps 10.97dB 1.9x10-* 2.1x10-* 
19.2kbps 11.99dB Z.4xl0-~ 3.4x10-° 
19.2kbps 12.91dB 1.2x10-" 4.9x10-" 
19.2kbps 13.74dB 2.6x10— 5.8x10-^ 
19.2kbps 14.49dB 2x10-'' 5.7x10-" 

flojse 
Generator 

BER <j-

F 5 K henno^nla^ot—I 

HP /645/A 
DATA ERROR 

AM/\LY2ER 

DATA 

F i g . 6.1 CMFSK Modem White Noise BER Measurement Method 



F i g . 6.2 CMFSK Modem White Noise 19.2kbps BER Performance 
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F i g . G.4 Spectrum of a 19.2kbps PN code CMFSK Output 



output spectrum of a PSK system with a 120kHz c a r r i e r . The 

spectrum of the CMFSK output i s shown i n F i g . 6 . 4 . The main lobe 

i s centered at 120kHz and i s 30kHz wide. A comparison of the two 

s p e c t r a c o n f i r m s the narrower spectrum and f a s t e r s i d e l o b e 

r o l l o f f c h a r a c t e r i s t i c s of CMFSK over an e q u i v a l e n t PSK system. 

6.3 CMFSK C a r r i e r Frequency S e l e c t i o n 

The c a r r i e r frequency d i c t a t e s where the s i g n a l spectrum 

w i l l l i e . I t s s e l e c t i o n i s a compromise between low n o i s e and 

low a t t e n u a t i o n l o s s . Two f r e q u e n c i e s are chosen, 60kHz (low 

at t e n u a t i o n ) and 120kHz (low n o i s e ) , t o determine which c a r r i e r 

frequency i s b e t t e r . The BER was measured at the two d i f f e r e n t 

f r e q u e n c i e s f o r both a ' l o c a l * and a 'remote' r e c e p t i o n . The 

' l o c a l ' r e c e p t i o n r e s u l t s a t 60kHz are p l o t t e d i n F i g . 6.5. The 

' l o c a l ' r e c e p t i o n r e s u l t s a t 120kHz are p l o t t e d i n F i g . 6.6. The 

'remote' r e c e p t i o n r e s u l t s a re t a b u l a t e d i n Table 6.2. The t e s t s 

were performed on weekdays between 8:30am and 4:30pm. The BER 

r e s u l t s were recorded a f t e r about 100 b i t e r r o r s had oc c u r r e d . 

The e x c e p t i o n s were when the BER measurements surpassed 10 -* 

BER range and were stopped i r r e g a r d l e s s of the number of e r r o r s . 

I t i s observed t h a t the 60kHz c a r r i e r frequency s u f f e r s from more 

power l i n e impairments, i . e . deeper amplitude fades. T h e r e f o r e , 

the 120kHz c a r r i e r frequency i s chosen f o r i t s o v e r a l l b e t t e r 

performance. 

A spectrum a n a l y z e r was used t o r e c o r d the background n o i s e 

and t o superimpose i t on top of the spectrum of r e c e i v e d s i g n a l 

p l u s n o i s e . The r e s u l t , shown i n F i g . 6.7, shows the spectrum of 



F i g . 6.5 Interphase 19.2kbps BER versus Eb/No curve at 
a C a r r i e r Frequency of 60kHz 



F i g . 6.6 Interphase 19.2kbps BER versus Eb/No curve at 
a C a r r i e r Frequency of 120kHz 
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^ ' 5 i a l + A/oise 

F i g . 6 . 7 Spectrum of CMFSK output Superimposed on Power 
L i n e Noise 
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Table 6.2 'Remote' Interphase 19.2kbps BER versus Eb/No at 
Tr a n s m i t t e r Output o-f IV, 2V, 3V, and 4V at Two 
D i f f e r e n t C a r r i e r F r e q u e n c i e s of 60kHz and 120kHz 

Trx Output Trx Fr e q Rcr Locn Rcr Eb/No BER 
(Rm 442) 

l.OV 60kHz Bench 'A' 12.2dB 2.0x10"= 
l.OV 60kHz Bench B' 19.7dB 5.2xl0-» 
l.OV 60kHz Bench 'C* 14.3dB 7.0x10-= 
l.OV 120kHz Bench A' ll.OdB 1.0x10-= 
l.OV 120kHz Bench *B' 17.5dB 3.5x10-* 
l.OV 120kHz Bench 'C 13.2dB 3.3x10-= 

2.0V 60kHz Bench 'A' 18.3dB 4.0xl0~ : s 

2.0V 60kHz Bench 'B' 25.5dB 8.0x10-* 
2.0V 60kHz Bench 'C 20.0dB 3.2x10-= 
2.0V 120kHz Bench *A' 15.6dB 7.5x10-= 
2.0V 120kHz Bench B' 24.0dB 4.0x10-° 
2.0V 120kHz Bench C* 18.4dB 2.3x10-' 

3.0V 60kHz Bench 'A* 22.2dB l . O x l O - 3 

3.0V 60kHz Bench *B' 29.8dB 9x10-* 
3.0V 60 kHz Bench 'C* 24.3dB 4.0x10-= 
3.0V 120kHz Bench 'A' 19.6dB 4.2x10-' 
3.0V 120kHz Bench *B* 26.3dB 1.0x10-* 
3.0V 120kHz Bench *C* 20.5dB 7.5x10-* 

4.0V 60kHz Bench 'A' 24.3dB 2.5x10-* 
4.0V 60kHz Bench 'B' 30.7dB 3x10-* 
4.0V 60kHz Bench *C 25.3dB 3.7x10-= 
4.0V 120kHz Bench 'A' 26.0dB 6.5x10-* 
4.0V 120kHz Bench 'B' 32.0dB l.OxlO-* 
4.0V 120kHz Bench *C 25.8dB 1.6x10-* 

note: 1. T r a n s m i t t e r on remote phase B. 

2. Bench *C s i g n a l r e c e p t i o n s s u f f e r from severe p e r i o d i c 
amplitude dropouts a t 60kHz. 
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the 120kHz s i g n a l i s concentrated i n a r e l a t i v e l y q u i e t frequency 

band. T h i s i n d i c a t e s t h a t given the same t r a n s m i t t e r power, a 

high c a r r i e r frequency w i l l be r e c e i v e d at higher SNR i g n o r i n g 

the e f f e c t s of path a t t e n u a t i o n . However, b i t e r r o r performance 

should not be a f f e c t e d by the c h o i c e of c a r r i e r frequency as long 

as r e c e i v e d Eb/No are the same. The e f f e c t of c a r r i e r frequency 

on BER can be seen i n the photographs of power l i n e n o i s e i n 

t h r e e frequency bands shown i n F i g . 4.1, i n which they show an 

abundance of r i c h impulses i n lower f r e q u e n c i e s . O b s e r v a t i o n s of 

these impulses on a scope show approximately the same number of 

impulses i n each frequency band, but the amplitude and d u r a t i o n 

of the impulses are higher and longer i n the lower f r e q u e n c i e s . 

T h e r e f o r e , a data s i g n a l on a low frequency c a r r i e r may s u f f e r 

e x c e s s i v e BER d e t e r i o r a t i o n from a n o i s e impulse. 

6.4 BER Measurement f o r CMFSK i n a 'Remote' Reception 

A s e t of 'remote' r e c e p t i o n BER data was c o l l e c t e d t o check 

f o r any s i g n i f i c a n t d i f f e r e n c e between a ' l o c a l ' and a 'remote' 

r e c e p t i o n . The r e s u l t s , p l o t t e d i n F i g . 6.8, show no a p p r e c i a b l e 

d i f f e r e n c e i n BER performance as long as the same Eb/No i s 

r e c e i v e d . ' L o c a l * and 'remote' c o n d i t i o n s are d e f i n e d i n S e c t i o n 

3.1. T h i s r e s u l t i s u s e f u l because i t was obtained from a c t u a l 

power l i n e t r a n s m i s s i o n s over an unknown and h o s t i l e s i g n a l path. 

In a d d i t i o n , the v i a b i l i t y of the CMFSK modem i n power l i n e d ata 

communications i s c l e a r l y demonstrated. 

The BER ve r s u s Eb/No curve can be broken down i n t o two 

r e g i o n s : 



F i g . 6.8 'Remote' Interphase 19.2kbps BER ve r s u s Eb/No 
at a C a r r i e r Frequency of 120kHz 
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1. An ex p o n e n t i a l decay i n BER from 10 -* t o 1 0 - 3 , 
i d e n t i f i e d as the white noise r e g i o n i n the BER versus 
Eb/No curve. 

2. A change from the exp o n e n t i a l t o a gradual l i n e a r d r o p o f f 
when BER drops below l O - 2 , i d e n t i f i e d as the impulse 
noise r e g i o n i n the BER versus Eb/No curve. 

A power l i n e modem s u f f e r s p r i m a r i l y from white n o i s e 

e f f e c t s at low Eb/No v a l u e s . As the r e c e i v e d Eb/No i n c r e a s e s , 

impulse n o i s e becomes the dominant cause of b i t e r r o r s , l e a d i n g 

t o slow BER dro p o f f i n high Eb/No v a l u e s . T h i s t r e n d i s found i n 

telephone channels and other p r a c t i c a l data l i n k s , where the 

predominant e r r o r mechanism i s impulse n o i s e . When t h e r e i s very 

s t r o n g s i g n a l s , o n l y a high amplitude impulse can o c c a s i o n a l l y 

overwhelm the r e c e i v e r and cause a b i t e r r o r . S i n c e power l i n e 

impairments are p e r i o d i c , e r r o r s a re a l s o p e r i o d i c (see S e c t i o n 

7.5) . 
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7. BER MEASUREMENT RESULTS IN VARIOUS ENVIRONMENTS AND AT 
VARIOUS DATA RATES 

Our p r o t o t y p e CMFSK modem was operated under t h r e e d i f f e r e n t 

power l i n e environments t o o b t a i n BER measurements as well as b i t 

e r r o r s t a t i s t i c s r e p o r t e d elsewhere C263. The t h r e e environments 

i n c l u d e an i n d u s t r i a l b u i l d i n g , an apartment complex, and a 

r e s i d e n t i a l house. A m a j o r i t y of the BER measurements a r e from 

the 3-phase i n d u s t r i a l b u i l d i n g a t 1.2kbps, 4.8kbps, and 19.2kbps 

data r a t e . The other b u i l d i n g s were used t o c o l l e c t BER 

measurements at 19.2kbps data r a t e o n l y . 

7.1 I n t e r f l o o r / I n t e r p h a s e I n d u s t r i a l BER Measurements at  
1.2kbps. 4.8kbps. and 19.2kbps 

The i n d u s t r i a l b u i l d i n g used was the McLeod E l e c t r i c a l Eng. 

b u i l d i n g at UBC. I t i s f o u r s t o r i e s high with a main o f f i c e , a 

power g e n e r a t i o n l a b o r a t o r y , a high v o l t a g e s t u d i e s l a b o r a t o r y , 

and many other l a b o r a t o r y f a c i l i t i e s . The power d i s t r i b u t i o n 

c i r c u i t i s s u p p l i e d by a 110V/3-phase power network. Some heavy 

machinery such as a b u i l d i n g v e n t i l a t i o n f a n runs c o n t i n u o u s l y . 

The BER t e s t s were taken a c r o s s al1 the t h r e e phases of the power 

l i n e network and a c r o s s a l l the f o u r f l o o r s of the b u i l d i n g . The 

t e s t s were run mostly between 8:30 am t o 4:30 pm, Monday through 

F r i d a y , when t h e r e was the most v a r i e t y and the h e a v i e s t l o a d i n g 

of the b u i l d i n g ' s power l i n e s . 

In t h e t e s t s , the t r a n s m i t t e r was p l a c e d on d i f f e r e n t f l o o r s 

and the r e c e i v e r was c o n f i n e d t o Room 442 and e x t r a c t e d the 

s i g n a l from f o u r d i f f e r e n t o u t l e t s . Three of these o u t l e t s 
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belong t o a 3—phase power supply o u t l e t bar on one of the benches 

and the f o u r t h o u t l e t i s underneath a s i n k i n the same room. 

