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Abstract 
 
 

 The purpose of the research is to obtain results toward effective methods for 

combating the deleterious effects of various impairments arising in digital data 

transmission over a dually polarized fiber-optic communication channel. 

 The improvements in spectral efficiency can cause more co-channel interference 

(CCI) and adjacent-channel interference (ACI). Moreover, the transmission of M-state 

Quadrature Amplitude Modulated (QAM) signals via orthogonally polarized carriers is 

an effective method for reusing existing bandwidth with the advantage of more system 

capacity and a higher bit rate. However, the obstacle in the way of realizing these 

advantages is the unavoidable presence of cross-polarization interference (CPI) between 

two polarized signals.  

 A design possibility utilizing channel equalization and wide relative transmitter 

bandwidths to suppress intersymbol interference (ISI), CCI, ACI, CPI and noise is 

presented in this thesis and the existence of such equalization and the conditions to 

suppress all ISI, CCI, ACI and CPI are studied.  
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Chapter 1 

Introduction 

 

 

1.1 Introduction to Research 

 The purpose of this thesis is to obtain research results toward effective methods 

for combating the deleterious effects of various impairments arising in digital data 

transmission over dually polarized communication channels. The demand for services 

requires more efficient use of the spectrum. The techniques that have been employed are 

Frequency Division Multiple Access (FDMA), Time Division Multiple Access (TDMA) 

and Wavelength Division Multiple Access (WDMA). 

 The method of subdividing the available channel bandwidth into a number of non-

overlapping sub-channels and to assign a sub-channel to each user upon request by the 

users is called Frequency Division Multiple Access. The method of subdividing a time 

frame into a number of non-overlapping subintervals then assigning to each user to 

access is called Time Division Multiple Access [Couch97, Lee94, Proakis01]. 

Wavelength Division Multiple Access utilizes the same technique as in FDMA. Instead 

of using frequency, the wavelength is used for multiple access in the optical domain.  

 These improvements in spectral efficiency can cause more co-channel 

interference and adjacent-channel interference. CCI is the interference between signals 
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with similar carrier frequencies, whereas ACI is the interference between signals with 

different carrier frequencies that are close enough to cause overlaps in the spectrum. In 

wireless communications, a multipath channel can also cause CCI among cells.  

 Moreover, transmission of M-state Quadrature Amplitude Modulated (QAM) 

signals via orthogonally (vertical and horizontal) polarized carriers is an effective method 

for reusing existing bandwidth with the advantages of more system capacity and higher 

bit rate. However, the obstacle in the way of realizing these advantages is the unavoidable 

presence of cross-polarization interference (CPI) between two polarized signals. This 

impairment is due to imperfect waveguides. Besides CCI, ACI and CPI, there will be 

other impairments. However, the only one that is considered is additive white channel 

noise.   

 The purpose of this thesis is to obtain a fundamental understanding and derive a 

solution for the aforementioned problems using channel equalization and wide relative 

transmitter bandwidth techniques. The solution is applicable to fiber-optics, wireless and 

wired systems. 

 Channel equalization is a well-established theory when dealing with optimal 

communications system design [Lucky68]. It synthesizes filters related to the inverse of 

the distortions in a channel frequency response in order that data can be extracted from an 

equalized signal. It is an effective way to mitigate the intersymbol interference (ISI) and 

channel noise in the transmission of digital signals. Channel equalization also leads to 

computationally efficient implementations. 

 The utilization of transmitter bandwidths which are wide relative to the symbol 

rate technique to suppress interference has been the field of relatively little previous 
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research compared to channel equalization. The existence of such equalization using this 

technique and the conditions to suppress all the interferences will be studied in detail in 

this thesis. 

 

1.2 Literature Survey 

 1.2.1 Overview 

 This thesis generally deals with a fiber-optic communication system. The 

impairments existing in the system are typically ISI, CCI, ACI and CPI along with 

channel white noise.  

 Various researches have explored aforementioned problems [Smith68, Harri69, 

Kave85 and Khors99]. None has been performed for all five impairments with respect to 

the conditions for suppressing all interference. 

 1.2.2 Channel Equalization 

 Published research has exhibited the ability of suppressing various types of 

interference under certain conditions. [Lind95, Petersen90].   

 Based on previous work [Amitay84], Kavehrad and Salz proposed a theoretical 

frame work to mitigate CPI and ISI along with additive noise using finite-tap transversal 

structures over dually polarized multipath radio channels [Kave85]. However, CCI and 

ACI suppression were not considered. 

 1.2.3 Utilization of Wide Relative Transmitter Bandwidth 

 The effect of transmitter pulse bandwidth relative to the symbol rate is well 

known where only ISI was presented [Nyquist28]. The result of his work was that the 



frequency spectrum in the range from )2(1 T−  to )2(1 T  must be flat to obtain zero ISI 

where T is the symbol period and T1  is symbol rate. 

 The benefit of wide relative transmitter bandwidth was foretold by Shnidman to 

suppress ISI and CCI where less than 100 percent excess bandwidth of T1  were 

employed [Shnidman67].  

 Filters with excess bandwidth over 100 percent were described by Lind et al. for 

the raised cosine class of communication filters that satisfy the zero interference 

condition [Lind95]. It did not explore the conditions of CPI and multi user systems. 

 Since ISI, CCI and ACI are fundamentally equivalent signals [Gardner75, 

Petersen92]; this leads to the possibility that the wide transmitter bandwidth theory 

applicable to ISI might be applied to CCI and ACI as well.  

 The ability to suppress interference utilizing the benefit of wide transmitter 

bandwidth has been described, where over 100 percent excess bandwidth was employed 

[Venkatara90, Golden90, and Petersen90]. More recent development of the theory was 

generalized in the research of [Golden94].  

 Based on the previous research, this thesis will extend into the analyses of the 

suppression for mentioned interferences including CPI using wide transmitter bandwidth 

and the existence and conditions of such equalization, claimed to be the contributions of 

this research.  

1.3 Thesis Contributions 

 This thesis proposes a design possibility to suppress ISI, CCI, ACI and CPI for an 

optical fiber communication system where two 4-QAM signals are transmitted separately 

over vertical and horizontal polarization channels. 

 4
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 The passband and baseband single user and multi user system models are 

illustrated. The contributions described below are interference analyses and suppression 

techniques for a two-polarization generalized equalizer operating in the presence of ISI, 

CCI, ACI, CPI and additive white noise. 

 The ability to suppress ISI, CCI and CPI by a generalized zero-forcing equalizer 

is presented and the conditions to suppress ISI, CCI and CPI are also explained.  

 The first result deals with the ability to suppress ISI, CCI and CPI by a 

generalized zero-forcing equalizer. It is found that such equalization does exist in ISI, 

CCI and CPI. 

 The second result is the analyses of the conditions for the existence of a 

generalized zero-forcing equalizer in ISI, CCI and CPI. Every increase in transmitter 

bandwidth, equal to the symbol rate, provides the ability to completely suppress an 

additional interferer by means of linear equalization. 

  The third result is the discovery of the ability of the generalized zero-forcing 

equalizer to suppress ACI in addition to ISI, CCI and CPI. The expressions of 

determining number of interferers, number of unknowns and number of equations are 

given. 

 The fourth contribution deals with the conditions of such equalization which 

incorporates the effect of transmitter bandwidth, carrier spacing and number of ACI 

interferers. Under certain conditions, the increase in receiver bandwidth may have the 

ability to assist the equalizer to suppress more ACI interferers. 

1.4 Thesis Outline 
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 In Chapter 1, the motivation, the background and the literature survey are 

described. This section outlines how this thesis is organized to make those contributions. 

 In Chapter 2, the passband and baseband models for both single user and multi-

user systems including transmitter, channel and the receiver are presented. Four types of 

interferences are introduced. System impulse responses including transmitter impulse 

response, channel impulse response, receiver impulse response, combined channel 

impulse response, equalized combined impulse response are defined. The system is 

assumed to transmit the data of interest using the rate which is identical to that of the 

interferers and all the data are mutually uncorrelated. 

 Chapter 3 shows the analyses of the generalized zero-forcing equalizer in the 

presence of ISI, CCI and CPI. First, zero interference conditions for the aforementioned 

interference are defined in both time and frequency domain. The mathematical 

expressions of equalized combined channel impulse response and co-channel impulse 

response are described. With an increase in excess bandwidth, the number of co-channel 

interferers and the ability to suppress ISI, CCI and CPI are analyzed. The results show the 

existence of such an equalizer and every increase in total bandwidth equal to the symbol 

rate can suppress an additional interferer. 

