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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, ProakisOl].
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

1



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



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 —1/(2T) to 1/(2T) must be flat to obtain zero ISI
where T is the symbol period and 1/T 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 1/T 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.



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 CPL

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



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



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.

yiv(t)
s|v(t) npv(t) W(t)—P
V2cosatt) O wl) T * 2 cos(27f t
t ., > . >
gy Pl Dy T v
u, (t)
S/ (1) a(%— a(%—»w(t)—»
™ Con (D) Yo (D)
2 sin(2AA 1) . _2sinQAt)
> pvh(t) )
|h(t) 4’?7 nph(t) 4’(%—’ W(t)_plh
) 4 v * 7
X [n] 2005(27sz'[) () > o (D) =<> ([ 2 cos(2Af t) y, (1)
P osa u, (t)
Sqn (1) w(t) —>
th(t)
— /2 sin(27f 1) —~/2sin(27f 1)

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, X,,(n), the input signal, is transmitted over a vertical channel and

the other input signal, X,,,(n), is transmitted over a horizontal channel,

Xy, () {X”(”)} , mm{xi“(”)}, @.1)

Xqv (n) th (n)

where X, (n) is the in-phase signal in the vertical polarization channel,
X (N) is the quadrature signal in the vertical polarization channel,
X, (N) is the in-phase signal in the horizontal polarization channel,
X4 (N) is the quadrature signal in the horizontal polarization channel, and
f. denotes the carrier frequency.

All the data transmitted are using T as the symbol period, and 1/T 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

s, (t) ands (1),
5., (1) =~/2]s,, (t) cos(2nf 1) — s, () sin(2nf 1)),

s .0 (D) =~/2]s,, (t) cos(2nf ) — s, Dsin2af t)],  (2.2)



where s, (t) is the modulated signal after the modulator in the vertical channel, and
S, (1) is the modulated signal after the modulator in the horizontal channel.

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

matrix, ¢, (t),

vav(t) vah(t)
cp(t)=|:cphv(t) Cphh(t):|’ (23)

where ¢, (t) is the passband vertical-to-vertical channel impulse response,
C o (D) 1s the passband vertical-to-horizontal channel impulse response,
C . (1) 1s the passband horizontal-to-vertical channel impulse response, and
C o (1) is the passband horizontal-to-horizontal channel impulse response.

The passband channel impulse responses are related to the baseband channel

impulse responses by the following equations,

€ (1) = 2RelC,,, (e 2 |,
Cpn (1) = 2RelC,,, (D17 |,
C ph (t)=2 Re{cbhv (t)e j2fct }, and

C o (1) = 2Refey (D27 |, (2.4)
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where Re{e} denotes the real part of e, c, (t) is the baseband vertical-to-vertical
channel impulse response, C,,,(t) is the baseband vertical-to-horizontal channel impulse
response, Cy, (t) is the baseband horizontal-to-vertical channel impulse response, and
Cyiy (1) is the baseband horizontal-to-horizontal channel impulse response.

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

0O Sy 1)*C o ()45, ) Cp (1)
)= = t
u0 {uha)} [spha)*cphh(t)+spv<t>*cpvh<t> 0.

(2.5)

where * denotes convolution,

u,(t) is the output signal in the vertical channel,
u,(t) is the output signal in the horizontal channel, and
n,(t) is the channel white noise vector with the components in both vertical and

horizontal channels, n, (t) and n(t),

t
np(t){:pvgtﬂ. (2.6)

The noise signals, n,(t) andn,(t), are zero mean and uncorrelated with variance of o’.

At the receiver end, u(t) is demodulated before passing through receiver

bandlimiting filters w(t) . The output signals to the receivers are:

_ ylv(t)
yv(t) _|:yqv(t):|:

11



yh(t)=[;/;:((tt))}, 2.7)
and,

Vi (1) =/2[u, (t) cos(2nf H)] *w(t),

Yoo () = =V/2[u, () sin(2nf 1)]* w(t),

Yin () =2[u, (t) cos(2nf ) *w(t),

Yan () = —2[u,, (D sin(2af )] *w(t), (2.8)

where Y, (t) is the output in-phase signal in the vertical channel,
Yo () is the output quadrature signal in the vertical channel,
Yy, () is the output in-phase signal in the horizontal channel,
Y () is the output quadrature signal in the horizontal channel, and

w(t) is the receiver bandlimiting filter impulse response. It is used to cut off the

high frequency component, 2 f_, and preserve the desired component, f..