These o u t l e t s are i d e n t i f i e d as bench supply phase A, bench , 

supply phase B, bench supply phase C, and remote phase B, 

r e s p e c t i v e l y . In S e c t i o n 3.1, the 'remote' s e t of t r a n s m i s s i o n 

curves was obtained by i n j e c t i n g a s i g n a l i n t o remote phase B and 

r e c o v e r i n g i t i n the t h r e e bench phases. The ' l o c a l ' s e t of 

t r a n s m i s s i o n curves was obtained by i n j e c t i n g a s i g n a l i n t o phase 

B and r e c o v e r i n g i t i n the t h r e e phases of the bench supply r a i l . 

T h e r e f o r e , the ' l o c a l ' phase B p r o v i d e s a r e f e r e n c e a g a i n s t which 

other t r a n s m i s s i o n curves can be compared with. I t should be 

noted t h a t the t r a n s m i s s i o n paths between the "under—the—sink-

o u t l e t " and bench o u t l e t s are a c t u a l l y worse than those from the 

basement o u t l e t s t o the 4th f l o o r bench o u t l e t s . 

The BER measurements are compiled i n T a b l e 7.1 and p l o t t e d 

i n F i g . 7.1. The same s e t of t e s t s was repeated f o r data r a t e s a t 

1.2kbps and 4.8kbps. The BER vs. Eb/No r e s u l t s are compiled i n 

Table 7.2 and Table 7.3 and p l o t t e d i n F i g . 7.2 and F i g . 7.3. 

These graphs r e v e a l t h a t the white n o i s e r e g i o n extends t o lower 

BERs at lower data r a t e s . T h i s i n d i c a t e s the r e c e i v e r has 

i n c r e a s e d r e s i s t a n c e t o impulse n o i s e at low data r a t e s . 

7.2 I n t e r f l o o r / I n t e r p h a s e Apartment BER Measurements at  
19.2kbps 

The t h r e e - s t o r y apartment has about 50 i n d i v i d u a l d w e l l i n g 

u n i t s . I t p r o v i d e s accomodation t o UBC s t u d e n t s . The b u i l d i n g 

i s s u p p l i e d by l l O V / s p l i t - s i n g l e - p h a s e power. BER measurements 
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were taken f o r across-phase and a c r o s s - f l o o r c o n d i t i o n s at 

19.2kbps. Over the d u r a t i o n of the measurement p e r i o d , i t was 

observed t h a t average background power l i n e n o i s e i s lowest from 

mid morning t o noon and h i g h e s t from l a t e a fternoon t o midnight. 

The BER measurements are compiled i n Table 7.4 and p l o t t e d 

i n F i g . 7.4. The white n o i s e and impulse n o i s e r e g i o n s seem t o 

be s i m i l a r t o those obtained i n the i n d u s t r i a l b u i l d i n g . The 

main source of e r r o r s comes from the on/off t r a n s i e n t s of nearby 

a p p l i a n c e s . A t r a n s i e n t may cause e i t h e r no e r r o r s or upwards of 

ten or more e r r o r s depending on i t s s t r e n g t h and d u r a t i o n . 

7.3 I n t e r f l o o r / I n t e r p h a s e R e s i d e n t i a l BER Measurements at  
19.2kbps 

The two-story house i s s u p p l i e d with 1 l O V / s p l i t - s i n g l e - p h a s e 

power. A s e t of remote across—phase 19.2kbps BER measurements 

were taken a c r o s s two f l o o r s . Two s e t s of BER measurements were 

taken, one with a h a i r d r y e r turned on t o i t s maximum of 1200W 

and the other with the h a i r d r y e r o f f . When the h a i r dryer was 

switched on, the average n o i s e l e v e l i n c r e a s e d from llmV t o over 

30mV wh i l e the n o i s e peaks jumped from 130mV t o over 850mV. The 

r e s u l t s a r e p l o t t e d i n F i g . 7.5. The t r a n s m i t t e d output power 

l e v e l i s high e r i n the h a i r d r y e r "ON" case (see Table 7.5). 

7.4 Cross S e c t i o n a l BER Performance at 19.2kbps i n an  
I n d u s t r i a l B u i l d i n g 

In a p r a c t i c a l a p p l i c a t i o n , a power l i n e modem operates with 

a p r e s e t output v o l t a g e l e v e l . T h e r e f o r e , i t i s important t o 

know how t h e BER performance v a r i e s d u r i n g continuous o p e r a t i o n 
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Table 7.1 I n t e r f l o o r / I n t e r p h a s e 19.2kbps BER versus Eb/No 
at T r a n s m i t t e r Output of IV, 2V, 3V, and 4V i n 
an I n d u s t r i a l B u i l d i n g 

Trx Output Trx Locn Rcr Locn 
(Rm 442) 

Rcr Eb/No BER 

l.OV 
l.OV 
l.OV 
l.OV 

l.OV 
l.OV 
l.OV 
l.OV 

l.OV 
l.OV 
l.OV 
l.OV 

l.OV 
l.OV 
l.OV 
l.OV 

2.0V 
2.0V 
2.0V 
2.0V 

2.0V 
2.0V 
2.0V 
2.0V 

2.0V 
2.0V 
2-OV 
2.0V 

2.0V 
2.0V 
2.0V 
2.0V 

Bsmt 
Bsmt 
Bsmt 
Bsmt 

2nd f l o o r 
2nd f l o o r 
2nd f1oor 
2nd f l o o r 

3rd f l o o r 
3rd f l o o r 
3rd f1oor 
3rd f l o o r 

4th f l o o r 
4th f l o o r 
4th f l o o r 
4th f l o o r 

Bsmt 
Bsmt 
Bsmt 
Bsmt 

2nd f l o o r 
2nd f l o o r 
2nd f l o o r 
2nd f l o o r 

3rd f l o o r 
3rd f l o o r 
3rd f l o o r 
3rd f l o o r 

4th f l o o r 
4th f l o o r 
4th f l o o r 
4th f l o o r 

Bench 
Bench 
Bench 

Remote 

Bench 
Bench 
Bench 

Remote 

Bench 
Bench 
Bench 

Remote 

Bench 
Bench 
Bench 

Remote 

Bench 
Bench 
Bench 

Remote 

Bench 
Bench 
Bench 

Remote 

Bench 
Bench 
Bench 

Remote 

Bench 
Bench 
Bench 

Remote 

A' 
B' 
C* 
B* 

A' 
B' 
C* 
B' 

A* 
B' 
C 
B' 

A' 
B' 
C* 
B' 

A' 
B' 
C* 
B' 

A' 
B' 
C 
B' 

A' 
B' 
C* 
B* 

A' 
B' 
C 
B' 

16.7dB 
12.8dB 
15.0dB 
15.9dB 

16.3dB 
12.2dB 
16.7dB 
15.5dB 

15.5dB 
9.7dB 
15.0dB 
12.4dB 

15.0dB 
8.7dB 
12.4dB 
14.5dB 

22.4dB 
17.ldB 
20.ldB 
18.ldB 

23.3dB 
16.3dB 
20.4dB 
18.4dB 

22.8dB 
16.3dB 
19.3dB 
16.7dB 

21.3dB 
15.9dB 
18.8dB 
14.2dB 

1.3x10"' 
6.0x10"' 
2.8x10"' 
3.4x10"' 

2.2x10"' 
8.0x10-=* 
4.Ox 10"' 
3.5x10"' 

7.5x10-' 
1.6xlO"= 
8.5x10-' 
8.5x10-' 

2.9x10-' 
1.2x10-= 
8.0x10-' 
7.0x10-' 

1.0x10-° 
2.3x10-' 
1.1x10-* 
2.6x10-' 

7.0x10-* 
1.7x10-' 
1.0x10-* 
2. 1x10-' 

5.0x10-* 
2. 1x10-' 
2.0x10-* 
2.0x10-' 

4.5x10-° 
3.4x10-' 
4.2x10-* 
2.5x10-' 
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Table 7.1 Cont'd 

Trx Output Trx Locn Rcr Locn Rcr Eb/No BER 
(Rm 442) 

3.0V Bsmt 
3.0V Bsmt 
3.0V Bsmt 
3.0V Bsmt 

3.0V 2nd f l o o r 
3.0V 2nd f l o o r 
3.0V 2nd f l o o r 
3.0V 2nd f l o o r 

3.0V 3rd f l o o r 
3.0V 3rd f l o o r 
3.0V 3rd f l o o r 
3.0V 3rd f l o o r 

3.0V 4th f l o o r 
3.0V 4th f l o o r 
3.0V 4th f l o o r 
3.0V 4th f l o o r 

4.0V Bsmt 
4.0V Bsmt 
4.0V Bsmt 
4.0V Bsmt 

4.0V 2nd f l o o r 
4.0V 2nd f l o o r 
4.0V 2nd f l o o r 
4.0V 2nd f l o o r 

4.0V 3rd f l o o r 
4.0V 3rd f l o o r 
4.0V 3rd f l o o r 
4.0V 3rd f l o o r 

4.0V 4th f l o o r 
4.0V 4th f l o o r 
4.0V 4th f l o o r 
4.0V 4th f l o o r 

Bench Supply 'A' 
Bench Supply 'B' 
Bench Supply 'C* 

Remote 'B' 

Bench Supply 'A' 
Bench Supply 'B' 
Bench Supply *C 

Remote *B' 

Bench Supply 'A* 
Bench Supply 'B * 
Bench Supply 'C* 

Remote 'B' 

Bench Supply 'A' 
Bench Supply 'B' 
Bench Supply *C 

Remote 'B' 

Bench Supply 'A* 
Bench Supply *B' 
Bench Supply 'C 

Remote 'B' 

Bench Supply 'A' 
Bench Supply 'B' 
Bench Supply *C* 

Remote 'B' 

Bench Supply 'A* 
Bench Supply 'B* 
Bench Supply 'C 

Remote B* 

Bench Supply 'A' 
Bench Supply *B' 
Bench Supply * c Remote 'B' 

25.2dB 1.0x10-° 
23.7dB 2.0x10-° 
24.6dB 3.0x10-° 
22.2dB 6.0x10-* 

24.8dB 2.0x10-* 
22.6dB 3.0x10-* 
22.9dB 8.0x10-° 
20.4dB 1.2x10"' 

23.3dB 5.0x10-° 
20.9dB 5.0x10-* 
22.4dB 8.0x10-" 
19.9dB 1.0x10"' 

23.3dB 3.0x10-* 
21.1dB 9.0x10-* 
22.2dB 4.0x10-° 
17.5dB 1.0x10-' 

29.5dB < 10-* 
22.2dB 3.0x10-* 
27.2dB 1.0x10-° 
28.5dB 1.0x10-* 

26.3dB < 10-* 
20.5dB 1.5x10-' 
27.6dB 1.5x10-° 
33.2dB 1.5x10-° 

25.7dB 1.5x10-° 
21.8dB 2.2x10-' 
24.6dB 1.7x10-* 
30.4dB 5.0x10-° 

24.3dB 1.0x10-* 
20.ldB 3.5x10-' 
23.7dB 3.0x10-* 
33.5dB < 10-* 
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Table 7.2 I n t e r f l o o r / I n t e r p h a s e 4.8kbps BER versus Eb/No 
at T r a n s m i t t e r Output of .IV, .2, .4V, and 2.5V 
i n an I n d u s t r i c a l B u i l d i n g 