 Chapter 4 extends the analyses of interference suppression when ACI is present in 

the system. The transmitter, carrier and receiver bandwidths are examined followed by 

how the equalized combined channel impulse response and the equalized combined co-

channel impulse response are constructed. There are two situations considered for the 

equalizer analyses. One is the non-overlapping case; the other is the overlapping case. It 

is discovered that such an equalizer has the ability to suppress ACI in addition to ISI, CCI 
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and CPI. Also, it is found that an increase in receiver bandwidth may have the ability to 

assist the equalizer to suppress more ACI interferers. The expressions determining 

number of interferers, the number of unknowns and number of equations are given. 

 In Chapter 5, the thesis is concluded and the discussion of the future work is also 

described. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

System Model 

 

 

2.1 Passband System Model  

 Fig. 2.1 is a block diagram of the passband single-user system model. 
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Fig. 2.1 Passband Single-User System Model 



 The communication is digital. The data is transmitted using a linear modulation 

scheme. Two independent four-state quadrature amplitude modulation (QAM) signals, 

converted from pulse amplitude modulation (PAM) signals, are used in this thesis. One 

digital QAM signal, , the input signal, is transmitted over a vertical channel and 

the other input signal, , is transmitted over a horizontal channel,  

)(0 nx v

)(0 nx h

 

   , , (2.1) ⎥
⎦

⎤
⎢
⎣

⎡
=

)(
)(

)(0 nx
nx

nx
qv

iv
v ⎥

⎦

⎤
⎢
⎣

⎡
=

)(
)(

)(0 nx
nx

nx
qh

ih
h

 

where  is the in-phase signal in the vertical polarization channel,  )(nxiv

  is the quadrature signal in the vertical polarization channel, )(nxqv

 )  is the in-phase signal in the horizontal polarization channel, (nxih

  is the quadrature signal in the horizontal polarization channel, and  )(nxqh

  denotes the carrier frequency. cf

 All the data transmitted are using T  as the symbol period, and T1  is the symbol 

rate. The digital modulation is described further in section 2.3. 

 The above signals are then passed to modulators. The modulated signals are 

 and , )t(s pv )t(s ph

  [ ])πsin()()πcos()()( tf2tstf2ts2ts cqvcivpv −= , 

  [ ])πsin()()πcos()()( tf2tstf2ts2ts cqhcihph −= , (2.2) 
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where  is the modulated signal after the modulator in the vertical channel, and )t(s pv

  is the modulated signal after the modulator in the horizontal channel. )t(s ph

 The fiber optic channel is characterized by a passband channel impulse response 

matrix, ,  )t(pc

  , (2.3) ⎥
⎦

⎤
⎢
⎣

⎡
=

)t(c)t(c
)t(c)t(c

)t(
phhphv

pvhpvv
pc

where  is the passband vertical-to-vertical channel impulse response,  )(tc pvv

  is the passband vertical-to-horizontal channel impulse response, )(tc pvh

  is the passband horizontal-to-vertical channel impulse response, and  )(tc phv

  is the passband horizontal-to-horizontal channel impulse response. )(tc phh

 The passband channel impulse responses are related to the baseband channel 

impulse responses by the following equations, 

 

  { }tf2j
bvvpvv

cetc2tc π)(Re)( = , 

 

  { }tf2j
bvhpvh

cetc2tc π)(Re)( = , 

 

  { }tf2j
bhvphv

cetc2tc π)(Re)( = , and 

 

  { }tf2j
bhhphh

cetc2tc π)(Re)( = , (2.4) 
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where  denotes the real part of { }•Re • ,  is the baseband vertical-to-vertical 

channel impulse response,  is the baseband vertical-to-horizontal channel impulse 

response,  is the baseband horizontal-to-vertical channel impulse response, and 

 is the baseband horizontal-to-horizontal channel impulse response. 

)t(cbvv

)t(cbvh

)t(cbhv

)t(cbhh

 The output of the channel, ,  [Kave85, Lu00], is )t(u

 

  ,  )(
)(*)()(*)(
)()()()(

)(
)(

)( t
tctstcts
tctstcts

tu
tu

t p
pvhpvphhph

phvphpvvpv

h

v nu +⎥
⎦

⎤
⎢
⎣

⎡
+

∗+∗
=⎥

⎦

⎤
⎢
⎣

⎡
=

 (2.5) 

 

where ∗  denotes convolution, 

 )  is the output signal in the vertical channel, (tuv

  is the output signal in the horizontal channel, and )t(uh

  is the channel white noise vector with the components in both vertical and 

horizontal channels,  and , 

)t(pn

)t(n pv )t(n ph

  . (2.6) ⎥
⎦

⎤
⎢
⎣

⎡
=

)t(n
)t(n

)t(
ph

pv
pn

The noise signals,  and , are zero mean and uncorrelated with variance of . )t(n pv )t(n ph
2σ

 At the receiver end, is demodulated before passing through receiver 

bandlimiting filters . The output signals to the receivers are: 

)t(u

)(tw

  , ⎥
⎦

⎤
⎢
⎣

⎡
=

)t(y
)t(y

)t(
qv

iv
vy
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  , (2.7) ⎥
⎦

⎤
⎢
⎣

⎡
=

)t(y
)t(y

)t(
qh

ih
hy

and,  

  [ ] )(*)πcos()()( twtf2tu2ty cviv = , 

  [ ] )(*)πsin()()( twtf2tu2ty cvqv −= , 

  [ ] )(*)πcos()()( twtf2tu2ty chih = , 

  [ )(*)πsin()()( twtf2tu2ty chqh −= ] , (2.8) 

where  is the output in-phase signal in the vertical channel, )t(yiv

  is the output quadrature signal in the vertical channel, )t(yqv

  is the output in-phase signal in the horizontal channel, )t(yih

  is the output quadrature signal in the horizontal channel, and  )t(yqh

  is the receiver bandlimiting filter impulse response. It is used to cut off the 

high frequency component, , and preserve the desired component, . 

)t(w

cf2 cf

 The received signals,  and , will then pass through a linear equalizer. )t(yv )t(yh

 This concludes the description of passband single-user system model. 

 

 

2.2 Baseband System Model 

 Based on the passband single-user system model described in the previous section, 

a baseband single-user model can be constructed.  

 12



 Fig. 2.2 is a block diagram of a baseband single-user system model. This model, 

also known as the low-pass equivalent model, utilizes the complex envelope of a 

passband signal [Lee94]. It is commonly used in simulation of a passband signal to 

reduce the computation load. 
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)(tnbv

)(tnbh

)(tybv  )(tcbvv)(ts bv0  

)(tcbhv

)(tcbvh

)(tcbhh)(ts bh0  )(tybh  

Fig. 2.2 Baseband Single-User System Model 



 From Figs. 2.1 and 2.2, we have 

 [ ])πsin()()πcos()()( tf2tstf2ts2ts cqvcivpv −=  

 [ ]{ }tf2j
qviv

cetjsts2 π)()(Re +=  

 { }tf2j
bv

cets2 π)(Re=  

 Therefore, the relation between the vertical complex baseband waveform  

and two passband input signals,  and , is obtained, 

)(ts bv0

)(tsiv )(tsqv

  )()()( tjststs qvivbv0 += . (2.9) 

 Similarly, we can also obtain the expression for the horizontal complex baseband 

waveform, , )(ts bh0

  )()()( tjststs qhihbh0 += . (2.10) 

 The corresponding expressions for output complex baseband waveform in 

the vertical channel and in the horizontal channel are: 

)(tybv

)(tybh

  )()()( tjytyty qvivbv += , and (2.11) 

  )()()( tjytyty qhihbh += . (2.12) 

 The complex baseband channel impulse response matrix becomes: 

  , (2.13) ⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(
tctc
tctc

t
bhhbhv

bvhbvv
bc

where is baseband  vertical-to-vertical channel impulse response, )(tcbvv

 ) is the baseband vertical-to-horizontal channel impulse response, (tcbvh

 ) is the baseband horizontal-to-vertical channel impulse response, and (tcbhv

 ) is the baseband horizontal-to-horizontal channel impulse response. (tcbhh
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  and  are the corresponding components of the noise vector, , 

in the vertical and horizontal channels, 

)t(nbv )t(nbh )t(bn

  . (2.14) ⎥
⎦

⎤
⎢
⎣

⎡
=

)t(n
)t(n

)t(
bh

bv
bn

 

2.3 Baseband Multi-user System Model 

 Fig. 2.3 illustrates the digital inputs of the system. 