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

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.

nbv (t)

SObv (t) — ﬁ wa (t) > ybv (t)

= Cyp, ()

” vah (t)

N

Soon (1) > o (D) >* > V(D)

Ny ()

Fig. 2.2 Baseband Single-User System Model
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From Figs. 2.1 and 2.2, we have
s, (1) =~/2[s,, (1) cos(2nf 1) 5., (1) sin(2xf )|
—V2Re{ [s, (t) + js,, (1] &2
= V2 Rels,, (t)e >}
Therefore, the relation between the vertical complex baseband waveforms,, (t)
and two passband input signals, s;,(t) and s, (t), is obtained,
Sowe (1) = 5, (1) + 5, (1) (2.9)

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

waveform, Sy, (1),
Sobn (1) = Sip (1) + 8¢ (1) - (2.10)
The corresponding expressions for output complex baseband waveform y,, (t)in
the vertical channel and Y, (t) in the horizontal channel are:
You () = Yiu (O + JYq, (D), and (2.11)
Yon (1) = Yin (O + 1Y (D). (2.12)

The complex baseband channel impulse response matrix becomes:

_ vav (t) vah (t)
c,(t) = me O o (t)} , (2.13)

where ¢, (t) is baseband vertical-to-vertical channel impulse response,
Cyi () 1s the baseband vertical-to-horizontal channel impulse response,
Cyry (1) 1s the baseband horizontal-to-vertical channel impulse response, and

Cyip () 1s the baseband horizontal-to-horizontal channel impulse response.

14



n,, (t) and n, (t) are the corresponding components of the noise vector, n,(t),

in the vertical and horizontal channels,

nb(t)z[:“xq. (2.14)

2.3 Baseband Multi-user System Model

Fig. 2.3 illustrates the digital inputs of the system.

aOv(t)

b, [} N0 > 50
8y, (1)

{Xoh[n]} Po (V) > Sopn (D)
aLv(t)

{XLv[n]} > p, () » s, (1)
a., (t

{XLh[n]} pL(t) > SLbh(t)

Fig. 2.3 Input Signals of the System
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In Fig. 2.3, the notation {XOV[n]} and {XOh[n]} 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, p,(t), for the data transmitted, are

the following signals:

a,y (t) = i Xov [n] 8(t - nT)

8 ® = 3 5[] 8t —11T), (2.15)

where 6(t —nT) denotes Dirac delta function.

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

modulated with the data:

Soo (1) = i Xov [n] P (t—nT)

—
Sun(®)= Y ¥ap 1] Py (t=1T) 2.16)
s
where
P, (1) is the transmitter impulse response for the data transmitted,
Sopy () 1s the data transmitted in the vertical channel after the transmitter filter,
and

Sopn (1) 1s the data transmitted in the horizontal channel after the transmitter filter.

16



where

where

and

Similarly, the inputs of the other co-channels can be defined in the same way:

a,, 1= i XLy [n] 8(t —nT)

a, (t) = fxm [n] 8t —nT) (2.17)

{x,,[n]} and {x,,[n]} denote the inputs of the L th co-channel,
a,, (t)and a , (t) are the inputs of the transmitter filter, p, (t), for the Lth co-
channel in the vertical and horizontal channel, respectively, and

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

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

510 (0= 2 [n] put-0T)

SLbh ()= iXLh [n] pL(t -nT), (2.18)

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

S,y (1) 1s the data transmitted in the vertical channel after the transmitter filter,

S.ph () 1s the data transmitted in the horizontal channel after the transmitter filter.