Trx Output Trx Locn Rcr Locn Rcr Eb/No BER 
(Rm 442) 

lOOmV 
lOOmV 
lOOmV 
lOOmV 

lOOmV 
lOOmV 
lOOmV 
lOOmV 

lOOmV 
lOOmV 
lOOmV 
lOOmV 

lOOmV 
lOOmV 
lOOmV 
lOOmV 

200mV 
200mV 
200mV 
200mV 

200mV 
200mV 
200mV 
200mV 

200mV 
200mV 
200mV 
200mV 

200mV 
200mV 
200mV 
200mV 

Bsmt 
Bsmt 
Bsmt 
Bsmt 

2nd f l o o r 
2nd f l o o r 
2nd f l o o r 
2nd f l o o r 

3rd f l o o r 
3rd f l o o r 
3rd f l o o r 
3rd f1oor 

4th f l o o r 
4th f l o o r 
4th f l o o r 
4th f l o o r 

Bsmt 
Bsmt 
Bsmt 
Bsmt 

2nd f l o o r 
2nd f l o o r 
2nd f l o o r 
2nd f1oor 

3rd f l o o r 
3rd f l o o r 
3rd f l o o r 
3rd f l o o r 

4th f l o o r 
4th f l o o r 
4th f l o o r 
4th f l o o r 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

A* 
B' 
C 
B' 

A' 
B' 
C* 
B * 

A' 
B* 
C 
B' 

A' 
B' 
C* 
B' 

A' 
B* 
C* 
B' 

A* 
B' 
C 
B* 

A' 
B' 
C* 
B* 

A' 
B' 
C* 
B' 

5.4dB 
OdB 

4.0dB 
15.3dB 

2.7dB 
OdB 

2.5dB 
1.7dB 

2.7dB 
OdB 

2.5dB 
3.2dB 

2.7dB 
OdB 
OdB 

4.3dB 

10.9dB 
1.3dB 

10.8dB 
15.7dB 

10.5dB 
5.4dB 
7.3dB 
17.7dB 

9. OdB 
7. OdB 
7.3dB 
17.2dB 

8.5dB 
4.4dB 
5.4dB 
16.6dB 

8.0x10-= 
2.5xl0~* 
5.0x10-= 
1.3x10-' 

1.5x10-= 
2.5x10-* 
7.0x10-= 
1.0x10-= 

2.0x10-= 
2.5x10-* 
8.5x10-= 
2.5x10-= 

3.0x10-= 
2.5x10-* 
8.5x10-= 
1.3x10-= 

4.0x10—» 
1.3x10-* 
1.0x10-= 
1.0x10-^ 

2.0x10-= 
1.1x10-* 
4.5x10-= 
A.OxlO-* 5 

2.2x10-= 
1.4x10-* 
4.5x10-= 
1.0xl0~» 

3.0x10-= 
1.5x10-* 
5.5x10-= 
2.5xlO- | B 
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Table 7.2 Cont'd 

Trx Output Trx Locn Rcr Locn 
(Rm 442) 

Rcr Eb/No BER 

400mV 
400mV 
400mV 
400mV 

400mV 
400mV 
400mV 
400mV 

400mV 
400mV 
400mV 
400mV 

400mV 
400mV 
400mV 
400mV 

2.5V 
2.5V 
2.5V 
2.5V 

2.5V 
2.5V 
2.5V 
2.5V 

2.5V 
2.5V 
2.5V 
2.5V 

2.5V 
2.5V 
2.5V 
2.5V 

Bsmt 
Bsmt 
Bsmt 
Bsmt 

2nd f l o o r 
2nd f l o o r 
2nd f l o o r 
2nd f l o o r 

3rd f l o o r 
3rd f l o o r 
3rd f l o o r 
3rd f l o o r 

4th f l o o r 
4th f l o o r 
4th f l o o r 
4th f l o o r 

Bsmt 
Bsmt 
Bsmt 
Bsmt 

2nd f1oor 
2nd f l o o r 
2nd f l o o r 
2nd f l o o r 

3rd f l o o r 
3rd f l o o r 
3rd f1oor 
3rd f1oor 

4th f l o o r 
4th f l o o r 
4th f l o o r 
4th f l o o r 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

Bench Supply 
Bench Supply 
Bench Supply 

Remote 

A* 
B' 
C* 
B* 

A' 
B' 
C 
B' 

A* 
B' 
C* 
B' 

A' 
B' 
C* 
B* 

A' 
B' 
C 
B' 

A' 
B' 
C 
B* 

A' 
B' 
C* 
B' 

A' 
B" 
C* 
B' 

16.3dB 
7.0dB 
15.0dB 
23.8dB 

14.7dB 
5.4dB 
11.7dB 
23.3dB 

13.5dB 
5.4dB 
11-OdB 
22.7dB 

25.4dB 
5.4dB 

ll.OdB 
22.4dB 

29.4dB 
25.2dB 
27.9dB 
28.5dB 

26.3dB 
19.2dB 
27.ldB 
32.5dB 

28.7dB 
21.6dB 
26.3dB 
35.6dB 

29.4dB 
20.ldB 
25.9dB 
35.0dB 

2x10-* 
4.5x10-= 
2.5x10-° 

< i o - * 

5x10-* 
4.0x10-= 
5.5x10-* 

2x10-* 

4x10-* 
3.7x10-= 
1.3x10-=* 

8 x l 0 ~ * 

6x10-* 
4.0x10-= 
1.7x10-=* 

7x10-* 

3x10-* 
1x10-* 
< 10-* 
< i o - * 
< 10-* 
1x10-* 
< 10-* 
< 10-* 

< 10-* 
1x10-* 
< i o - * 
< i o - * 
1x10-* 
2x10-* 
< i o - * 
< i o - * 
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Table 7.3 I n t e r f l o o r / I n t e r p h a s e 1.2kbps BER versus Eb/No 
at T r a n s m i t t e r Output of 150mV and 200mV i n an 
I n d u s t r i a l B u i l d i n g 

Trx Output Trx Locn Rcr Locn Rcr Eb/No BER 
(Rm 442) 

150mV 
150mV 
150mV 
150mV 

Bsmt Bench Supply A' 16.8dB 5x10-° 
Bsmt Bench Supply 'B' 9.8dB 3 . 5 x l 0 - ' 
Bsmt Bench Supply 'C 14.2dB 2 . 0 x l 0 ~ ' 
Bsmt Remote 'B' 20.6dB 1x10-° 

150mV 4th f l o o r Bench Supply 'A' 12.6dB 1x10-° 
150mV 4th f l o o r Bench Supply 'B* 10.2dB 1.0x10-' 
150mV 4th f l o o r Bench Supply *C* 12.6dB 3.0x10-' 
150mV 4th f l o o r Remote 'B' 18.0dB 2 x l 0 ~ " 

200mV 
200mV 
200mV 
200mV 

Bsmt Bench Supply 'A* 15.3dB l x l 0 ~ " 
Bsmt Bench Supply *B' 6.4dB 6.1x10-= 
Bsmt Bench Supply 'C 16.3dB 4x10-° 
Bsmt Remote 'B' 19.3dB < 10~" 

200mV 4th f l o o r Bench Supply 'A' 12.4dB 1x10-" 
200mV 4th f l o o r Bench Supply *B* 5dB 8.0x10-= 
200mV 4th f l o o r Bench Supply * C 8dB 1.0xl0~= 
200mV 4th f l o o r Remote 'B' 14.3dB 1x10-" 
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Table 7.4 I n t e r f l o o r / I n t e r p h a s e 19.2kbps BER versus 
Eb/No at V a r i o u s T r a n s m i t t e r Output i n an 
Apartment Complex 

Trx Output Trx Locn Rcr Locn Rcr Eb/No BER 

lOOmV Rm317 Hallway Rm306 16.9dB 1. 3 x l 0 ~ 3 

150mV Rm317 Hallway Rm306 18.3dB 3.5xl0~* 
300mV Rm317 Hallway Rm306 24.4dB 3.5x10-° 
500mV Rm317 Hallway Rm306 29.ldB 1.0xl0~° 

lOOmV Rm321 S t a i r s 
150mV Rm321 S t a i r s 
300mV Rm321 S t a i r s 
500mV Rm32i S t a i r s 

Rm306 
Rm306 
Rm306 
Rm306 

11.7dB 
16.4dB 
21.6dB 
29.2dB 

7.0x10-= 
5.0x10— 
3. 1x10-* 
1.0xl0~ e 

50mV Rm217 Hallway Rm306 8.8dB 7.5x10-=* 
64mV Rm217 Hallway Rm306 14.2dB 1.4X10-3* 
lOOmV Rm217 Hallway Rm306 15.6dB 7.0x10-° 
200mV Rm217 Hallway Rm306 24.9dB 3.0x10-° 

70mV Rm221 S t a i r s 
lOOmV Rm221 S t a i r s 
200mV Rm221 S t a i r s 
500mV Rm221 S t a i r s 

Rm306 
Rm306 
Rm306 
Rm306 

10.ldB 
14.OdB 
19.4dB 
28.3dB 

7 . 5 x l 0 - 3 

1.8x10-=* 
1.0x10—• 
2.2x10-° 

lOOmV Rmll7 Hallway Rm306 17.4dB 1.0x10" 
150mV Rmll7 Hallway Rm306 21.OdB 3.0x10" 
300mV Rmll7 Hallway Rm306 24.2dB 6.5x10" 
1.0V Rml17 Hallway Rm306 35.ldB 1.5x10" 

lOOmV Rml21 S t a i r s 
150mV Rml21 S t a i r s 
300mV Rml21 S t a i r s 
500mV Rml21 S t a i r s 

Rm306 
Rm306 
Rm306 
Rm306 

13.ldB 
16.7dB 
24.ldB 
29.7dB 

2.0x10" 
1.5x10" 
2.0x10" 
2.5x10" 
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Table 7.5 I n t e r f l o o r / I n t e r p h a s e 19.2kbps BER versus Eb/No 
at V a r i o u s T r a n s m i t t e r Output i n a R e s i d e n t i a l 
House with a Ha i r Dryer 'ON' and 'OFF' 

HAIR DRYER Trx output Rcr Eb/No BER 

OFF* 35mV lOdB 7.5X10" 3 

'OFF' 60mV 16dB 1.2x10-=" 
OFF* HOmV 20dB 2.0x10-° 
OFF* 200mV 29dB 3.0x10"-* 
'OFF' 500mV 35dB 3x10-" 

'ON' 35mV 5dB 7.0x10-= 
'ON' HOmV lOdB 3.0x10-= 
'ON' 200mV 15dB 2.5x10-=* 
*0N' 300mV lBdB 5.Ox 10-* 
'ON' 500mV 21dB 3.0x10-° 





F i g . 7.2 4.8kbps BER versus Eb/No Measurement i n an 
I n d u s t r i a l B u i l d i n g 



F i g . 7.3 1.2kbps BER versus Eb/No Measurement i n an 
I n d u s t r i a l B u i l d i n g 



F i g . 7.4 19.2kbps BER ve r s u s Eb/No Measurement i n an 
Apartment Complex 



F i g . 7.5 19.2kbps BER ve r s u s Eb/No Measurement i n an 
R e s i d e n t i a l House 
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over s e v e r a l days. BER measurements were c a r r i e d out over a 

5-day p e r i o d , s t a r t i n g on a Thursday and ending on a Monday. The 

t r a n s m i t t e r was -fixed at 4V output with the r e m o t e - r e c e i v e r on 

the same phase as the t r a n s m i t t e r (bench supply 'B' t o remote 

'B'). The r e s u l t s are t a b u l a t e d i n Table 7.6. The t r e n d i n 

c r o s s s e c t i o n a l BER measurement i n d i c a t e s t h a t power l i n e l o a d i n g 

has an adverse e f f e c t on power l i n e communications, as i n d i c a t e d 

by the worst case BERs o c c u r r i n g i n the a f t e r n o o n s of two 

weekdays. During the weekend p e r i o d , the BER drops by a l a r g e 

amount of t h r e e order i n magnitude or more, i . e . 1 0 — 3 t o 

10 _*. T h i s dynamic f l u c t u a t i o n i n BER r e f l e c t s the adverse 

e f f e c t of power l i n e l o a d i n g . 