)(ta v0
{ }][0 nx v  )(ts bv0  )(tp0

{ }][0 nx h  
)(ta h0

)(tp0 )(ts bh0  

)(taLv
{ }][nxLv  )(tsLbv  )(tpL

{ }][nxLh  
)(taLh

)(tpL )(tsLbh  

 

  
Fig. 2.3 Input Signals of the System
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 In Fig. 2.3, the notation { }][0 nx v  and { }][0 nx h  applied to the input of the 

transmitter filters mean that the data is modulated upon a sequence of Dirac delta 

functions so that the inputs to the transmitter filters, , for the data transmitted, are 

the following signals: 

)(tp0

  [ ]∑
+∞

−∞=

=
n

v0ov nxta )( )(δ nTt −  

  [ ]∑
+∞

−∞=

=
n

h0oh nxta )( )(δ nTt − , (2.15) 

where  denotes Dirac delta function. )(δ nTt −

 This means that the outputs of the transmitters are the signals which are linearly 

modulated with the data: 

  [ ]∑
+∞

−∞=

=
n

v0bv0 nxts )( )( nTtp0 −  

  [ ]∑
+∞

−∞=

=
n

h0bh0 nxts )( )( nTtp0 −  (2.16) 

where 

 )  is the transmitter impulse response for the data transmitted, (tp0

  (  is the data transmitted in the vertical channel after the transmitter filter, 

and 

)ts bv0

 )  is the data transmitted in the horizontal channel after the transmitter filter. (ts bh0
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 Similarly, the inputs of the other co-channels can be defined in the same way: 

   

  [ ]∑
+∞

−∞=

=
n

LvLv nxta )( )(δ nTt −  

  [ ]∑
+∞

−∞=

=
n

LhLh nxta )( )(δ nTt −  (2.17) 

where  

  and {  denote the inputs of the th co-channel, { }][nxLv }][nxLh L

 ) and  are the inputs of the transmitter filter, , for the L th co-

 channel in the vertical and horizontal channel, respectively, and  

(taLv )(taLh )(tpL

  is from a set of integers,  L { },...3,2,1 .  

 The outputs of the transmitter for the th co-channel are: L

  [ ]∑
+∞

−∞=

=
n

LvLbv nxts )( )( nTtpL −  

  [ ]∑
+∞

−∞=

=
n

LhLbh nxts )( )( nTtpL − , (2.18) 

where 

  is the transmitter impulse response for the th co-channel, )(tpL L

   is the data transmitted in the vertical channel after the transmitter filter, 

and 

)(tsLbv

 )  is the data transmitted in the horizontal channel after the transmitter filter. (tsLbh
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 Fig. 2.4 is a block diagram of baseband multi-user system model. 
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 The data transmitted are  in the vertical channel, and , in the 

horizontal channel. Other co-channels are represented by  in the vertical channel, 

)(0 nx v )(0 nx h

)(nxLv

)(φ tvv0

)(φ thv0

)(φ tvh0

)(φ thh0

)(trvv

)(trvh

)(trhv

)(trhh

)(tnbh

)(φ tLvv

)(φ tLhv

)(φ tLvh

)(φ tLhh

{ }][0 nx v

{ }][0 nx h

{ }][nxLv

{ }][nxLh

)(tnbv

 

 

 

 

 

 

 

 

 

 

 

Combined Co-channels 

{ }][ndv

{ }][ndh

)(tr)(t0φ  

)(tLφ  

Fig. 2.4 Baseband Multi-User System Model



and  in the horizontal channel. The data transmitted in the co-channels are 

statistically independent and use the same symbol rate, 

)(nxLh

T1 , as that used to transmit the 

data. 

 Define the combined channel impulse response matrix for the data transmitted as 

, )(t0φ

    (2.19) ⎥
⎦

⎤
⎢
⎣

⎡
=

)(φ)(φ
)(φ)(φ

)(
tt
tt

t
hh0hv0

vh0vv0
0φ

where 

 )  is the baseband combined channel impulse response of the vertical-to-

vertical channel, 

(φ tvv0

   is the baseband combined channel impulse response of the vertical-to-

horizontal channel, 

)(φ tvh0

 )  is the baseband combined channel impulse response of the horizontal-to-

vertical channel, and 

(φ thv0

 )  is the baseband combined channel impulse response of the horizontal-to-

vertical channel. The first subscript “0 ” denotes the channel that transmits the data of 

interest. The second and the third subscripts are either “ v ” or “ ”, denoting “vertical” or 

“horizontal”, respectively. The second subscript denotes the input and the third subscript 

denotes the output.   

(φ thh0

h

 The mathematical expressions of , ,  and are: )(φ tvv0 )(φ tvh0 )(φ thv0 )(φ thh0

 

  )()()(φ tctpt bvv0vv0 ∗=  
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)  ()()(φ tctpt bvh0vh0 ∗=  

  )()()(φ tctpt bhv0hv0 ∗=  

  )()()(φ tctpt bhh0hh0 ∗=  (2.20) 

 Fig. 2.5 is an illustration of how the combined channel impulse response matrix 

 is formed. )(t0φ
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)(tcbvh

)(tcbhh
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)(φ tvv0

)(φ thv0

)(φ tvh0

)(φ thh0

To Equalizer 

{ }][0 nx h  

{ }][0 nx v  )(tybv

)(tybh

)(tp0  
{ }][0 nx h  

Fig. 2.5 Definition of Combined Channel Impulse Respons
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 Based on equation (2.20), the combined co-channel impulse response matrix as 

, can be formed in the same way. Define the combined co-channel impulse 

response matrix as ,  

)(tLφ

)(tLφ

  , (2.21) ⎥
⎦

⎤
⎢
⎣

⎡
=

)(φ)(φ
)(φ)(φ

)(
tt
tt

t
LhhLhv

LvhLvv
Lφ

where  

 )  is the th combined co-channel impulse response of vertical-to-vertical 

channel, 

(φ tLvv L

 )  is the th combined co-channel impulse response of vertical-to-

horizontal channel, 

(φ tLvh L

 )  is the th combined co-channel impulse response of horizontal-to-

vertical channel, and 

(φ tLhv L

 )  is the th combined co-channel impulse response of horizontal-to-

horizontal channel. 

(φ tLhh L

 The output of the channel will pass through a linear equalizer.  

 Define the impulse response matrix of the equalizer as ,  )(tr

 

    (2.22) ⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(
trtr
trtr

t
hhhv

vhvvr

 

where  

 )  is the vertical-to-vertical impulse response of the equalizer, (trvv
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 )  is the vertical-to-horizontal impulse response of the equalizer, (trvh

 )  is the horizontal-to-vertical impulse response of the equalizer, and  (trhv

 )  is the horizontal-to-horizontal impulse response of the equalizer. (trhh

 The equalizer is considered have impulse responses which are time invariant 

meaning that adaptive equalizers can be used for implementation. 

 The outputs of the equalizer are  and . They are fed to a series of 

samplers and decision devices for quantizing. The outputs of the quantizer will be the 

estimates of the data transmitted. 

][ndv ][ndh

2.4 System Frequency Response 

 According to equation (2.19), define the combined channel frequency response, 

, for the data transmitted is the Fourier transform of its impulse response, ,  )( f0Φ )(t0φ

                                   (2.23) ⎥
⎦

⎤
⎢
⎣

⎡
=

)(Φ)(Φ
)(Φ)(Φ

)(
ff
ff

f
hh0hv0

vh0vv0
0Φ

where  

 )  is the vertical-to-vertical combined channel frequency response,  (Φ fvv0

 )  is the vertical-to-horizontal combined channel frequency response, (Φ fvh0

 )  is the horizontal-to-vertical combined channel frequency response, and (Φ fhv0

 )  is the horizontal-to-horizontal combined channel frequency response. (Φ fhh0

 Since the impulse response of the co-channel completely characterized by its 

transmitter impulse response, the channel impulse response and receiver impulse 

response, we can easily conclude that the combined co-channel impulse response is 

constructed in the similar fashion. 
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 According to equation (2.21), define the frequency response of combined co-

channel, , as the Fourier transform of its impulse response, ,  )( f0Φ )(tLφ

   (2.24) ⎥
⎦

⎤
⎢
⎣

⎡
=

)(Φ)(Φ
)(Φ)(Φ

)(
ff
ff

f
LhhLhv

LvhLvv
LΦ

where  

 )  is the vertical-to-vertical combined co-channel frequency response,  (Φ fLvv

 )  is the vertical-to-horizontal combined co-channel frequency response, (Φ fLvh

 )  is the horizontal-to-vertical combined co-channel frequency response, 

and 

(Φ fLhv

 )  is the horizontal-to-horizontal combined co-channel frequency response.  (Φ fLhh

 Define the frequency response of the equalizer, , as the Fourier transform of 

its impulse response, ,  

)( fR

)(tr

   (2.25) ⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(
fRfR
fRfR

f
hhhv

vhvvR

where 

 )  is the receiver vertical-to-vertical channel frequency response, ( fRvv

 )  is the receiver vertical-to-horizontal channel frequency response, ( fRvh

 ) is the receiver horizontal-to-vertical channel frequency response, and ( fRhv

 )  is the  receiver horizontal-to-horizontal channel frequency response. ( fRhh

2.5 Bandwidth 

 Define total bandwidth to be the difference between the maximum frequency and 

the minimum frequency. Define bandwidth to be the half of the total bandwidth. Fig. 2.6 

 23



illustrates these definitions [Petersen92]. 
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Fig. 2.6 Definitions of Bandwidth and Total Bandwidth 



2.6 Interference 

 25

thv0

 The interference considered in this thesis are ISI, CCI, ACI, CPI and white noise. 