17



Fig. 2.4 is a block diagram of baseband multi-user system model.

t
oy Y ¥ N i (d, In1)
" > 1, 1) —@—»
rhv(t)
nbh(t) th(t) -
{X [rF Fon (D) _)é—p
on {d,In1}
(t
{x, [} n© I

Combined Co-channels

Fig. 2.4 Baseband Multi-User System Model

The data transmitted are X, (n) in the vertical channel, and X, (n), in the

horizontal channel. Other co-channels are represented by X ,(n) in the vertical channel,
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and X, (n) in the horizontal channel. The data transmitted in the co-channels are

statistically independent and use the same symbol rate, 1/T , as that used to transmit the

data.
Define the combined channel impulse response matrix for the data transmitted as
P (D),
oo (D) = {%W ® o (t)} 2.19)
Pon (1) @ ()
where

@g, (1) 1s the baseband combined channel impulse response of the vertical-to-
vertical channel,

Qo (1) 1s the baseband combined channel impulse response of the vertical-to-
horizontal channel,

Qop, (1) 1s the baseband combined channel impulse response of the horizontal-to-
vertical channel, and

Qo (1) 1s 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 “h”, denoting “vertical” or
“horizontal”, respectively. The second subscript denotes the input and the third subscript

denotes the output.

The mathematical expressions of @, (1), @q, (1), @qp, (1) and @, (1) are:

(POvv (t) = pO (t) * vav (t)
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Poun (1) = Po (1) * Cpy (1)
Pony (1) = Po (1) * Cy, (1)
Popn (1) = Po (1) * Cyyy (1) (2.20)

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

o, (1) is formed.

(oo(t)
Xo [N} Yoo (0)
—>{ p, (1) > c,. 0 ﬁ-»
) Cbhv(t)
—tp' C,, (1) —
— D (1) b Cun () b =b

{XOh [n]} Yon ()

{Xov[n]} -ﬁ(vav(t)a% ybv(t)
—D
>

Popy (1)

To Equalizer

Powy (t)—*
Pomn (1) _’@-’ Yon (1)

v

XN} =

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

o, (t), can be formed in the same way. Define the combined co-channel impulse

response matrix as @, (1),

o ()= [(pLW ® Qun (t)} 2.21)
P (@) O (D)
where
¢, (1) is the Lth combined co-channel impulse response of vertical-to-vertical
channel,

@ () 1s the L th combined co-channel impulse response of vertical-to-

horizontal channel,

@, (1) is the L th combined co-channel impulse response of horizontal-to-

vertical channel, and

@y (1) 1s the L th combined co-channel impulse response of horizontal-to-

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

Define the impulse response matrix of the equalizer as r(t),

B r,(t) r,()
'(t){rmm rhh(tj (2.22)

where

r, (t) is the vertical-to-vertical impulse response of the equalizer,
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r,, (t) is the vertical-to-horizontal impulse response of the equalizer,

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

r,, (t) is the horizontal-to-horizontal impulse response of the equalizer.

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 d,[n] and d,[n]. 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.

2.4 System Frequency Response
According to equation (2.19), define the combined channel frequency response,

@, (f), for the data transmitted is the Fourier transform of its impulse response, @, (t),

(2.23)

450(1:):|:(D0W(f) (I)Ovh(f)}

Doy, (1) Doy ()
where
®,,, () is the vertical-to-vertical combined channel frequency response,
@, () is the vertical-to-horizontal combined channel frequency response,
®,,, () is the horizontal-to-vertical combined channel frequency response, and
@, (f) is the horizontal-to-horizontal combined channel frequency response.

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, @, ( f), as the Fourier transform of its impulse response, ¢, (t),

q)L(f){@LW(f) (DLV“(f)} (2.24)
() Dy (F)
where
@, (f) is the vertical-to-vertical combined co-channel frequency response,
® . (f) is the vertical-to-horizontal combined co-channel frequency response,
@, () is the horizontal-to-vertical combined co-channel frequency response,
and

@, () is the horizontal-to-horizontal combined co-channel frequency response.
Define the frequency response of the equalizer, R(f), as the Fourier transform of

its impulse response, r(t),

(2.25)

R, (f) Ry (f)
where

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

R,, (f) is the receiver vertical-to-horizontal channel frequency response,
R,, (f)is the receiver horizontal-to-vertical channel frequency response, and
R, () is the receiver horizontal-to-horizontal channel frequency response.