7.5 C I a s s f i c a t i o n of Power L i n e Induced E r r o r s 

Power l i n e induced e r r o r s can be c a t e r g o r i z e d as f o l l o w s : 

1. Impulse n o i s e induced e r r o r s , e i t h e r p e r i o d i c or a p e r i o d i c . 

2. Momentary Eb/No r e d u c t i o n induced e r r o r s , e i t h e r p e r i o d i c or 
a p e r i o d i c . 

By f a r the most dominant source of e r r o r s are caused by 

p e r i o d i c impulse n o i s e . F i g . 7.6 r e c o r d s the p e r i o d i c b i t e r r o r 

occurance caused by p e r i o d i c impulses i n t h e r e c e i v e d s i g n a l . 

The g e n e r a t i o n of p e r i o d i c impulses i s l i n k e d t o o p e r a t i o n s of 

p h a s e - c o n t r o l l e d e l e c t r i c a l equipement C28,29D. A p e r i o d i c 

impulse n o i s e i s l i k e l y the r e s u l t of high amplitude turn-on and 

t u r n — o f f t r a n s i e n t s (see F i g 2.8 i n C4D). In a d d i t i o n , i t was 

observed t h a t power l i n e impulses c o u l d appear 200us t o 300us 

a p a r t , l e a d i n g t o the impression of small e r r o r b u r s t s 1263. 
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Tabl e 7.6 Cross i S e c t i o n a l 19.2kbps BER Measurement 

Time Thursday F r i day Saturday Sunday Mond. 

lam n/a 23 0 0 617 
2am n/a 7 4 6 315 
3am n/a 13 0 0 396 
4am n/a 15 0 0 364 
5am n/a 7 0 0 410 
6am n/a 20 0 0 573 
7am n/a 25 0 0 674 
8am n/a 23 0 0 622 
9am n/a 0 1 0 682 
10am n/a 15 5 1 346 
1 lam n/a 34 0 1 294 
12am n/a 34 0 0 1999 
1pm n/a 399 3 2 289 
2pm n/a 624 0 0 599 
3pm 109 657 O 0 329 
4pm 219 1999 0 o n/a 
5pm 28 865 0 2 n/a 
6pm 188 1286 1 0 n/a 
7pm 37 806 3 3 n/a 
8pm 27 1426 0 3 n/a 
9pm 53 1112 1 0 n/a 
lOpm 30 588 5 0 n/a 
11pm 606 1 0 1005 n/a 
12pm 32 0 4 570 n/a 

note: 1. A l l BERs i n u n i t of 10~*. 

2. 1999 i n d i c a t e s e r r o r counter overflow. 

3. Continuous BER measurement achieved by l e a v i n g the 
HP1645A data e r r o r a n a l y z e r on automatic PRINTER mode 
at EXPONENT of '6'. 
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| Impulse. 

F i g . 7.6 Impulse Noise Induced B i t E r r o r s 
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A momentary Eb/No r e d u c t i o n occurs when the s i g n a l undergoes 

a temporary amplitude dropout or when the n o i s e undergoes a 

temporary i n c r e a s e . I t i s a l s o p o s s i b l e f o r both the s i g n a l and 

n o i s e t o e x p e r i e n c e the same amplitude v a r i a t i o n s t o p r e s e r v e the 

same Eb/No both b e f o r e and a f t e r a momentary amplitude fade. 

O r i g i n of s i g n a l amplitude v a r i a t i o n s i s l i n k e d t o power l i n e 

impedance modulation e f f e c t s [17,203. Amplitude f a d i n g a f f e c t s 

a l l f r e q u e n c i e s but i t s depth i s frequency dependent (see F i g . 

3.5). E r r o r s r e s u l t i n g from Eb/No r e d u c t i o n s u s u a l l y occur i n 

small b u r s t s . 

E r r o r s caused by e i t h e r p e r i o d i c or a p e r i o d i c momentary 

Eb/No r e d u c t i o n s are r a r e . T h i s i s because the CMFSK modem i s 

u s u a l l y o p e r a t i n g i n high Eb/No environments, and an e r r o r o c c u r s 

mainly as a r e s u l t of a n o i s e impulse. D i s c u s s i o n on p e r i o d i c 

and a p e r i o d i c s i g n a l amplitude fades a l s o appears i n Chan's 

t h e s i s [263. 

7.6 D i s c u s s i o n on Power L i n e Impulse Noise Suppression  
Techni ques 

Most b i t e r r o r s are a r e s u l t of impulse n o i s e . An impulse, 

upon e n t e r i n g a d e t e c t i o n system, w i l l s h a r p l y reduce Eb/No and 

cause a p o s s i b l e e r r o r . Some papers have been presented on 

optimum or near-optimum weak s i g n a l d e t e c t i o n s i n non-Gaussian 

n o i s e channels [43,443. Impulse n o i s e s u p p r e s s i o n i s e s s e n t i a l l y 

a n o n - l i n e a r p r o c e s s . One simple approach i s t o c l i p an impulse, 

thereby l i m i t i n g i t s r e c e i v e d energy. Another approach i s t o use 

redundancy and d i s c r e t e F o u r i e r t r a n s f o r m a t i o n t o perform impulse 
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n o i s e c a n c e l l a t i o n C45]. A t h i r d method i s t o use smearing and 

de-smearing - f i l t e r s i n data t r a n s m i s s i o n s t o combat the e f f e c t s 

of impulse n o i s e [463. 

Here, a scheme i s proposed t o take advantage of the f a c t 

t h a t a t r a n s m i s s i o n becomes more white n o i s e l i m i t e d as the b i t 

d u r a t i o n of the t r a n s m i s s i o n i n c r e a s e s . The i d e a i s t o simply 

i n c r e a s e the o b s e r v a t i o n p e r i o d between d e c i s i o n s . With a longer 

o b s e r v a t i o n i n t e r v a l , impulse n o i s e e f f e c t s should be reduced. 

The widening of the o b s e r v a t i o n i n t e r v a l n e c e s s i t a t e s the use of 

m u l t i l e v e l or M—ary modulation schemes t o maintain the same data 

r a t e given a reduced t r a n s m i s s i o n r a t e . A p o t e n t i a l drawback i s 

the requirement of accurate m u l t i l e v e l t h r e s h o l d s . 

T h i s above concept was t r i e d by d e s i g n i n g and b u i l d i n g a 

4 - l e v e l FSK modem and comparing i t s performance with t h a t of t h e 

b i n a r y CMFSK modem under s i m i l a r power l i n e c o n d i t i o n s . BER 

measurements are compiled i n Table 7.7 and p l o t t e d i n F i g . 7.7. 

The graph shows a tr e n d of lower BER performance achieved by the 

4 - l e v e l FSK modem. 

The implementation of the 4 — l e v e l FSK system i s d e s c r i b e d i n 

F i g . 7.8 and F i g . 7.9. I t appears t o be s t i l l s u f f e r i n g from 

impulse n o i s e e f f e c t s because i t s t r a n s m i t t e d b i t d u r a t i o n of 

lOOus i s not wide enough t o overcome an impulse n o i s e whose width 

i s t y p i c a l l y around 30us. I t i s expected t h a t a 16-1evel FSK 

system with 200us b i t d u r a t i o n would y i e l d a lower BER at the 

same r e c e i v e d Eb/No. 
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Table 7.7 19.2kbps BER Measurement of a 4-Level FSK and 
the CMFSK Modem 

4-Level FSK Modem 

Trx V o l t a g e Rcr Eb/No BER 

500mV 16. 8dB 5. 7x 1O"5* 
l.OV 21.8dB 1.3x10-' 
1.5V 26.0dB 4.0x10—• 
2.0V 27.8dB 7.0xl0-» 
3.0V 31.7dB 9.0x10-* 

CMFSK Modem 

500m V 16.8dB S.OxlO" 3 8 

l.OV 22.9dB 1.5X10-' 
1.5V 27.4dB 4.5xl0—» 
2.0V 29.8dB 1.5x10-* 
3.0V 33.ldB l . S x l O - " 

note: T r a n s m i t t e r on Bench 'B'f r e c e i v e r on Remote 'B*. 



F i g . 7.7 Comparison of 19.2kbps BER of a 4 - l e v e l FSK and 
the CMFSK Modem 
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8. SPECTRUM SPREADING 

8.1 D i s c u s s i o n of Spectrum Spreading i n Power L i n e Data  
Commun i c at i on s 

The use o-f spread spectrum technology i n power l i n e modems 

has been suggested by s e v e r a l authors 14,17,18,193. C i t e d 

advantages i n c l u d e the a b i l i t y t o combat narrow band impairments 

and t o a l l o w simultaneous user access v i a Code D i v i s i o n M u l t i p l e 

Access ICDMA3. In a d d i t i o n , Ochsner suggested t h a t r e l a t i v e l y 

high t r a n s m i s s i o n r a t e s may be p o s s i b l e with lower t r a n s m i s s i o n 

power than -for an e q u i v a l e n t narrow band system i n the h o s t i l e 

environment o-f a power l i n e channel 1173. 

These advantages assume t h a t the power l i n e channel has a 

much wider bandwidth than the baseband s i g n a l spectrum and th a t 

the channel a t t e n u a t i o n i s assumed t o be re a s o n a b l y f l a t w i t h i n 

t h i s bandwidth. N e i t h e r assumption i s n e c e s s a r i l y t r u e i n a 

power l i n e . T r ansmission curves presented i n Chapter 3 and i n 

other papers 117,263 suggest t h a t an usable power l i n e channel 

extends -from 30kHz t o 150kHz and t h a t the v a r i a t i o n i n 

t r a n s m i s s i o n d i f f e r e n c e w i t h i n t h i s 120kHz bandwidth can o f t e n 

exceed lOdB or even 20dB. Thus, t h i s d e v i a t i o n from a wide and 

f l a t channel assumption should be i n c o r p o r a t e d i n the a n a l y s i s of 

any spread spectrum communications systems. The r e s u l t i s an 

expected d e g r a d a t i o n i n performance i n terms of a lower 

e q u i v a l e n t p r o c e s s i n g g a i n . Assuming a f l a t power l i n e bandwidth 

of 120kHz, a d i r e c t sequence CDMA spread spectrum system with 

20dB p r o c e s s i n g g a i n can, i n th e o r y , support 100 simultaneous 
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60bps u s e r s . In C183, the authors p r e d i c t e d a maximum number o-f 

22 simultaneous 60bps u s e r s as t h e i r system's upper bound 

performance u s i n g t h e i r experimental s i n g l e - u s e r BER r e s u l t at 

60bps. 

The above h y p o t h e t i c a l CDMA system does not i n c l u d e the 

e f f e c t s of n e a r / f a r f i e l d and implementation l i m i t a t i o n i n the 

CDMA a n a l y s i s £47,483. The n e a r / f a r problem u s u a l l y r e s u l t s when 

a l o c a l r e c e i v e r t r i e s t o p i c k out a remote and much weaker 

t r a n s m i s s i o n i n the presence of st r o n g c o - s i t e t r a n s m i s s i o n s . 

T h i s problem i s o f t e n so severe t h a t a co n v e n t i o n a l DS CDMA 

system can not be used. A remedy i s t o r a i s e t he p r o c e s s i n g g a i n 

which r e s u l t s i n e i t h e r a r e d u c t i o n i n the number of simultaneous 

u s e r s or decreased user throughput. U s u a l l y the number of u s e r s 

i s r e t a i n e d and the throughput i s forgone t o pre s e r v e the s p i r i t 

of a CDMA system. In a t y p i c a l power l i n e channel with average 

a t t e n u a t i o n s of 20dB t o 30dB, the n e a r / f a r problem t r a n s l a t e s 

i n t o a lO O — f o l d t o 1000—fold decrease i n throughput and i n c l u s i o n 

of implementation l i m i t a t i o n s w i l l f u r t h e r reduce t h i s r a t e . In 

the h y p o t h e t i c a l DS CDMA system d e s c r i b e d above, the r e s u l t i n g 

throughput l o s s c o u l d be reduced c o n s i d e r a b l y by us i n g orthogonal 

codes which have s i m i l a r s p e c t r a l p r o p e r t i e s of long PN sequences 

01000 b i t s long) and by u s i n g the power l i n e ac v o l t a g e t o a l i g n 

and s y n c h r o n i z e a l l user codes. A frequency hopping CDMA system 

does not s u f f e r as much from the n e a r / f a r problem, but i t s use i s 

l i m i t e d by a v a i l a b l e power l i n e bandwidth and i n c r e a s e d modem 

complexity. However, modem complexity can be reduced i f the ac 

v o l t a g e i s used t o p r o v i d e i n i t i a l hop s y n c h r o n i z a t i o n . 
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Ochsner's suggestion t h a t spread spectrum methods may allow 

a r e l a t i v e l y high t r a n s m i s s i o n r a t e system t o operate with low 

t r a n s m i s s i o n power i s based on the n o t i o n t h a t a narrow band 

system would use higher t r a n s m i t t e r power t o combat narrow band 

-fades. T h i s does not mean t h a t a spread spectrum system with 

a 300kHz spread bandwidth centered at 150kHz w i l l be more robust 

than a narrow band system o p e r a t i n g with a bandwidth o-f 1kHz at 

40kHz. In -fact, much o-f the wide band t r a n s m i t t e d energy would 

probably be l o s t t o the channel be-fore r e a c h i n g a remote user. 