In frequency domain, CCI is centered at 0  Hz and ACI is centered at some set of non-

zero carrier frequencies. CPI is caused by the two dually polarized signals and its impulse 

responses are represented by  and  in Fig. 2.4. The white noise is 

represented by  and   with two-sided power spectral density. 

)(φ tvh0 )(φ

)(tnbv )(tnbh

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

Equalizer Analyses for ISI, CCI and CPI 

 

 

3.1 Performance Criterion 

 The performance criterion is the existence of a linear equalizer that has the 

flexibility to suppress all ISI, CCI, CPI and ACI. Such an equalizer is called a generalized 

zero-forcing equalizer [Shnidman67]. The analyses in this chapter are to develop a new 

result for ISI, CCI, and CPI which states that relatively wider bandwidths, with respect to 

the symbol rate, may provide the flexibility to an equalizer to suppress larger numbers of 

interferers. This means that this technique does not guarantee improved suppression 

capability under all conditions. However, under certain conditions, wide relative 

bandwidths allow for substantial equalizer performance improvements over the case 

where narrow relative bandwidths are used. 

3.2 Equalized Combined Channel and Co-channels 

 In Fig. 2.4, define the equalized combined channel impulse response for the data 

transmitted to be: 

 26

)   (3.1) ()()( ttt 00 rφh ∗=

where ∗  denotes matrix convolution [Salz 85]. 
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2,1

 There are a total of L  interfering co-channels in the system, where  is from the 

set of natural numbers, . 

L

{ },...3,

 Define the equalized combined co-channels impulse responses to be: 

  )()()( ttt LL rφh ∗=  (3.2) 

 Define the frequency response of the equalized combined channel to be its Fourier 

transform, therefore equation (3.1) can be written in the frequency domain as: 

   (3.3) )()()( fff 00 RΦH =

 Define the frequency response of the equalized combined co-channel to be its 

Fourier transform, therefore equation (3.2) can be written in frequency domain as: 

    (3.4) )()()( fff LL RΦH =

 Substituting equations (2.23) and (2.25) into equation (3.3), we have: 

   ⎥
⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(Φ)(Φ
)(Φ)(Φ

)(
fRfR
fRfR

ff
ff

f
hhhv

vhvv

hh0hv0

vh0vv0
0H

  ⎥
⎦

⎤
⎢
⎣

⎡
++
++

=
)()(Φ)()(Φ)()(Φ)()(Φ
)()(Φ)()(Φ)()(Φ)()(Φ

fRffRffRffRf
fRffRffRffRf

hhhh0vhhv0hvhh0vvhv0

hhvh0vhvv0hvvh0vvvv0

     (3.5) 

 Let  )()(Φ)()(Φ)( fRffRffH hvvh0vvvv0vv0 +=  

  )()(Φ)()(Φ)( fRffRffH hhvh0vhvv0vh0 +=  

  )()(Φ)()(Φ)( fRffRffH hvhh0vvhv0hv0 +=  

  )()(Φ)()(Φ)( fRffRffH hhhh0vhohvhh0 +=  (3.6) 

Then equation (3.5) can be written as: 

   ⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(
fHfH
fHfH

f
hh0hv0

vh0vv0
0H



  ⎥
⎦

⎤
⎢
⎣

⎡
++
++

=
)()(Φ)()(Φ)()(Φ)()(Φ
)()(Φ)()(Φ)()(Φ)()(Φ

fRffRffRffRf
fRffRffRffRf

hhhh0vhhv0hvhh0vvhv0

hhvh0vhvv0hvvh0vvvv0

     (3.7) 

where  is the vertical-to-vertical channel frequency response of the equalized 

combined channel, 

)( fH vv0

 )  is the vertical-to-horizontal channel frequency response of the equalized 

combined channel, 

( fH vh0

 )  is the horizontal-to-vertical frequency response of the equalized 

combined channel, and 

( fH hv0

 ) is the horizontal-to-horizontal frequency response of the equalized 

combined channel. 

( fH hh0

 Note that  and  are the sources of CPI. )( fH vh0 )( fH hv0

 Similarly, substitute equations (2.24) and (2.25) into equation (3.4), we have: 

   ⎥
⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡
ΦΦ
ΦΦ

=
)()(
)()(

)()(
)()(

)(
fRfR
fRfR

ff
ff

f
hhhv

vhvv

LhhLhv

LvhLvv
LH

  ⎥
⎦

⎤
⎢
⎣

⎡
++
++

=
)()(Φ)()(Φ)()(Φ)()(Φ
)()(Φ)()(Φ)()(Φ)()(Φ

fRffRffRffRf
fRffRffRffRf

hhLhhvhLhvhvLhhvvLhv

hhLvhvhLvvhvLvhvvLvv

      (3.8) 

 Let )()(Φ)()(Φ)( fRffRffH hvLvhvvLvvLvv +=  

  )()(Φ)()(Φ)( fRffRffH hhLvhvhLvvLvh +=  

  )()(Φ)()(Φ)( fRffRffH hvLhhvvLhvLhv +=  

  )()(Φ)()(Φ)( fRffRffH hhLhhvhLhvLhh +=  (3.9) 
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Then equation (3.8) can be written as: 

   ⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(
fHfH
fHfH

f
LhhLhv

LvhLvv
LH

  ⎥
⎦

⎤
⎢
⎣

⎡
++
++

=
)()(Φ)()(Φ)()(Φ)()(Φ
)()(Φ)()(Φ)()(Φ)()(Φ

fRffRffRffRf
fRffRffRffRf

hhLhhvhLhvhvLhhvvLhv

hhLvhvhLvvhvLvhvvLvv

      (3.10) 

where  is the vertical-to-vertical channel frequency response of the equalized 

combined co-channels, 

)( fH Lvv

 )  is the vertical-to-horizontal channel frequency response of the equalized 

combined co-channels, 

( fH Lvh

 )  is the horizontal-to-vertical frequency response of the equalized 

combined co-channels, and 

( fH Lhv

 ) is the horizontal-to-horizontal frequency response of the equalized 

combined co-channels, and  denotes the th co-channel. 

( fH Lhh

L L

3.3 Equalizer Analysis 

 3.3.1 Zero ISI, CPI and CCI Conditions 

 Consider equation (3.7), define equalized combined channel impulse response to 

be: 

   (3.11) ⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(
thth
thth

t
hh0hv0

vh0vv0
0h

where , the inverse Fourier transform of , is the vertical-to-vertical 

channel impulse response of the equalized combined channel, 

)(th vv0 )( fH vv0
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 ) , the inverse Fourier transform of , is the vertical-to-horizontal 

channel impulse response of the equalized combined channel, 

(th vh0 )( fH vh0

 ) , the inverse Fourier transform of , is the horizontal-to-vertical 

impulse response of the equalized combined channel, and 

(th hv0 )( fH hv0

 ) , the inverse Fourier transform of , is the horizontal-to-horizontal 

impulse response of the equalized combined channel. 

(th hh0 )( fH hh0

 Consider equation (3.10), define the equalized combined co-channels impulse 

response to be: 

   (3.12) ⎥
⎦

⎤
⎢
⎣

⎡
=

)()(
)()(

)(
thth
thth

t
LhhLhv

LvhLvv
Lh

where , the inverse Fourier transform of , is the vertical-to-vertical 

channel impulse response of the equalized combined co-channel, 

)(thLvv )( fH Lvv

 ) , the inverse Fourier transform of , is the vertical-to-horizontal 

channel impulse response of the equalized combined co-channel, 

(thLvh )( fH Lvh

 ) , the inverse Fourier transform of , is the horizontal-to-vertical 

impulse response of the equalized combined co-channel, and 

(thLhv )( fH Lhv

 ) , the inverse Fourier transform of , is the horizontal-to-horizontal 

impulse response of the equalized combined co-channel. 