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



2.6 Interference

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 ¢, (t) and ¢, (t) in Fig. 2.4. The white noise is

represented by n,, (t) and n,, (t) with two-sided power spectral density.
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Chapter 3

Equalizer Analyses for I1S1, 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:
hy (1) = o (1) * (1) (3.1
where * denotes matrix convolution [Salz 85].
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There are a total of L interfering co-channels in the system, where L is from the

set of natural numbers, {1,2,3,...}.
Define the equalized combined co-channels impulse responses to be:
hy (1) = (V) *F(D) (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:
Hy(f) =, (F)R(T) 3.3)
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:
H (f)=® (1)R(f) (3.4)

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

H(f)_ cDOW(f) cI)Ovh(f) Rw(f) th(f)
O @ (F) @y (F) [ Ry (F) Ry ()

_ D, (PR, (F)+ D, (R, (F) D, (PR, (F)+ @ (R, (F)
- Do, (RN (F)+ @ (PR, (F) - D, (PR, (F) + Dy (FR, (F)

(3.5)
Let  Hg, (f) =y, (R, (f)+ Do, (PR, (F)

Houn () = Dg, (PR, (F) + D (F)Ry (F)

Hon, () = @gp, (PR, (F) + Doy (F)R,, ()

Hom (F) =@, ()R, (F)+ @y, (PR, () (3.6)

Then equation (3.5) can be written as:

Ho(f):|:HOW(f) HOvh(f):|

HOhv(f) HOhh(f)
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_ (I)Ovv(f)va(f)+q)0vh(f)th(f) cDOW(f)th(f)-i_cI)Ovh(f)th(f)
- @y (PR, () + @ (PR, (F) - Dy (PR, (F) + @y (FRy, (F)

(3.7)
where H,, (f) is the vertical-to-vertical channel frequency response of the equalized
combined channel,
H,., (f) is the vertical-to-horizontal channel frequency response of the equalized
combined channel,
H,, (f) is the horizontal-to-vertical frequency response of the equalized
combined channel, and
H,., () is the horizontal-to-horizontal frequency response of the equalized
combined channel.
Note that H,,, (f) and H,,, (f) are the sources of CPIL.
Similarly, substitute equations (2.24) and (2.25) into equation (3.4), we have:

HL(f):|:CDLW(f) q)Lvh(f):H:va(f) th(f):|

Dy, (F) @y (F) Ry (F) Ry ()

_ cDLW(.I:)va(f)-i_cDLvh(f)th(f) (I)va(f)th(f)+cDLvh(f)th(f)
- @, (R, (F)+ @, (DR, (f) @, (DR, (F) + Dy (PR, (F)

(3.8)
Let  H,, (f)=d,, (DR, (f)+®,,(HR, ()

Hon(F) =@, (R, (F)+ @, (R, ()

H i (1) =@, (DR, (F) + Dy (PR, (F)

Ho (F) =@, (PR, (F)+ @ (R, () (3.9)
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Then equation (3.8) can be written as:

HL(f):|:HLW(f) HLvh(f):|

Hth(f) Hth(f)

_ (I)va(f)va(f)+(DLvh(f)th(f) ®va(f)th(f)+q)Lvh(f)th(f)
- @, (R, (F)+ @, (DR, (f) @ (DR, (F) + @y, (PR, (F)

(3.10)

where H ,(f) is the vertical-to-vertical channel frequency response of the equalized
combined co-channels,

H,,, (f) is the vertical-to-horizontal channel frequency response of the equalized
combined co-channels,

H, (f) is the horizontal-to-vertical frequency response of the equalized
combined co-channels, and

H, ., (f) is the horizontal-to-horizontal frequency response of the equalized
combined co-channels, and L denotes the L th co-channel.
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)

ho (t) — |:h0vv (t) hOvh (t)i|

hOhv (t) hOhh (t)
where h,, (t) , the inverse Fourier transform of H,, (f), is the vertical-to-vertical

channel impulse response of the equalized combined channel,
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o (1) , the inverse Fourier transform of H,, (f), is the vertical-to-horizontal

channel impulse response of the equalized combined channel,

oy, (1), the inverse Fourier transform of H,,, (f), is the horizontal-to-vertical

impulse response of the equalized combined channel, and
o (1), the inverse Fourier transform of H,, (f), is the horizontal-to-horizontal
impulse response of the equalized combined channel.