Spread spectrum methods must be c a r e - f u l l y a p p l i e d with regard t o 

a v a i l a b l e channel bandwidth, high l e v e l o-f low frequency n o i s e , 

and low t r a n s m i s s i b i 1 i t y of high frequency s i g n a l . A reasonably 

good s p e c t r a l placement of the spreaded s i g n a l should c o i n c i d e 

with t h a t range of f r e q u e n c i e s which possess good Eb/No f i g u r e s . 

In N i e d e r b e r g e r ' s paper C493, he p o i n t e d out t h a t "What i s 

important f o r a q u a l i t y of a t r a n s m i s s i o n channel i s not the 

t r a n s m i s s i o n c h a r a c t e r i s t i c or the d i s t u r b a n c e environment on 

t h e i r own, but the r e l a t i o n s h i p of these q u a n t i t i e s t o each 

other. The s i g n a l - t o - n o i s e r a t i o i n d i c a t e s those p a r t s of the 

frequency spectrum where the supply network possesses good or bad 

t r a n s m i s s i o n q u a l i t y . " (see F i g . II and F i g . I l l i n h i s paper). 

T h i s range of f r e q u e n c i e s e x i s t s from 50kHz t o 500kHz i n a 

r e s i d e n t i a l power l i n e . In an i n d u s t r i a l power l i n e , the range 

i s p r o b a b l y i n the r e g i o n between 50kHz and 100kHz (see T a b l e 

6.2). A 30kHz t o 50kHz channel occupancy i s o f t e n s u f f i c i e n t 

p r o t e c t i o n a g a i n s t narrow band impairments i n e i t h e r an 

i n d u s t r i a l or a r e s i d e n t i a l power l i n e below 200kHz o p e r a t i o n . 
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Wider channel occupancies a r e not recommended s i n c e the r e s u l t a n t 

s i g n a l spectrum may occupy more of the high n o i s e and low 

t r a n s m i s s i o n r e g i o n of the power l i n e s , r e s u l t i n g i n reduced SNR 

and degraded performance. 

The experimental BER measurements a t 1.2kbps, 4.8kbps, and 

19.2kbps i n d i c a t e t h a t the major cause of power l i n e impairments 

come from impulse n o i s e whose d u r a t i o n approaches t h a t of a data 

b i t at high data r a t e s . T h e r e f o r e , as the t r a n s m i s s i o n r a t e i s 

i n c r e a s e d , the system becomes more s u s c e p t i b l e t o impulse n o i s e . 

T h i s i s analogous t o p u l s e jamming i n DS spread spectrum system. 

Consequently, more power i s r e q u i r e d t o overcome impulse n o i s e 

e f f e c t s at high data r a t e s (see BER versus Eb/No curves at 

4.8kbps & 19.2kbps), which was not mentioned i n Ochsner's paper. 

A power l i n e spread spectrum system may be l i m i t e d i n i t s 

u s e f u l n e s s because of i n s u f f i c i e n t power l i n e bandwidth and high 

path a t t e n u a t i o n between u s e r s . But i t s other advantage of low 

s p e c t r a l d e n s i t y i s u s e f u l i n lowering in-band and out-of-band 

i n t e r f e r e n c e t o c o - s i t e u s e r s . For example, t h i s low power f l u x 

d e n s i t y f e a t u r e i s important i n s a t e l i t e communication systems 

design [50,513. 

In our CMFSK modem, spread spectrum i s a p p l i e d t o low r a t e 

t r a n s m i s s i o n s t o reduce otherwise narrow band i n t e r f e r e n c e t o 

low l e v e l 'AWGN'-like n o i s e . Coupled with the compact spectrum 

and r a p i d s i d e l o b e r o l l o f f of the CMFSK modulation, the modem i s 

prevented from g e n e r a t i n g narrow band tone i n t e r f e r e n c e , and i t 

can t h e r e f o r e output more power t o overcome l i n e a t t e n u a t i o n . 
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T h i s w i l l be d i s c u s s e d i n more d e t a i l s i n s e c t i o n 8.3. 

8.2 P o t e n t i a l Spread Spectrum A p p l i c a t i o n s i n Q-ffice and  
R e s i d e n t i a l Power L i n e Communications 

Given s u f f i c i e n t l y wide bandwidth and low a t t e n u a t i o n , a 

power l i n e spread spectrum system can r e a l i z e many of i t s s t a t e d 

b e n e f i t s . For example, i f the n e a r / f a r problem i s l i m i t e d t o 

lOdB and the power l i n e bandwidth becomes 500kHz wide, a DS CDMA 

system c o u l d support 50 simultaneous u s e r s with pseudorandom PN 

codes at 500bps/user. In a d d i t i o n , any narrow band fades c o u l d 

be handled with s l i g h t system de g r a d a t i o n . 

Such an i d e a l channel c o u l d be found i n a r e s i d e n t i a l house 

(see F i g . 3.9) with high frequency bypassing between the phases 

and s i g n a l i s o l a t i o n of the incoming power l i n e s t o c o n f i n e most 

of the s i g n a l energy w i t h i n the power l i n e s of the house (see 

F i g . 8.1). Another p o s s i b i l i t y l i e s i n an o f f i c e f l o o r where a 

s e c t i o n of the power l i n e s i s i s o l a t e d and bypassed t o serve as a 

l o c a l area network. The s i g n a l bypass and i s o l a t i o n c o u l d be 

performed at t h e s e r v i c e box t o i s o l a t e t he s e c t i o n of the power 

l i n e network used i n communications. In a d d i t i o n , a r e l a y modem 

co u l d be used t o ensure r e l i a b l e communications a c r o s s phases 

(see F i g . 8.2). The r e l a y c o u l d be i n s t a l l e d i n the s e r v i c e box 

along with the i s o l a t i o n and bypass hardware. 

In a custom i n s t a l l a t i o n , the number of simultaneous u s e r s 

c o u l d be t r a d e d o f f a g a i n s t the r e q u i r e d throughput r a t e . 
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8.3 Bene-fits o-f Spread Spectrum i n Low Data Rate  
Commun i c at i ons 

The a p p l i c a t i o n of spread spectrum t o low speed t r a n s m i s s i o n 

i s d e s c r i b e d i n t h i s s e c t i o n . The purpose i s t o reduce narrow 

band i n t e r f e r e n c e generated by low speed t r a n s m i s s i o n s , and t o 

enable the t r a n s m i t t e r t o output more power t o overcome path 

a t t e n u a t i o n . 

The spectrum of a narrow band system, BSR X—10, i s compared 

with t h a t of the CMFSK modem at the same average output of IV. 

Both s p e c t r a a r e d i s p l a y e d i n F i g . 8.3. The output of the BSR 

X-10 system e x h i b i t s a sharp s p e c t r a l peak and a high percentage 

of energy concentrated i n i t s narrow s i d e l o b e s . On the other 

hand, the CMFSK output shows a wider main lobe and only a small 

f r a c t i o n of energy i s con t a i n e d i n the s i d e l o b e s (main lobe 

c o n t a i n s >99% of the energy). As a r e s u l t , the BSR X-10 system 

w i l l generate tone i n t e r f e r e n c e and the CMFSK modem w i l l generate 

'AWSN'-Iike n o i s e . A l i s t e n i n g t e s t was c a r r i e d out t o c o n f i r m 

the e f f e c t of narrow and wide band i n t e r f e r e n c e on AM r a d i o 

s t a t i o n s which occupy the 540-1600kHz frequency band. A *30 

AM/FM c l o c k r a d i o was p l a c e d s i d e by s i d e the modem i n an 

r e s i d e n t i a l o u t l e t . When the BSR u n i t was turned on, s t r o n g tone 

i n t e r f e r e n c e was heard i n s e v e r a l s t a t i o n s , with i t s e f f e c t 

s t r o n g e s t i n weak s t a t i o n s . Operating under the same c o n d i t i o n s , 

except with a l a r g e r t r a n s m i t t e r output v o l t a g e of 4V as compared 

t o IV i n the BSR X-10 u n i t , the i n t e r f e r e n c e from the CMFSK modem 

was observed as a l e s s annoying r i s e i n background ' h i s s i n g ' 

n o i s e . T h i s r e s u l t i n d i c a t e s the b e n e f i t of spread spectrum i n 
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r e d u c i n g narrow band i n t e r f e r e n c e , thereby a l l o w i n g more output 

power t o be t r a n s m i t t e d without i n f r i n g i n g on FCC r e g u l a t i o n s or 

other a p p l i c a b l e emission c o n t r o l s . 

8.4 A p p l i c a t i o n of Databand Spread Spectrum i n the CMFSK  
Power L i n e Modem 

In the CMFSK modem, spectrum spreading was performed at the 

databand l e v e l . The i d e a i s t o t r a n s m i t a 19.2kbps PN sequence 

which has been E x c l u s i v e ORed with a lower r a t e data sequence. 

The r e c e i v e r can recover the data sequence by E x c l u s i v e ORing the 

r e c e i v e d b i t stream with the same PN sequence and then making 

m a j o r i t y l o g i c d e c i s i o n s . T h i s baseband spread spectrum method 

i s shown i n F i g . 8.4. I t i s s i m i l a r i n some r e s p e c t s t o message 

scrambling/descrambling i n a d i g i t a l communication system. 

T h e r e f o r e , a t r a n s m i s s i o n can be made secure by u s i n g long PN 

sequences generated by n o n — l i n e a r s h i f t r e g i s t e r feedback. The 

drawback of baseband spreading i s the requirement of a minimum 

SNR t o enable the r e c o v e r y of each code b i t b e f o r e the data 

i n f o r m a t i o n can be r e t r e i v e d . In a DS or FH spread spectrum 

system, the data BER r a t h e r than the code BER requirement 

d i c t a t e s the r e q u i r e d SNR. However, our proposed scheme o f f e r s a 

f a s t e r a c q u i s i t i o n speed, on the order 50 b i t s t o 100 code b i t s , 

and i s l e s s complex i n hardware r e a l i z a t i o n than a c o n v e n t i o n a l 

spread spectrum system. T h i s i s a c l a s s i c a l t r a d e o f f problem 

between a c q u i s i t i o n speed and r e c e i v e d SNR. B a s i c a l l y , a higher 

SNR conveys a more r e l i a b l e i n f o r m a t i o n and hence a l l o w s a 

quicker a c q u i s i t i o n and s i m p l e r implementation. 
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8.5 Code S y n c h r o n i z a t i o n u s i n g a D i g i t a l Matched F i l t e r 

PN code a c q u i s i t i o n i s achieved v i a a d i g i t a l v e r s i o n of the 

PN code matched f i l t e r d i s c u s s e d i n C523. B a s i c a l l y , a delayed 

v e r s i o n of the incoming code c h i p s a re b i t - b y - b i t m u l t i p l i e d by a 

predetermined PN sequence and summed. The summation output w i l l 

exceed a t h r e s h o l d whenever the r e c e i v e d code sequence i s matched 

t o the l o c a l sequence. Upon t r i p p i n g the t h r e s h o l d , the r e c e i v e r 

code i s loc k e d onto the incoming sequence and the r e t r i e v a l of 

data b i t s begins. If a PN sequence i s generated by a M-stage 

s h i f t r e g i s t e r , a M—stage DMF i s s u f f i c i e n t f o r a c q u i s i t i o n of 

the PN sequence. If the incoming b i t stream has e r r o r s , more 

than M st a g e s a re r e q u i r e d t o g i v e high a c q u i s i t i o n and low f a l s e 

alarm p r o b a b i l i t y because of the many high ' s i d e l o b e s ' i n the 

output of the DMF or s l i d i n g c o r r e l a t o r C533. T h i s i s always the 

case i n an a c q u i s i t i o n system i n which o n l y a small p o r t i o n of a 

long PN sequence or s h o r t codes are used i n the c o r r e l a t i o n of 

the a c q u i s i t i o n p r o c e s s . Our CMFSK modem has a 48-stage DMF. 