(thLhh )( fH Lhh

 In order to achieve zero ISI and CPI, the following expressions must be true: 

   (3.13) [ ]nnTh vv0 δ)( =

   (3.14) [ ]nnTh hh0 δ)( =

    (3.15) 0nTh vh0 =)(
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    (3.16) 0nTh hv0 =)(

where  

  . (3.17) 
⎭
⎬
⎫

⎩
⎨
⎧

≠
=

=
0n0
0n1

n
,
,

][δ

 Since there are L  co-channels, in order to achieve zero CCI, every equalized 

combined co-channel impulse response, from the first to the th co-channel, must all be 

zero to achieve zero CCI. That is: 

L

    (3.18) 0nTh vv1 =)(

    (3.19) 0nTh vh1 =)(

    (3.20) 0nTh hv1 =)(

    (3.21) 0nTh hh1 =)(

 

    (3.22) 0nTh vv2 =)(

    (3.23) 0nTh vh2 =)(

    (3.24) 0nTh hv2 =)(

    (3.25) 0nTh hh2 =)(

   

    (3.26) 0nThLvv =)(

    (3.27) 0nThLvh =)(

    (3.28) 0nThLhv =)(

    (3.29) 0nThLhh =)(
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where the subscript “ ” in equations (3.18) to (3.21) denotes the first co-channel, the 

subscript “ ” in equations (3.22) to (3.25) denotes the second co-channel, and the 

subscript “ ” in equations (3.26) to (3.29) denotes the th co-channel. 

1

2

L L

 

The conditions in equations (3.13) and (3.14) are shown in Fig. 3.1. The conditions in 

equations (3.15), (3.16), and (3.18) to (3.29) are shown in Fig. 3.2 and Fig. 3.3. 

)(th vv0  and   )(th hh0

t 
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)(th vh0  and  )(th hv0

t 

0 T -T -2T 2T 3T -3T 

T -T 2T -2T -3T 0 3T 

Fig. 3.1 Equalized Combined Channel: 
Vertical-to-Vertical and Horizontal-to-Horizontal 

Fig. 3.2 Equalized Combined Channel: 
Vertical-to-Horizontal and Horizontal-to-Vertical 



)(),(),( ththth LhvLvhLvv  and h )(tLhh

t 

T -3T -T 
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Equations (3.13) to (3.16) can be expressed in the frequency domain as: 

  ∑
+∞

−∞=

=+
k

vv0 1
T
kfH

T
1 )(  (3.30) 

  ∑
+∞

−∞=

=+
k

hh0 1
T
kfH

T
1 )(  (3.31) 

  ∑
+∞

−∞=

=+
k

vh0 0
T
kfH

T
1 )(  (3.32) 

  ∑
+∞

−∞=

=+
k

hv0 0
T
kfH

T
1 )(  (3.33) 

Equations (3.18) to (3.29), representing the time-domain zero CCI conditions from first 

co-channel to co-channel, can be expressed in frequency domain as: thL

  ∑
+∞

−∞=

=+
k

vv1 0
T
kfH

T
1 )(  (3.34) 

  ∑
+∞

−∞=

=+
k

vh1 0
T
kfH

T
1 )(  (3.35) 

  ∑
+∞

−∞=

=+
k

hv1 0
T
kfH

T
1 )(  (3.36) 

0 -2T 2T 3T 

Fig. 3.3 Equalized Combined Co-channels 



  ∑
+∞

−∞=

=+
k

hh1 0
T
kfH

T
1 )(  (3.37) 

 

  ∑
+∞

−∞=

=+
k

vv2 0
T
kfH

T
1 )(  (3.38) 

  ∑
+∞

−∞=

=+
k

vh2 0
T
kfH

T
1 )(  (3.39) 

  ∑
+∞

−∞=

=+
k

hv2 0
T
kfH

T
1 )(  (3.40) 

  ∑
+∞

−∞=

=+
k

hh2 0
T
kfH

T
1 )(  (3.41) 

 

  ∑
+∞

−∞=

=+
k

Lvv 0
T
kfH

T
1 )(  (3.42) 

  ∑
+∞

−∞=

=+
k

Lvh 0
T
kfH

T
1 )(  (3.43) 

  ∑
+∞

−∞=

=+
k

Lhv 0
T
kfH

T
1 )(  (3.44) 

  ∑
+∞

−∞=

=+
k

Lhh 0
T
kfH

T
1 )(  (3.45) 

where  is from a set of real numbers,  is from a set of integers.  f k

 Substituting , ,  and  from equation (3.6) into 

equations (3.30), (3.31), (3.32) and (3.33) gives: 

)( fH vv0 )( fH vh0 )( fH hv0 )( fH hh0

  T
T
kfR

T
kf

T
kfR

T
kf

k
hvvh0vvvv0 =⎥⎦

⎤
⎢⎣
⎡ +++++∑

+∞

−∞=

)()(Φ)()(Φ  (3.46) 
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  T
T
kfR

T
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kfR

T
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vhhv0hhhh0 =⎥⎦
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⎡ +++++∑
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)()(Φ)()(Φ  (3.47) 
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)()(Φ)()(Φ  (3.48) 
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)()(Φ)()(Φ  (3.49) 

 Consider equation (3.9), equations from (3.34) to (3.45) representing the first co-

channel to the th co-channel can be expressed in the similar forms as:  L

  0
T
kfR

T
kf

T
kfR

T
kf

k
hvvh1vvvv1 =⎥⎦

⎤
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⎡ +++++∑
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)()(Φ)()(Φ  (3.50) 
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)()(Φ)()(Φ  (3.51) 
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  0
T
kfR

T
kf

T
kfR

T
kf

k
vhhv1hhhh1 =⎥⎦

⎤
⎢⎣
⎡ +++++∑

+∞

−∞=

)()(Φ)()(Φ  (3.53) 
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⎡ +++++∑
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)()(Φ)()(Φ  (3.61) 

 

 Without the knowledge of frequency responses of combined channel and 

combined co-channels, it is difficult to find the frequency responses of the equalizer to 

suppress the interference based on equations from (3.46) to (3.61). Therefore, we need to 

isolate the problem into different situations, or to see how the wide relative bandwidth 

could provide the flexibility to the linear equalizer to suppress a larger number of 

interferers. 

 We will start by analyzing the case where there is no co-channel and with zero 

percent excess bandwidth. Then, the bandwidth will be gradually increased when there is 

one or more co-channels present. The result of the ability to suppress a larger number of 

interferers will be generalized. 

 

 

3.3.2 Dual Polarization with No Interferer 

First, if the combined channel is strictly bandlimited to )2(1 T , this means: 

  0fvv0 =)(Φ  
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  0fvh0 =)(Φ  

  0fhv0 =)(Φ  

  0fhh0 =)(Φ ,      for )( T21f ≥  (3.62) 

Fig. 3.4 illustrates this situation. 

Power Spectral Density 
 

f  

0

T2
1  

T2
1

−

 Fig. 3.4 Bandlimited from )( T21− to )( T21  
 

Equations (3.46), (3.47), (3.48) and (3.49) reduce to: 

  TfRffRf hvvh0vvvv0 =+ )()(Φ)()(Φ  (3.63) 

  TfRffRf vhhv0hhhh0 =+ )()(Φ)()(Φ  (3.64) 

  0fRffRf hhvh0vhvv0 =+ )()(Φ)()(Φ  (3.65) 

  0fRffRf vvhv0hvhh0 =+ )()(Φ)()(Φ  (3.66) 

for )( T21f ≤ . 

 For a solution to exist in the range )( T21f ≤ , the number of equations 

must be less than or equal to the number of unknowns. Since there are four 

unknowns, , , and , also four equations, (3.63), )( fRvv )( fRvh )( fRhv )( fRhh
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(3.64), (3.65) and (3.66), a unique  solution exists. Therefore, the CPI, introduced 

by  and , and ISI can be suppressed but no co-channel interferers 

can be suppressed by the generalized zero-forcing equalizer. 