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

response to be:

(3.12)

hL(t) _ |:hLW (t) hLvh (t)}

thv (t) thh (t)
where h,, (1), the inverse Fourier transform of H ,(f), is the vertical-to-vertical
channel impulse response of the equalized combined co-channel,

h,,, (t), the inverse Fourier transform of H ,(f), is the vertical-to-horizontal
channel impulse response of the equalized combined co-channel,

h.,, (t), the inverse Fourier transform of H , (f), is the horizontal-to-vertical
impulse response of the equalized combined co-channel, and

h,, (t), the inverse Fourier transform of H . (f), is the horizontal-to-horizontal

impulse response of the equalized combined co-channel.

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

how, (NT) = 3[n] (3.13)
Mo (NT) = 8[n] (3.14)
hou, (NT) =0 (3.15)
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hon, (NT) =0 (3.16)

where

1, n=0
3[n] = {0 o 0}. (3.17)

Since there are L co-channels, in order to achieve zero CCI, every equalized
combined co-channel impulse response, from the first to the L th co-channel, must all be

zero to achieve zero CCI. That is:

hy, (NT) =0 (3.18)
hyn (NT) =0 (3.19)
hyy, (NT) =0 (3.20)
hyp (NT) =0 (3.21)
h,, (NT)=0 (3.22)
hon (NT) =0 (3.23)
hyp (NT) =0 (3.24)
hy (NT) =0 (3.25)
huw(NT) =0 (3.26)
h,,(nNT)=0 (3.27)
hip (NT) =0 (3.28)
i (NT) =0 (3.29)
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where the subscript “1” in equations (3.18) to (3.21) denotes the first co-channel, the
subscript “2” in equations (3.22) to (3.25) denotes the second co-channel, and the

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

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.

hg, (1) and hgp, ()

A

t
L | /\ .

\ »
-3T 2T -T 0 T 2T 3T

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

hOvh (t) and hOhv (t)

t
~J L— I /\I

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

v

Fig. 3.2 Equalized Combined Channel:
Vertical-to-Horizontal and Horizontal-to-Vertical
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h (1), hpy, (D, hyy, (1) and hy (1)

A

Fig. 3.3 Equalized Combined Co-channels

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

ﬂi H,,, (f +$) =1 (3.30)
TkiHOhh(H —)=1 (3.31)
lei Ho (1 +$) -0 (332)
lef‘; Hon, (f +$) =0 (3.33)

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

h . .
co-channel to L" co-channel, can be expressed in frequency domain as:

=D H,(f +$)=o (3.34)
1 & k

=M H, (f+=)=0 3.35
TZ w(f+2) (3.35)
1 +00

= thv(f+ ) 0 (3.36)
Tk—oo
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1 & k
?k;jHl““(f +?):o (3.37)

+00 k
=S H, (f+=)=0 3.38
Tk;O 2vv( T) ( )
1 & k
=“SN'H, (f+—4)=0 3.39
TZ (T +2) (3.39)
— 2 Hon(f +—) 0 (3.40)
T=
1 & k
?z:o H,., (f +?) =0 (3.41)
— 2 Hu(f+ ) 0 (3.42)
Tk:—ao
1 & k
?k;OHLvh(f +?) =0 (3.43)
1 H, (f+ ) 0 (3.44)
T k=—o0
1 & k
?k;OHth(f +?) =0 (3.45)

where f is from a set of real numbers, K is from a set of integers.
Substituting H,,, (f), Hy,, (), Hy, (f) and H,, (f) from equation (3.6) into