The t a p s used i n the DMF multiply—and—sum network were 

obtained from a p r i n t - o u t of a 11—stage s h i f t r e g i s t e r (code 

l e n g t h 2047) over 200 b i t s . A 4 8 - b i t sequence c o n t a i n i n g an 

equal number of ' l ' s and *0"s was chosen as the s y n c h r o n i z a t i o n 

sequence and corresponding DMF tap v a l u e s . A 11-bit sequence of 

f i f t y b i t s p r e c e d i n g t h i s s y n c h r o n i z a t i o n sequence was chosen as 

the i n i t i a l code word s t a t e of the t r a n s m i t t e r PN code generator. 

T h e r e f o r e , a t r a n s m i s s i o n begins by sending these f i f t y b i t s 

f o l l o w e d by the 4 8 — b i t 'sync* sequence. In the r e c e i v e r , these 
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- f i r s t - f i f t y code c h i p s s e t the b i t c l o c k r e c o v e r y i n motion and 

a r e a p p r o p r i a t e l y c a l l e d the b i t c l o c k t r a i n i n g sequence. Data 

t r a n s m i s s i o n begins at the end of the 'sync' sequence. 

The block diagram of the s l i d i n g c o r r e l a t o r or DMF i s g i v e n 

i n F i g . 8.5. The 4 8 - b i t s y n c h r o n i z a t i o n sequence and the i n i t i a l 

1 1-bit code word s t a t e which i n i t i a t e s a t r a n s m i s s i o n are omitted 

s i n c e other PN sequences can be used without l o s s of performance 

pro v i d e d the PN code l e n g t h exceeds 2000 b i t s . Reference C54D 

c o n t a i n s a c i r c u i t which p r o v i d e s PN code s y n c h r o n i z a t i o n . 

8.6 T o l e r a n c e t o Power L i n e Small E r r o r B u r s t s by I n t e r l e a v i n g 

From Chan's t h e s i s on e r r o r s t a t i s t i c s [263, i t seems t h a t 

most e r r o r s are h i g h l y c o r r e l a t e d , i . e . small b u r s t s are common. 

Th e r e f o r e , our proposed t r a n s m i s s i o n scheme w i l l s u f f e r from 

small b u r s t s of code c h i p e r r o r s . T h i s i s l i k e a DS spread 

spectrum system being e f f e c t i v e l y jammed by a p u l s e jammer and a 

FH spread spectrum system being e f f e c t i v e l y jammed by a tone 

jammer. In both c a s e s , forward e r r o r c o r r e c t i o n reduces the 

jamming e f f e c t . Observation of e r r o r p a t t e r n s i n d i c a t e s t h a t 

t h e r e i s a l a r g e e r r o r — f r e e and a small e r r o r — p r o n e r e g i o n . 

O b v i o u s l y , the e r r o r - p r o n e r e g i o n i s c o n c e n t r a t e d near the s t r o n g 

impulses i n the r e c e i v e d s i g n a l . Such a r e g i o n may c o n t a i n 

s i n g l e - b i t or m u l t i p l e - b i t e r r o r s . A small e r r o r b u r s t made up 

of m u l t i p l e e r r o r s w i l l o f t e n reduce the c a p a b i l i t y of a random 

e r r o r c o r r e c t i o n code. Although a b u r s t e r r o r code can handle 

small e r r o r b u r s t s , i t w i l l not operate p r o p e r l y i f a s i n g l e - b i t 

e r r o r then o c c u r s o u t s i d e the e r r o r c o r r e c t i n g span of the code. 
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There-fore, i t i s proposed t o d i s p e r s e the t r a n s m i t t e d b i t s and 

then re-assemble them i n the r e c e i v e r . The b e n e f i t i s t o a l l o w 

th e use of random e r r o r c o r r e c t i o n codes on a small e r r o r b u r s t 

now separated i n t o mostly s i n g l e - b i t e r r o r s , and a l s o on other 

random e r r o r s as w e l l . The p e n a l t y of performing both b u r s t and 

random e r r o r c o r r e c t i o n i s a r e d u c t i o n i n throughput. The de-

assembly and re-assembly of t r a n s m i s s i o n i s accomplished by b i t 

i n t e r l e a v i n g and d e - i n t e r l e a v i n g i n the t r a n s m i t t e r and r e c e i v e r 

r e s p e c t i v e l y . I n t e r l e a v i n g b a s i c l y randomizes e r r o r occurances 

and a l l o w s the use of random e r r o r c o r r e c t i o n codes i n a b u r s t 

e r r o r channel. 

The e r r o r randomization a b i l i t y of b i t i n t e r l e a v i n g i s a l s o 

u s e f u l i n low data r a t e t r a n s m i s s i o n s . The 19.2kbps r e c e i v e d b i 

stream i n t h e r e c e i v e r undergoes m a j o r i t y l o g i c d e c i s i o n b e f o r e 

data b i t i s e x t r a c t e d . A small e r r o r b u r s t c o n c e n t r a t e s a l l the 

19.2kbps b i t e r r o r s i n a small time span and d r a s t i c l y i n c r e a s e s 

the p r o b a b i l i t y of a m a j o r i t y d e c i s i o n e r r o r . T h e r e f o r e , an 

i n t e r l e a v e r can e f f e c t i v e l y spread out a small e r r o r b u r s t and 

reduce i t s impact on m a j o r i t y l o g i c d e c i s i o n s . 

8.7. Experimental R e s u l t s f o r I n t e r l e a v e d Spread Spectrum Data  
Transmi s s i ons 

A 3 1 - b i t i n t e r l e a v e r and d e - i n t e r l e a v e r were b u i l t t o t e s t 

the above concept ( F i g . 8.6). These were chosen because of 

hardware s i m p l i c i t y . When i n t e r l e a v i n g i s used with hard 

d e c i s i o n s , we use the term I n t e r l e a v e d M a j o r i t y D e c i s i o n . 

With no i n t e r l e a v i n g and hard d e c i s i o n s we use the term Simple 
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Table 8.1 31-Bit I n t e r l e a v e r / D e - i n t e r l e a v e r Connections 

I n t e r l e a v e r D e - i n t e r l e a v i n g 

Ql -> P8 Ql -> P4 
Q2 -> P16 Q2 -> P8 
Q3 -> P24 Q3 -> P12 
Q4 -> PI Q4 -> P16 
Q5 -> P9 Q5 -> P20 
06 -> P17 Q6 -> P24 
Q7 -> P25 Q7 -> P28 
Q8 -> P2 Q8 -> PI 
Q9 -> P10 Q9 -> P5 

Q10 -> P18 Q10 -> P9 
Q l l -> P26 Q l l -> P13 
Q12 -> P3 Q12 -> P17 
Q13 -> P l l Q13 -> P21 
Q14 -> P19 Q14 -> P25 
Q15 -> P27 Q15 -> P29 
Q16 -> P4 Q16 -> P2 
Q17 -> P12 Q17 -> P6 
Q18 -> P20 Q18 -> P10 
Q19 -> P28 Q19 -> P14 
Q20 -> P5 Q20 -> P18 
Q21 -> P13 Q21 -> P22 
Q22 -> P21 Q22 -> P26 
Q23 -> P29 Q23 -> P30 
Q24 -> P6 Q24 -> P3 
Q25 -> P14 Q25 -> P7 
Q26 -> P22 Q26 -> P l l 
Q27 -> P30 Q27 -> P15 
Q28 -> P7 Q28 -> P19 
Q29 -> P15 Q29 -> P23 
Q30 -> P23 Q30 -> P27 
Q31 -> P31 Q31 -> P31 
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M a j o r i t y D e c i s i o n . A t h i r d scheme uses so-ft d e c i s i o n s t o 

r e t r i e v e a data b i t by m u l t i p l y i n g the incoming analog 19.2kbps 

b i t stream with a l o c a l PN sequence. T h i s p r o c e s s we c a l l 

C o r r e l a t i o n D e c i s i o n . The t h r e e schemes are o u t l i n e d i n block 

diagrams i n F i g . 8.7. The performance of these schemes i s 

compared t o the narrow band r e s u l t s obtained i n the 1.2kbps and 

4.8kbps data r a t e t r a n s m i s s i o n s i n Chapter 7. The corresponding 

BERs, assuming random e r r o r s t a t i s t i c s , a r e given by: 

1. I n t e r l e a v e d M a j o r i t y D e c i s i o n , BER = p r"' = 

2. Simple M a j o r i t y D e c i s i o n , BER = p 

3. C o r r e l a t i o n D e c i s i o n , BER = QC ( n E c / N o ) 1 / 2 3 

4. Narrow band, BER = QC (Eb/No) 3 

where p = b i t e r r o r r a t e of a code c h i p = QC ( E c / N o ) 1 / 2 3, 
n = p r o c e s s i n g g a i n ( d i v i s i b l e by 2 ) , 
Ec = average energy i n a code c h i p , 
Eb = average energy i n a data b i t = nEc. 

In AWGN, both the c o r r e l a t i o n and narrow band methods are 

e q u i v a l e n t and have b e t t e r BER performance over e i t h e r the simple 

or i n t e r l e a v e d m a j o r i t y l o g i c d e c i s i o n method. 

Experimental r e s u l t s a t 1.2kbps and 4.8kbps data r a t e at 

19.2kbps code r a t e are p l o t t e d i n F i g . 8.8 and F i g . 8.9. From 

these graphs, i t i s observed t h a t : 

1. Narrow band r e s u l t s are best at both data r a t e s . 

2. I n t e r l e a v e d m a j o r i t y d e c i s i o n i s next b e s t , with the BER 
d e c r e a s i n g r a p i d l y at high Eb/No v a l u e s . 

3. Both simple m a j o r i t y and c o r r e l a t i o n d e c i s i o n l e a d t o almost 
i d e n t i c a l BER performance as the two other schemes at 1.2kbps 
data r a t e . 
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F i g . 8.8 Comparison of 1.2kbps BER Performance of the 
I n t e r l e a v e d M a j o r i t y D e c i s i o n , Simple M a j o r i t y 
D e c i s i o n , C o r r e l a t i o n D e c i s i o n , and Narrow Band 
Methods 
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F i g . 8.9 Comparison of 4.8kbps BER Performance of the 
I n t e r l e a v e d M a j o r i t y D e c i s i o n , Simple M a j o r i t y 
D e c i s i o n , C o r r e l a t i o n D e c i s i o n , and Narrow Band 
Methods 
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4. Both simple m a j o r i t y and c o r r e l a t i o n d e c i s i o n g i v e s 
n o t i c e a b l y worsar BER performance when compared t o narrow 
band r e s u l t s i n i n 4.8kbps data t r a n s m i s s i o n . The 
i n t e r l e a v e d m a j o r i t y d e c i s i o n , however, i s a b l e t o -follow 
c l o s e l y the narrow band r e s u l t . 