)(Φ fvh0 )(Φ fhv0

3.3.3 Dual Polarization with One Co-channel Interferer 

  Consider the combined channel and combined co-channel being strictly 

bandlimited to )2(1 T , again, equations (3.46), (3.47), (3.48) and (3.49) reduce to: 

   TfRffRf hvvh0vvvv0 =+ )()(Φ)()(Φ  (3.63) 

  TfRffRf vhhv0hhhh0 =+ )()(Φ)()(Φ  (3.64) 

  0fRffRf hhvh0vhvv0 =+ )()(Φ)()(Φ  (3.65) 

  0fRffRf vvhv0hvhh0 =+ )()(Φ)()(Φ , (3.66) 

for )( T21f ≤ . 

 There is also one co-channel interferer; equations (3.50), (3.51), (3.52) and (3.53) 

reduce to: 

  0fRffRf hvvh1vvvv1 =+ )()(Φ)()(Φ  (3.67) 

  0fRffRf hhvh1vhvv1 =+ )()(Φ)()(Φ  (3.68) 

  0fRffRf vvhv1hvhh1 =+ )()(Φ)()(Φ  (3.69) 

  0fRffRf vhhv1hhhh1 =+ )()(Φ)()(Φ , (3.70) 

for )( T21f ≤ . 

 There are four unknowns, , , and , and eight 

equations, (3.38) to (3.45). In general, for random channels, the number of equations is 

greater than the number of unknowns. Therefore, the solution does not exist in this case. 

)( fRvv )( fRvh )( fRhv )( fRhh
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 If the combined channel and combined co-channel are strictly bandlimited to 

)( T22 , then equations (3.46), (3.47), (3.48) and (3.49) reduce to: 

TfRffRf
T
1fR

T
1f

T
1fR

T
1f hvvh0vvvv0hvvh0vvvv0 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.71) 

TfRffRf
T
1fR

T
1f

T
1fR

T
1f hhhh0vhhv0hhhh0vhhv0 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.72) 

0fRffRf
T
1fR

T
1f

T
1fR

T
1f hhvh0vhvv0hhvh0vhvv0 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.73) 

0fRffRf
T
1fR

T
1f

T
1fR

T
1f hvhh0vvhv0hvhh0vvhv0 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.74) 

for ).( T21f0 <<  Fig. 3.5 illustrates this situation. 
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0

T
1

−  
T
1  

 
Fig. 3.5 Bandlimited from T1− to T1  

  

 Since there is only one co-channel interferer, 1L = , therefore equations (3.50), 

(3.51), (3.52) and (3.53) reduce to: 

 0fRffRf
T
1fR

T
1f

T
1fR

T
1f hvvh1vvvv1hvvh1vvvv1 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  
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     (3.75) 

0fRffRf
T
1fR

T
1f

T
1fR

T
1f hhvh1vhvv1hhvh1vhvv1 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.76) 

0fRffRf
T
1fR

T
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T
1fR

T
1f hvhh1vvhv1hvhh1vvhv1 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.77) 

0fRffRf
T
1fR

T
1f

T
1fR

T
1f hhhh1vhhv1hhhh1vhhv1 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.78) 

for ).( T21f0 <<  

 Consider equations from (3.71) to (3.78), there are eight unknowns, , 

, , , 

)( fRvv

)( fRvh )( fRhv )( fRhh )(
T
1fRvv − , )(

T
1fRvh − , )(

T
1fRhv − , and )(

T
1fRhh − , also 

eight equations. The number of unknowns equals the number of equations. Therefore, in 

general, one unique solution exists. One interferer, along with ISI, CPI can be completely 

suppressed by the generalized zero-forcing equalizer when the bandwidths are T1 . 

 

3.3.4 Dual Polarization with Two Co-channel Interferers 

 Since there are two co-channel interferers, 2L = , equations (3.50) to (3.57) must 

be satisfied to achieve zero CCI introduced by the first and the second interferer. 

 If the combined channel and combined co-channel are bandlimited to )2(1 T , 

consider the first co-channel, equations (3.50) to (3.53) become: 

  0fRffRf hvvh1vvvv1 =+ )()(Φ)()(Φ  (3.79) 
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  0fRffRf hhvh1vhvv1 =+ )()(Φ)()(Φ  (3.80) 

  0fRffRf vvhv1hvhh1 =+ )()(Φ)()(Φ  (3.81) 

  0fRffRf vhhv1hhhh1 =+ )()(Φ)()(Φ  (3.82) 

 The equations, (3.54) to (3.57), of the second co-channel, reduce to: 

  0fRffRf hvvh2vvvv2 =+ )()(Φ)()(Φ  (3.83) 

  0fRffRf hhvh2vhvv2 =+ )()(Φ)()(Φ  (3.84) 

  0fRffRf vvhv2hvhh2 =+ )()(Φ)()(Φ  (3.85) 

  0fRffRf vhhv2hhhh2 =+ )()(Φ)()(Φ  (3.86) 

for )( T21f ≤ . 

There are also four equations, (3.63) to (3.66), for the data transmitted. 

 TfRffRf hvvh0vvvv0 =+ )()(Φ)()(Φ  (3.63) 

 TfRffRf vhhv0hhhh0 =+ )()(Φ)()(Φ  (3.64) 

 0fRffRf hhvh0vhvv0 =+ )()(Φ)()(Φ  (3.65) 

 0fRffRf vvhv0hvhh0 =+ )()(Φ)()(Φ  (3.66) 

for )( T21f ≤ . 

 Consider equations (3.63) to (3.66) and (3.79) to (3.86), there are total of twelve 

equations. There are four unknowns, , ,  and . The number 

of unknowns is less than the number of equations. Therefore, the solution does not exist. 

The linear equalizer cannot suppress CCI and CPI introduced by co-channel interferers. 

)( fRvv )( fRvh )( fRhv )( fRhh

 If the combined channel and combined co-channel are bandlimited to )( T22 , 

equations (3.50) to (3.53) reduce to the following equations for the first co-channel: 
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     (3.90) 

for ).( T21f0 <<  

 Equations (3.54) to (3.57) reduce to the following for the second co-channel: 
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     (3.94) 
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for ).( T21f0 <<  

 Also we need to include four equations for the channel that transmits the data: 

TfRffRf
T
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T
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T
1fR

T
1f hvvh0vvvv0hvvh0vvvv0 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  
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1f hvhh0vvhv0hvhh0vvhv0 =++−−+−− )()(Φ)()(Φ)()(Φ)()(Φ  

     (3.74) 

for ).( T21f0 <<  

 Consider equations (3.71) to (3.74) and equations (3.87) to (3.94), there are 

twelve equations and eight unknowns, , , , , )( fRvv )( fRvh )( fRhv )( fRhh )(
T
1fRvv − , 

)(
T
1fRvh − , )(

T
1fRhv − , and )(

T
1fRhh − . The number of unknowns is less than the 

number of equations. In general, the solution does not exist. The equalizer cannot 

suppress the co-channels introduced interference. 

 So far, it is obvious that an increase in bandwidth will increase the degree of 

freedom, and the number of unknowns. If the combined channel and combined co-

channels are bandlimited to )( T23 , consider the following Fig. 3.6. 
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Fig. 3.6 Bandlimited from T23− to T23  
 

 Equations (3.46) to (3.49) reduce to: 
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Equations (3.50) to (3.53) reduce to the following four equations for the first co-channel: 
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Similarly, equations (3.54) to (3.57) reduce to the following equations for the second co-
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for ).( T21f0 <<  

 There are twelve equations, from (3.95) to (3.106) and there are twelve unknowns, 

, , , , )( fRvv )( fRvh )( fRhv )( fRhh )(
T
1fRvv − , )(

T
1fRvh − , )(

T
1fRhv − , )(

T
1fRhh − , 

)(
T
1fRvv + , )(

T
1fRvh + , )(

T
1fRhv +  and )(

T
1fRhh + . The number of unknowns is 

equal to the number of equations, therefore, the solution exists. The generalized zero-

forcing equalizer can suppress ISI, CPI and two CCI introduced by the other two co-

channels under this condition when the bandwidth is )( T23 . 

 3.3.5 Dual Polarization with Multiple Co-channel Interferers 

 If there are L  co-channels, according to the analyses in the previous cases, for a 

solution to exist, the combined channel and the combined co-channels have to be 

bandlimited to not less than T21L )( + . The number of equations and the number of 

unknowns are twelve each under this condition. A unique solution exists for a generalized 

zero-forcing equalizer to suppress all ISI, CPI and CPI. 

 Any increase in total bandwidth will not increase the number of equations, but 

will increase the number of unknowns. A solution will always exist if that is the case. 
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3.4 Generalized Results 

 The generalized zero-forcing equalizer will exist and have the ability to suppress 

all ISI, CPI and CCI under certain conditions. If the number of co-channels is L , the 

combined channel and the combined co-channels are bandlimited to )( T2M , for a 

solution to exist, the following condition must be satisfied: 

  ML ≤ .      (3.107) 

where M  is from a set of real numbers. This is the fundamental result. 