The b e n e f i t of a simple 3 1 — b i t i n t e r l e a v e r i s obvious i n 

(4). The i n t e r l e a v e r s e p a r a t e s every adjacent b i t i n the 

o r i g i n a l b i t stream by at l e a s t 3 b i t s i n the i n t e r l e a v e d b i t 

stream. A 6 3 — b i t and 127-bit i n t e r l e a v e r would p r o v i d e 4 — b i t and 

5 - b i t minimum s e p a r a t i o n , r e s p e c t i v e l y . Higher degree of i n t e r — 

l e a v i n g i s not n e c e s s a r i l y b e n e f i c i a l because of the p e r i o d i c i t y 

i n b i t e r r o r occurance, and a l s o , because of the long d e l a y 

between r e c e p t i o n and the output of the f i r s t data b i t . The 

i n t e r l e a v e r used i n t h i s r e p o r t i s a block p e r i o d i c i n t e r l e a v e r 

and i t s performance may be degraded i n a p e r i o d i c b u r s t e r r o r 

environment. In t h i s s i t u a t i o n , a puesdorandom i n t e r l e a v e r may 

prove t o be more robust C553. 

T h i s PN code i n t e r l e a v e d spread spectrum technique combined 

with CMFSK modulation has s e v e r a l p o t e n t i a l advantages: 

1. Compact t r a n s m i s s i o n spectrum independent of data r a t e . 

2. Fast s i d e l o b e r o l l o f f independent of data r a t e . 

3. 'AWGN'-like wideband i n t e r f e r e n c e independent of data r a t e . 

4. T o l e r a n c e t o small power l i n e induced e r r o r b u r s t s . 

The main disadvantage with t h i s scheme i s t h a t a minimum SNR 

must be present at the r e c e i v e r i n order t o operate the code 

c l o c k r e c o v e r y c i r c u i t . T h i s minimum SNR corresponds t o a code 

BER of .01 t o .05. When t h i s BER i s exceeded, the recovered b i t 
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cl o c k shows high j i t t e r , thus i n c r e a s i n g the p o s s i b i l i t y o-f l o s t 

t r a c k i n g and missed a c q u i s i t i o n . An improvement o-f t h i s analog 

c l o c k r e c o v e r y c i r c u i t may be p o s s i b l e by us i n g a d i g i t a l c l o c k 

r e c o v e r y c i r c u i t . Although a d i g i t a l PLL c o n t r o l l e d b i t c l o c k 

r e c o v e r y s u f f e r s from higher r e s i d u a l c l o c k j i t t e r because of 

the d i s c r e t e nature of the c i r c u i t , i t o f f e r s r o b u s t n e s s , ease of 

implementation, e l i m i n a t i o n of an u l t r a s t a b l e VCO or VCXO 

(vo l t a g e c o n t r o l l e d o s c i l l a t o r or v o l t a g e c o n t r o l l e d c r y s t a l 

o s c i l l a t o r ) used i n an analog PLL, high r e l i a b i l i t y , c r y s t a l 

t i m i n g l e a d i n g t o d r i f t - f r e e and adjustment-free o p e r a t i o n , and 

easy VLSI a d a p t a b i l i t y . These are important c o n s i d e r a t i o n s i n 

the design of low c o s t power l i n e modems. 

Although the narrow band r e s u l t s c o n s i s t e n t l y y i e l d the 

best BER r e s u l t s , adjustments of the two o f f s e t f r e q u e n c i e s 

become harder as the data r a t e i s decreased. Such adjustments 

are necessary because of the l o o s e t o l e r a n c e , low c o s t components 

used i n the pr o t o t y p e CMFSK modem. Th e r e f o r e , an added bonus i n 

usi n g spread spectrum i s the a b i l i t y t o use l o o s e t o l e r a n c e p a r t s 

and components because of the l a r g e frequency d i f f e r e n c e between 

the two o f f s e t f r e q u e n c i e s . 

However, i f the o f f s e t f r e q u e n c i e s can be a c c u r a t e l y s e t 

by a c r y s t a l c o n t r o l l e d FSK modulator i n the t r a n s m i t t e r and i f 

a d i g i t a l FSK demodulator can be used i n the r e c e i v e r , narrow 

band methods may prove t o be u s e f u l . 
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9. CONCLUSIONS 

9.1 Summary 

In t h i s t h e s i s , t he c o n c e p t u a l i z a t i o n and design of a 

Coherent Minimum Frequency S h i f t Keying modulation technique 

s u i t a b l e f o r communications over an i n t r a b u i l d i n g polyphase power 

l i n e network i s d e s c r i b e d . The technique i n c l u d e s o p t i o n a l 

databand spectrum s p r e a d i n g . An a c t u a l modem i s then implemented 

and t e s t e d . T h i s modem i s subsequently used t o o b t a i n new 

r e s u l t s d e t a i l i n g the performance of CMFSK s i g n a l l i n g on i n t r a 

b u i l d i n g e l e c t r i c power d i s t r i b u t i o n networks. 

The average B i t E r r o r Rate measurement at 1.2kbps, 4.8kbps, 

and 19.2kbps t r a n s m i s s i o n speeds i n d i c a t e CMFSK t r a n s m i s s i o n s a re 

l a r g e l y white n o i s e l i m i t e d at low data r a t e s but become impulse 

n o i s e l i m i t e d at high data r a t e s . T y p i c a l Eb/No v a l u e s t o 

achieve I O - 3 BER performance a r e 11.5dB at 1.2kbps, 13dB a t 

4.8kbps, and 20dB at 19.2kbps data r a t e , r e s p e c t i v e l y . 

M u l t i l e v e l and M-ary modulation schemes a r e proposed t o 

reduce impulse n o i s e e f f e c t s by making a t r a n s m i t t e d b i t longer 

r e l a t i v e t o an impulse. A 4 - l e v e l FSK system, which was designed 

and b u i l t t o v e r i f y t h i s concept, showed some BER improvement. 

F u r t h e r s u p p r e s s i o n of impulse n o i s e e f f e c t s may be p o s s i b l e with 

more l e v e l s , s i n c e BER degra d a t i o n due t o m u l t i l e v e l t h r e s h o l d 

s e n s i t i v i t y problems i s not as s e r i o u s as the jamming e f f e c t of 

impulse n o i s e . 

The CMFSK modulation technique was found t o emit l e s s 
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harmful i n t e r f e r e n c e t o AM s t a t i o n s when compared t o an e x i s t i n g 

commercial product, BSR X-10. T h i s i n t e r f e r e n c e r e d u c t i o n i s 

a t t r i b u t e d t o the compact spectrum and r a p i d sideband r o l l o f f of 

the CMFSK modulation scheme. 

The a p p l i c a t i o n of CMFSK technology t o low data r a t e 

t r a n s m i s s i o n s was made more robust by us i n g a databand spread 

spectrum technique. On power l i n e channels, narrow band 

t r a n s m i s s i o n s which accompany low data r a t e s are s u b j e c t t o 

p o t e n t i a l narrow band impairments. A commercial—use power l i n e 

modem i s r e s t r i c t e d by law from t r a n s m i t t i n g high power t o 

overcome narrow band impairments. As w e l l , modem c o s t s may be 

reduced due t o r e l a x e d power output requirements. P r o p e r l y 

designed spread spectrum s i g n a l l i n g enables a power l i n e modem t o 

s u r v i v e narrow band impairments at an a c c e p t a b l e t r a n s m i t t e r 

power l e v e l . The degree of spreading i s l i m i t e d by the power 

l i n e bandwidth, data bandwidth, n o i s e , and t r a n s m i s s i o n 

c h a r a c t e r i s t i c s . 

The e f f e c t of impulse n o i s e jamming i s observed when the b i t 

e r r o r p a t t e r n s at 19.2kbps t r a n s m i s s i o n c o n t a i n small e r r o r 

b u r s t s . T h e r e f o r e , a p e r i o d i c 3 1 — b i t block i n t e r l e a v e r was b u i l t 

t o d i s p e r s e small e r r o r b u r s t s . T h i s i n t e r l e a v e d spread spectrum 

scheme proved i t s r o b u s t n e s s when BER of an i n t e r l e a v e d and non-

i n t e r l e a v e d 4.8kbps data r a t e , 19.2kbps code r a t e spread spectrum 

system was compared. The i n t e r l e a v e r scheme g i v e s c l o s e t o i d e a l 

BER performance. In higher speed t r a n s m i s s i o n , the randomization 

e f f e c t of an i n t e r l e a v e r enables the use of good random e r r o r 
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c o r r e c t i o n codes at a s l i g h t r e d u c t i o n i n throughput. 

B e s i d e s i t s a b i l i t y t o combat narrow band -fades, the spread 

spectrum CMFSK modulation i s a b l e t o reduce i t s narrow band 

emi s s i o n s and thereby a l l o w s adequate power t o be t r a n s m i t t e d t o 

overcome path a t t e n u a t i o n s . T h i s has important i m p l i c a t i o n s 

because i t i s now p o s s i b l e t o s a t i s f y emission r e g u l a t i o n s even 

at enhanced output l e v e l s . 

9.2 Cost E s t i m a t e of the CMFSK Modem 

The c o s t of our p r o t o t y p e r e c e i v e r l i e s h e a v i l y with i t s 

f r o n t end of powr l i n e c o u p l i n g network, BPF, and FSK demodulator 

($25). The r e s t of the r e c e i v e r c i r c u i t r y can be implemented 

from CMOS ICs ($10) and a c r y s t a l c l o c k (#5). The modem power 

supply i s a l s o r e l a t i v e l y s imple ($10). The r e c e i v e r s e c t i o n of 

the modem would t y p i c a l l y be under #60 wh i l e the t r a n s m i t t e r 

s e c t i o n would t y p i c a l l y c o s t an a d d i t i o n a l #10 f o r the FSK 

modulator and l i n e a r power a m p l i f i e r ICs. 

9.3 Recommendations For F u r t h e r Research 

There a re s e v e r a l items which may be worth i n v e s t i g a t i n g : 

1. Means and p r a c t i c a l i t y of high frequency bypassing i n a 
r e s i d e n t i a l house and an o f f i c e f l o o r v i a the s e r v i c e box, 
t o improve across—phase t r a n s m i s s i o n c a p a b i l i t y . 

2. Use of hig h c a r r i e r frequency, above 250kHz, t o r e a l i z e 
t r a n s m i s s i o n r a t e s above 50kbps. These high data r a t e s a re 
d e s i r a b l e i n some o f f i c e automation environments. These 
high d a t a r a t e s are of course l i m i t e d t o s h o r t d i s t a n c e 
coverage or power l i n e c o n d i t i o n s d e f i n e d i n S e c t i o n 8.2. 

3. FEC by random e r r o r c o r r e c t i o n codes u s i n g e i t h e r the 
shortened BCH(16,8) of Dunbar et a l . C56] or other codes 
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d e s c r i b e d by Batson et a l . C573. A s u i t a b l e code should 
have double or even t r i p l e e r r o r s c o r r e c t i o n c a p a b i l i t y . 

4. FEC by b u r s t e r r o r c o r r e c t i o n codes u s i n g F i r e codes with a 
10-bit b u r s t c o r r e c t i n g c a p a b i l i t y . 

5. Power l i n e communication p r o t o c o l s which p r o v i d e r e l i a b l e 
and robust networking with reasonable throughput. A l i k e l y 
c a n d i d t a t e i s C a r r i e r Sense M u l t i p l e Access with p o s i t i v e 
acknowledgement. 

6. Data p u l s e shaping, modulator output f i l t e r i n g , and c h o i c e 
of s p e c t r a l e f f i c i e n t modulation methods (see Feher C30,583 
and K l o s e e t a l . C593) t o c o n t r o l out-of-band emissions a t 
enhanced output l e v e l s . 

7. Randomization a b i l i t y of a 6 3 - b i t or 127-bit i n t e r l e a v e r 
on power l i n e induced e r r o r s as compared with t h a t of a 
puesdorandom i n t e r l e a v e r (see C l a r k et a l . C55D). 

8. Impulse n o i s e s u p p r e s s i o n by using smearing and de—smearing 
f i l t e r s (see Beenker e t a l . C46D). 

9. E f f i c i e n t power l i n e spectrum u l t i l i z a t i o n by having one band 
assigned t o 'ORIGNATE' and another band t o 'REPLY*. 