 In summary, every increase in total bandwidth of size equal to the symbol rate 

may provide the flexibility to completely suppress an additional interferer by means of a 

linear equalizer. 
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Chapter 4 

Equalizer Analyses for ACI 

 

 

 

4.1 Adjacent-channel Interference 

 The existence of a generalized zero-forcing equalizer has been analyzed to this 

point, as well as the number of co-channels and transmitter bandwidth relative to symbol 

rate. The analyses in this chapter will include ACI, receiver bandwidth and carrier 

spacing. 

 Fig. 2.4 shows a linear equalizer which operates in the presence of CCI, CPI and 

 ACI interferers. The power spectral densities of the signal of the combined channel for 

the data transmitted,  interferers and CCI signals at the receiver filter are shown in Fig. 

4.1. The combined channel for the data transmitted and the CCI signals are centered at 0   

Hz. The ACI signals represented by L  interferers are centered at non-zero frequencies. 

 is the transmitter bandwidth, B  is the receiver bandwidth and C  is the carrier 

spacing. Fig. 4.1 (a) shows the vertical-to-vertical channel and vertical-to-horizontal-

L

L

tB r
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channel, (b) shows the horizontal-to-horizontal channel and horizontal-to-vertical channel. 

If this technique is applied to optical WDMA, zero CCI is assumed.  

)(Φ),(Φ ff vh0vv0

Receiver  

f

rB−  rBtBC −− tBC +− tB tBC − tBC +tB− 0

Combined 
Channel and 
Co-channel 
Interferers 

Adjacent-channel 
Interferers 

Adjacent-channel 
Interferers 

(a) Vertical-to-Vertical and Vertical-to-Horizontal Channel 
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Channel and 
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Adjacent-channel 
Interferers 

Adjacent-channel 
Interferers 

(b) Horizontal-to-Horizontal and Horizontal-to-Vertical Channel 

Fig. 4.1 Power Spectral Density of the Signals After Receiver Filtering 



 

 

 

4.2 Transmitter Bandwidth, Receiver Bandwidth and Carrier Spacing 

 The transmitter bandwidth, receiver bandwidth and carrier spacing are measured 

relative to the symbol rate, T1 . The normalization of these parameters are illustrated in 

the following subsections. 

 4.2.1 Transmitter Bandwidth  

 The normalized transmitter bandwidth relative to symbol rate, T1 , is shown in 

Fig. 4.2. 

  

Define the real tran

  

 

Wt =

where is from a

defined as: 

  

tK  

Bt =

Power spectral density 
of combined channel 
and ACI signals 

T2
Kt−

T2
Kt0

f  

 
Fig. 4.2 Normalized Transmitter Bandwidth
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smitter bandwidth as : tW

T2
Kt ,       (4.1) 

 set of real numbers, then the normalized transmitter bandwidth  is tB

2
Kt .      (4.2) 
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 is from mber. To 

obtain the real transmitter bandwidth, just multiply the no alized bandwidth, , by the 

symbol rate, 

 Since K  a set of real numbers, therefore, tB  is also a real nut

rm tB

T1 .  

 4.2.2 Receiver Bandwidth 

 The definition of normalized receiver bandwidth, relative to symbol rate, T1 , is 

shown in Fig. 4.3. 

: 

 

 

Define the real receiver bandwidth as rW

  
T2

Wr = ,       (K r 4.3) 

 a set of real num  is 

defined as: 

  

where rK  is from bers, then the normalized receiver bandwidth rB

2
K

B r
r = .      (4.4) 

 4.2.3 Carrier Spacing 

 Carrier spacing relative to symbol rate is defined in a similar way.  

pacing as : 

  

 Define the real carrier s cW

T2
K

W c
c = ,      (4.5) 

T2
Kr

T2
K r− 0

f  

Fig. 4.3 Normalized Receiver Bandwidth 
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here then the normalized carrier spacing, , relative w cK  is from a set of real numbers,   C

T1 , can be defined as: to symbol rate, 

  
2

C c= .      (4.6) 

4.3 Equalizer Analysis 

K

 Consider Fig. 2.4, in order to achieve zero ISI, CCI and ACI, the following 

(4.7) 

    (4.9) 

    (4.10) 

Also, since there are ACI interferers present, every interferer must satisfy zero ACI 

and CPI conditions, f  the first channel to the th channel: 

  

    (4.12) 

    (4.13) 

    (4.14) 

 

    (4.15) 

    (4.16) 

    (4.17) 

 4.3.1 Zero ACI Conditions 

conditions must be true: 

  [ ]nnTh δ)( =  vv0

  [ ]nnTh  (4.8) hh0 δ)( =

0nTh vh0 =)(

0nTh hh0 =)(

L  

rom L

  (4.11) 0nTh vv1 =)(

0nTh vh1 =)(

0nTh hv1 =)(

0nTh hh1 =)(

0nTh vv2 =)(

0nTh vh2 =)(

0nTh hv2 =)(



    (4.18) 0nTh hh2 =)(
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=)   (4.21) 
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es th ACI interferers. Therefore, the follow uency domain 
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 Since the ACI signa on-zero ls represented by  interferers are centered at n

frequencies, in order to analyze the relation between the number of unknowns and 

eed to study whether ACI signals overlap with the sign

transmitted. Overlap occurs when 

L

equations, we n al of the data 

tB2C < . The non-overlap case occurs when 

 

t

and it is shown in Fig. 4.1.  

B2C ≥  
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p, the number of adjacent interferers is zero. The equations 

at need to be considered are (4.23), (4.24), (4.25) and (4.26). If the bandwidth, , is 

ss than

 

 4.3.2 Non-overlap Case 

 If there is no overla

tBth

 )( T21le , it is impossible to completely suppress ISI and CPI of the data 

ansmi ater thantr tted. If tB  is equal or gre  )( T21 , from the analyses in section 3.3.2, the 

annel, (b) shows the horizontal-to-horizontal 

ertical channel. The combined channel for the data 

ansmi

ISI and CPI can be completely suppressed since the number of unknowns is always equal 

to or greater than the number of equations. A generalized zero-forcing equalizer exists 

and has the ability to suppress ISI and CPI.  

 4.3.3 Overlap Case  

 Consider Fig. 4.4 where the power spectral densities of combined channel, ACI 

interferers presented at the receiver are illustrated. Fig. 4.4 (a) shows the vertical-to-

vertical channel and vertical-to-horizontal-ch

channel and horizontal-to-v

tr tted are centered at 0  Hz, ACI interferers overlapping with data transmitted are 

located at non-zero frequency C . All signals are transmitting at the same bandwidth, tB . 

The same approach applied in Chapter 3 which leads to the co-channel interference 

solution is repeated here. The fundamental idea is to determine the degree of overlap 

introduced by adjacent interferers, apply zero ISI, CPI and ACI conditions and obtain the 

number of unknowns and the number of equations to determine whether a generalized 

zero-forcing equalizer exists. The analyses begin with a few random assigned values to 

the transmitter bandwidth, tB , and carrier spacing, C . Also, receiver bandwidth, rB , is 

assumed equal to the transmitter bandwidth, tB , at this point. 
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Fig. 4.4 Power Spectral Density of the Signals after Receiver Filtering 
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 Consider the case where 2C = , 61Bt .= , tr BB = . This is the overlap case since  

 and there are two ACI channel interferers. It is illustrated in Fig. 4.5. For 

simplicity, only the vertical-to-vertical and vertical-to-horizontal channels are shown. In 

order to suppress ISI, CPI and ACI, for the channel that transmits the data, equations 

(4.23) to (4.26) reduce to the following four equations: 
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irst interfering ACI channel, equations (4.27) to (4.30) produce the 

ollowing results: 
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There are twelve equations, equations (4.  
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 39) to (4.50), and also twelve unknowns,
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the generalized zero-forcing equalizer to completely suppress ISI, CPI and ACI 

ls under this condition.  

From Chapter 3, we have concluded that increased bandwidth bility to 

suppress more interference. This leads to the idea that in ACI analyses, if transmitter 

andwidth increases, it might provide the ability to suppress m rs. The 

stra e key dev

introduced by two ACI channe

 s have the a

b ore ACI interfere

following two examples illu te som elopment of the analyses. 