10. M u l t i l e v e l or M-ary schemes t o combate impulse n o i s e e r r o r s . 
Such a p o s s i b l e scheme i s m u l t i l e v e l FSK, with FSK d e t e c t i o n 
using FFT t o reduce d e c i s i o n t h r e s h o l d s e n s i t i v i t y problem 
(see K l o s e et a l . C593 and Feher C583). 

11. Use of d i g i t a l b i t s y n c h r o n i z a t i o n methods t o improve the 
r e l i a b i l i t y and robustness of code c l o c k r e c o v e r y (see Dunbar 
et a l . C561 and Payz i n C603). 

12. Design and implement an i n t e r l e a v e d s o f t d e c i s i o n c o r r e l a t i o n 
data d e t e c t o r t o check i f i t y i e l d s any improvements over 
i n t e r l e a v e d hard d e c i s i o n m a j o r i t y l o g i c d e c i s i o n d i s c u s s e d 
i n S e c t i o n 8.7. 

Another area worth l o o k i n g i n t o i s the v o i c e communications 

c a p a b i l i t y of t h i s CMFSK modem. In S e c t i o n 5.5, i t was mentioned 

t h a t t he raw data output of the XR-2211 FSK demodulator c o u l d be 

u l t i l i z e d as an analog output. T h i s i s p o s s i b l e because the 

CMFSK modem i s e s s e n t i a l l y a commercial power l i n e FM intercom 

converted t o carry d i g i t a l b i t p u l s e s . T h e r e f o r e , analog v o i c e 

t r a n s m i s s i o n s from t h i s modem i s expected t o be reasonably high 
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q u a l i t y and low d i s t o r t i o n . 

T h i s i s by no means an exh a u s t i v e l i s t of i d e a s f o r f u t u r e 

work. Some of the above i n v o l v e A/D c o n v e r s i o n at the f r o n t end 

and d i g i t a l s i g n a l p r o c e s s i n g by the r e c e i v e r . T h i s seems t o be 

the t r e n d i n f u t u r e communications systems because a d i g i t a l 

r e c e i v e r i s i n h e r e n t l y more r e l i a b l e and robust than an analog 

e q u i v a l e n t , and the co s t can be lowered through l a r g e s c a l e 

p r o d u c t i on. 
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APPENDIX A. POWER LINE NOISE SPECTRAL DENSITY DETERMINATION 

A simple spectrum a n a l y z e r was c o n s t r u c t e d out o-f t h r e e 6th 

order BPFs ( F i g . A . l ) . The t h e o r e c t i c a l c e n t e r f r e q u e n c i e s and 

bandwidths of the f i l t e r s a re 30+5kHz, 60+10kHz, and 

120+20kHz, with each BPF's Q equal t o 3. A h i g h e r Q i s l i m i t e d 

by hardware d i f f i c u l t i e s . T h e i r measured parameters are l i s t e d 

i n Table A . l . T h i s spectrum a n a l y z e r was then used t o c o l l e c t 

n o i s e v o l t a g e , V n a l . . , and converted t o n o i s e s p e c t r a l 

d e n s i t y , No: 

No = Power L i n e Noise S p e c t r a l D e n s i t y 

= V 2 

- — n o t mm 
( Gain x A t t e n u a t i o n )= x BPF Bandwidth 

T h i s No v a l u e i s a c r o s s the power l i n e impedance i n p a r a l l e l 

with the c o u p l i n g ' s r e s i s t a n c e . C37,383 g i v e s some t y p i c a l power 

l i n e impedance. C o u p l i n g ' s r e s i s t a n c e i s the sum of the i n t e r n a l 

r e s i s t a n c e , R i „ t of 3.0+.3 ohm, and the i n p u t r e s i s t a n c e 

R m of 12 ohm. The v a l u e s of 'Gain' and ' A t t e n u a t i o n ' are 

those found i n Table A . l t o T a b l e A.5. The n o i s e s p e c t r a l 

d e n s i t y data shown i n T a b l e 4.1 and Table 4.2 i s d e r i v e d from 

Tab l e A.6 and T a b l e A.7. A Briie l & Kaejr analog v o l t a g e meter, 

Model #2426, i s used t o p r o v i d e the v o l t a g e r e a d i n g s . 

Two 4th order BPFs were i n c o r p o r a t e d i n the r e c e i v e r t o 

perform t h e c a r r i e r s e l e c t i o n i n S e c t i o n 6.3. Subsequently, 

both f i l t e r s were used t o c o l l e c t the c r o s s s e c t i o n a l n o i s e 

d e n s i t y data shown i n Table 4.3. The parameters of these two 

4th order BPFs are l i s t e d i n Table A.2. 
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Table A.1 Parameters of 6th Order Band Pass F i l t e r s 

fcp Gain BW—f t-iiat->—3CJB- f I O M - S ^ B 

LOW 24.6kHz 12.05 30.6kHz - 19.6kHz = 11.0kHz 

MID 58.7kHz 11.05 71.4kHz - 48.2kHz = 23.2kHz 

HIGH 143.8kHz 11.05 179.5kHz - 119.0kHz = 60.5kHz 

Tabl e A.2 Parameters of 4th Order Band Pass F i l t e r s 

fe> Gain BW-f h i 9h-3dB—f I ow-3dB 

MID 57.3kHz 6.0 71.2kHz - 42.0kHz = 24.2kHz 

HIGH 137.8kHz 5.5 166.0kHz - 114.0kHz = 52.0kHz 

Tabl e A.3 Frequency Response of Power L i n e Coupling 
Terminated at 100k ohm 

Frequency V±„ V o u t A t t e n u a t i o n 

10kHz 4.90 V 4.87V O . l l d B 
20kHz 4.95 V 4.92V 0 . l l d B 
30kHz 4.97V 4.95V 0.07dB 
40kHz 4.99V 4.97 V 0.07dB 
60 kHz 5.00 V 4.98V 0.07dB 
80kHz 5.00 V 4.99 V 0.03dB 
100kHz 5.01V 5.00 V 0.03dB 
120kHz 5.05 V 5.02 V 0.03dB 
150kHz 5. 03V 5.02V O.OldB 
200kHz 5.01V 4.99V 0.07dB 
300kHz 4.90 V 4.88 V 0.07dB 
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Table A.4 Frequency Response of Power L i n e Coupling 
Terminated at 12 ohm 

Frequency V l r i V o u t A t t e n u a t i o n 

10kHz 200mV 130mV 3. 74dB 
15kHz 200mV 147mV 2. 67dB 
20kHz 200mV 150mV 2. 50dB 
30kHz 200mV 155mV 2. 21dB 
40kHz 200mV 157mV 2. lOdB 
50kHz 200mV 158mV 2. 05dB 
60 kHz 200mV 158mV 2. 05dB 
70kHz 200mV 160mV 1. 94dB 
80kHz 200mV 160mV 1. 94dB 
90kHz 200mV 160mV 1. 94dB 
100kHz 200mV 160mV 1. 94dB 
110kHz 200mV 160mV 1. 94dB 
120kHz 200mV 160mV 1. 94dB 
130kHz 200mV 160mV 1. 94dB 
140kHz 200mV 159mV 1. 99dB 
150kHz 200mV 159mV 1. 99dB 
160kHz 200mV 159mV 1. 99dB 
170kHz 200mV 158mV 2. 05dB 
180kHz 200mV 158mV 2. 05dB 
190kHz 200mV 158mV 2. 05dB 
200kHz 200mV 156mV 2. 16dB 
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Table A.5 Frequency Response of Power L i n e Coupling 
Terminated at 3.3 ohm 

Frequency V 4 r, V o v l t A t t e n u a t i o n 

10kHz 200mV 36.5mV 14.7dB 
15kHz 200mV 55.0mV 11.2dB 
20kHz 200mV 69.OmV 9.24dB 
30kHz 200mV 89.5mV 6.98dB 
40 kHz 200mV 100.5mV 5.98dB 
50kHz 200mV 108.0mV 5.35dB 
60kHz 200mV 110.5mV 5.15dB 
70kHz 200mV 113.OmV 4.96dB 
80 kHz 200mV 113.0mV 4.96dB 
90kHz 200mV 113.0mV 4.96dB 
100kHz 200mV 113.0mV 4.96dB 
110kHz 200mV 111.OmV 5 . l l d B 
120kHz 200mV HO.OmV 5.19dB 
130kHz 200mV 107.5mV 5.39dB 
140kHz 200mV 105.5mV 5.56dB 
150kHz 200mV 103.5mV 5.72dB 
160kHz 200mV 101.OmV 5.93dB 
170kHz 200mV 99.OmV 6. 1ldB 
180kHz 200mV 97.5mV 6.24dB 
190kHz 200mV 95.OmV 6.47dB 
200kHz 200mV 92.5mV 6.70dB 
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Table A.6 Measured Noise V o l t a g e i n LOW, MID, and HIGH 
Frequency Band i n an I n d u s t r i a l B u i l d i n g 

Phase A Phase B Phase C Remote B~ 

Input (across 12 ohm, +5%) 

Rms +2mV 

Peak 

LOW BPF output 

Rms +20mV 

Peak 

MID BPF output 

Rms + 10mV 

Peak 

HIGH BPF output 

Rms +2mV 

Peak 

60mV 

1.0V 

280mV 

3.2V 

160mV 

2.4V 

42mV 

0.58 V 

58mV 

0.7V 

200mV 

2.0V 

200mV 

1.6V 

37mV 

0.60 V 

62mV 

0.7V 

200mV 

2.0V 

165mV 

1.7V 

43mV 

0.80 V 

57mV 

0.9V 

290mV 

3.0V 

175mV 

2.6V 

32mV 

1.0V 

Remote B i s an o u t l e t used 
t r a n s m i s s i o n as d e f i n e d i n 

f o r remote r e c e p t i o n and 
s e c t i o n I l l . i i . 
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Table A.7 Measured Noise V o l t a g e i n LOW, MID, and HIGH 
Frequency Band i n a R e s i d e n t i a l House 

Phase 0 e Phase 180« 

Input (across 12 ohm, ±57.) 

Rms +0.5mV 

Peak 

LOW BPF output 

Rms +2mV 

Peak 

MID BPF output 

Rms +2mV 

Peak 

HIGH BPF output 

11.5mV 

160mV 

39mV 

0.6V 

47mV 

0.35 V 

13.5mV 

220mV 

55mV 

0.6V 

38mV 

0.45V 

Rms +0.5mV 

Peak 

7.5mV 

0.9V 

12.OmV 

0.75 V 
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APPENDIX B. SCHEMATICS OF CMFSK TRANSMITTER AND RECEIVER 

The d e t a i l e d block diagrams o-f the t r a n s m i t t e r and r e c e i v e r 

showing a l l the sub-systems are shown i n F i g . B . l and F i g . B.2. 

The schematics o-f the t r a n s m i t t e r i s shown i n F i g . B.3. 

The schematics o-f the r e c e i v e r i s broken up i n t o t h r e e 

p a r t s and are shown i n F i g . B.4, F i g . B.5 and F i g . B.6 

r e s p e c t i v e l y . F i g . B.4 c o n t a i n s e s s e n t i a l l y the analog c i r c u i t s 

of the CMFSK r e c e i v e r w h i l e F i g . B.5 and F i g . B.6 c o n t a i n mostly 

d i g i t a l c i r c u i t s . In F i g . B.6, the i n t e r n a l DATA and CLK s i g n a l s 

are b u f f e r r e d Cby CD4050] t o p r o v i d e l e v e l — c o m p a t i b l e s i g n a l s f o r 

the HP1645A data e r r o r r a t e a n a l y z e r i n BER measurements. 

In both the t r a n s m i t t e r and r e c e i v e r c i r c u i t s the power 

supply s e c t i o n i s omitted because of i t s simple implementation 

with a 16V/0.5A power supply t r a n s f o r m e r , f i l t e r c a p a c i t o r s , and 

a v o l t a g e r e g u l a t o r IC. 
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