 Consider the case where 51C .= , 2Bt = , tr BB = . This is also the overlap case 

nce

Again, for simplicity, only the vertical-to-vertical and vertical-to-horizontal channels are 

shown.  

si t > , but there are total of four ACI interferers. It is illustrated in Fig. 4.6.  CB2
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letely suppress ISI, CPI and ACI, equations (4.23) to (4.26) reduce to: 
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Fig. 4.6 Vertical-to-Vertical and Vertical-to-Horizontal Channel 
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     (4.54) 

 Four ACI interferers each produce four equations; therefore, the total number of 

equations is twenty. Note the unknowns are 

fRf hvhh0vvhv0 +++ ()(Φ)()(Φ

)( fRvv , )( fRvh , )( fRhv , )( fRhh , 

)( 1fRvv − , )(
T
1fRvh − , )(

T
1fRhv − , )(

T
1fRhh −

T
, )( 1fRvv + , 

T
)

T
1

+ , ( fRvh

)(
T
1fRhv + , )(

T
1fRhh + , )(

T
2fRvv − , )(

T
2fRvh − , )(

T
2fRhv −  and )(

T
2fRhh − , a total 

of sixteen. Since the number of unknowns is less than the number of equations, there

This example illustrates that the increases of transmitter and receiver bandwidths 

does not guarantee the complete suppression of interferers. The reason for this is that 

with the decrease of carrier spacing, more interferers are allowed into the receiver band, 

therefore even with the increased transmitter and receiver bandwidth, it cannot overcom

 

 Consider the case where 

 is 

no solution.  

 

e 

constrains that the system introduced. 

 The following example shall reveal the relationships among carrier spacing, 

transmitter and receiver bandwidths. 

2C = , 52Bt .= , tr BB = . This is still the overlap case 

since . It is obvious that there are still four ACI interferers introduced.  CB2 t >
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 The unknowns are , ( fRhv)( fRvv , )( fRvh ) , ) ( fRhh , )( fvv T
1R − , )

T
1f − , (Rvh

)( 1fR − , 
Thv )( 1fR − , 

Thh )( 1fR + , 
Tvv )( 1fR + , 

Tvh )( 1fR + , )( 1fR + , 
Thv Thh

)
T
2R , ( fvv − )(

T
2fRvh − , )(

T
2fRhv − , )(

T
2fRhh − , )(

T
2fRvv + , )(

T
2fRvh + , 

)(
T
2

hv fR +  and )(
T
2

hh

twenty since each channel produce four equations. A unique solution exists. Therefore, 

the generalized zero-forcing equalizer c

fR + , a total number of twenty. The number of equations is still 

an completely suppress ACI.  

creased to overcome constrains it might 

trodu eans that the neraliz

uppress ACI only under certain cond

4.4 Calculations Determining Conditions of Zero Interference 

 The analyses that lead to the ACI results were repeated using the model and the 

method described in section 4.3. The result is as follows. 

 The number of interfering ACI signals is: 

 

 This example reveals the fact that with increased transmitter and receiver 

bandwidth, the carrier spacing also needs to be in

in ced into the system. It m ge ed zero-forcing equalizer can 

completely s itions.  

⎪⎭⎪⎩ ≥≠ tB2C0C0 ,,

where riB , the index factor, takes the values: 

 

⎪
⎬
⎫

⎪
⎨
⎧ <≠

+
= t

rit

aci
B2C0C

C
BB

2
N

,),int(
 (4.55) 

⎭
⎬
⎫

⎨
⎧ B2321 r )int(,,,, L . (4.5
⎩ 2222

6) 

The function denotes the integer part of )int(• • . 



 

 The number of equations is: 

 )( aciE N14N +=   (4.57) 
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⎩

⎪

≥≥
<≥

tttri

t

B2C1
B2C1

,
,    (4.58) 

here the function  denotes the minimum va

 Equation (4.55) describes the number of ACI interferers. There are two cases, 

erl -overlap case, , then the number of 

 The number of unknowns is: 

⎧ <t 1B20,

⎪
⎭

⎪
⎬

⎫
 

⎪
⎨

+
= triu

B21BB24
B2B8N

],)),min([int(
,

w lue among •  and o .  ),min( o•

 tB2C ≥non-ov ap case and overlap case. If it is non

ACI interferers is zero. For the overlap case where tB2C < , there is a non-zero number 

of ACI interferers. Equation (4.57) states th ber of equations and 

it is easily understood that each channel should pr s to satisfy zero ISI, 

CPI and ACI conditions. The number of unknowns  (4.58), has three different 

cases. If , it is impossible to suppress ISI, therefore the number of unknowns is 

zero. W en overlap occurs, the number of unknowns is determined by the bandwidth 

When non-overlap occurs, since the number of ACI interferers is zero, the derivation of 

e number of unknowns is simply obtained by applying the  Section 3.3 of 

Chapter 3.  

 where the itter bandwidth, 

e calculation of the num

oduce four equation

, equation

1B2 t <

h riB . 

th method in

 For the case  receiver bandwidth is equal to the transm

the two dimension diagram showing points where a generalized zero-forcing equalizer 

exists is plotted in Fig. 4.7. The region where ISI, CPI and ACI can be completely 



suppressed is showing in “+” and “ o ” ,where “+ ” represent the overlap case and  “o ” 

represent non-overlap case, respectively.  

 

 
 
 
 Note that only the lower left boundary of the region is shown in the figure. It is 

valid if the region extends up to and beyond the upper right corner.  

 Fig. 4.8 and Fig. 4.9 illustrate the regions of suppressible ISI, CPI and ACI where 

 and  are used, respectively.  

 From Fig. 4.8 and Fig. 4.9, it is suggested that large receiver bandwidths can 

increase spectral efficiency through decreased carrier spacing.  

 

Fig. 4.7 Region of Suppressible ISI, CPI and ACI, tr BB =  

tr B2B = tr B3B =
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Fig. 4.8 Region of Suppressible ISI, CPI and ACI B

 
, 2B =  tr
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Fig B3  t. 4.9 Region of Suppressible ISI, CPI and ACI, rB =
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Chapter 5 

Conclusions 

 

 

 

5.1 Conclusions 

This thesis has presented the analyses of the abilities to suppress ISI, CCI, CPI 

nd ACI o  zero-fo ing equalizers 

ith particular attention given to the effect of bandwidths relative to the symbol rate. The 

nalyses are based on the idea that for the solutions to exist the number of degrees of 

freedom be greater than the number of constraints. The system operating points could 

provide guidelines to the system design based on the studies. 

 An optical fiber communication system model where two 4-QAM signals are 

transmitted separately over vertical and hori tal polarization channels was constructed. 

Also, multi-user passband model and baseband model were included.  

 Based on the presence of ISI, CCI and CPI, the following results are obtained: 

 It is found that the solutions exist for a generalized zero-forcing equalizer to 

suppress all ISI, CCI and CPI. 

 

a ver two polarized fiber-optic channels by generalized rc

w

a

zon
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 Every increase in transmi o the symbol rate, provides the 

ability to completely suppress an additional interferer by means of linear equalization. It 

means if the number of co-cha hannel and the combined co-

channels are bandlimited to 

tter bandwidth, equal t

nnels is L , the combined c

)( T2M , for a solution to exist, the following condition must 

be satisfied: 

  ML ≤ .      (3.107) 

where M  is from a set of real numbers. This is the fundamental result related to the ISI, 

CPI and CCI analyses. 

 Based on the presence of ISI, CPI and ACI, the following results were obtained: 

 It was discovered that a generalized zero-forcing equalizer has the ability to 

 ISI, CPI and ACI. The expressions determining the number of 

SI, CPI, CCI, ACI 

the 

f interference suppression, how well the system performs 

completely suppress

interferers, number of unknowns and number of equations are given by equations (4.55), 

(4.57) and (4.58), respectively. 

 The existence conditions which incorporate the effect of transmitter bandwidth, 

carrier spacing and number of ACI interferers were studied. Under certain conditions, the 

increase in receiver bandwidth may have the ability to assist the equalizer to suppress 

more ACI interferers. 

 5.2 Future Work 

 The exploration of this thesis are interference analysis and suppression techniques 

for a fiber-optic communication system operating in the presence of I

and additive white noise. One important topic for future work is to evaluate 

performance through simulation based on the model created in this thesis. Although the 

study has shown the abilities o
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munications and wired communications, and conduct a thorough analysis 

 
 

 

 

 

 
 
 

 

 
 
 
 
 

under the conditions assumed in the thesis will assist one to evaluate the results 

discovered. For instance, experiments on equalizer, numerical conditions, and ill-

conditioned analyses would be very useful.  

 Another issue is to apply the results to different types of communications, such as 

wireless com

based on these types of communications.   
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