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

~+00

k k k k
> {%(f + PR (F 42+ 0 (F 4+ DRy (f +;)} =T (3.46)

k=—o0
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oo [

k k k k
Z @ (f +?)th(f +?)+(D0hv(f +?)th(f +?)} =T (3.47)

k=—o0 L

+oo [

k k k k. ]
2| Pon(f PR (T 20+ oy (T + IRy, (F +;)_ =0 (3.48)

k=-o L

4o [

K K K k.|
z DOy, (f +?)th(f +?)+(D0hv(f +?)Rw(f +?)_ =0 (3.49)

k=—o0 L

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

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

+00 k k k k _
k;_cplw(f +?)Rw(f +?)+c1>1vh(f +?)th(f +?)_ -0 (3.50)
+o0 [ k k k k _
k;o_cblw(f +?)th(f +?)+<Dlvh(f +?)th(f +?)_ -0 (3.51)
+o0 [ k k k k _
k;_mlhh(f +?)th(f +?)+d>lhv(f +?)Rw(f +?)_ =0 (3.52)
S O+ R+ 5 v 0, (1 BR (145 [0 ey
k=—o0 L ! T T thv T v T i
i_q)z (f+£)R (f+£)+®2h(f+£)Rh (f+£)_:0 (3.54)
k=—co L " T " T v T v T |
+oo [ k k k k _
k;_®zw(f +?)th(f +?)+®2Vh(f +?)th(f +?)_ =0 (3.55)
o0 [ k k k k _
k;_thh(f +?)th(f +?)+(D2hv(f +?)Rw(f +?)_ =0 (3.56)
o0 [ k k k k _
k;_thh(f +?)th(f +?)+(D2hv(f +?)th(f +?)_ =0 (3.57)
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= k k k k.|
Z _(I)va(.f +?)va(f +?)+®Lvh(f +?)th(f +?)_ =0 (358)

+00 k k k k _
k;;_q)”v(f +?)th(f +?)+q>uh(f +?)th(f +?)_ =0 (3.59)
f“_q)th(f-i_h)Rh (f+£)+®Lh (f"'h)R (f+£)_20 (3.60)
k=—o0 L T Y T v T w T ]

k k k k|
z _(Dth(f "‘?)th(f "‘?)"‘(Dth(f "‘?)th(f +?)_ =0 (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 1/(2T), this means:

(DOVV(f):O
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(Do\/h(f) =0
(DOhv(f) =0
Dy, (F)=0,  for |[f|>1/(2T) (3.62)

Fig. 3.4 illustrates this situation.

Power Spectral Density

A

AN

1 1

2T 2T

v

A
o

Fig. 3.4 Bandlimited from —1/(2T)to 1/(2T)

Equations (3.46), (3.47), (3.48) and (3.49) reduce to:
Doy, (PR, (F) + @y (DR, (F) =T (3.63)
Do (DR (F)+ D, (PR, (F)=T (3.64)
D, (HR,(F)+D,,, (TR, (T)=0 (3.65)
Do (DR, (F)+D,, ()R, (f)=0 (3.66)
for | f|<1/(2T).
For a solution to exist in the range| f| <1/(2T), the number of equations

must be less than or equal to the number of unknowns. Since there are four
unknowns, R, (f), R,(f), R, (f)and R, (f), also four equations, (3.63),
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(3.64), (3.65) and (3.66), a unique solution exists. Therefore, the CPI, introduced

by ®,,,(f) and @, (f), and ISI can be suppressed but no co-channel interferers

can be suppressed by the generalized zero-forcing equalizer.
3.3.3 Dual Polarization with One Co-channel Interferer

Consider the combined channel and combined co-channel being strictly

bandlimited to 1/(2T), again, equations (3.46), (3.47), (3.48) and (3.49) reduce to:
Do (PR (1) + @y (PR, (F) =T (3.63)
Dy (PR (1) + @y (PR, (1) =T (3.64)
Dy, (PR, (F)+ @y, (PR, () =0 (3.65)
Dy (PR (F)+ @4y, (PR, (F)=0,  (3.66)
for | f| <1/(2T).

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

reduce to:
P, (HR,(F)+D,,, (PR, (f)=0 (3.67)
D, (DR, (F)+D,,, (TR, (f)=0 (3.68)
O, (DR, (F)+D,, ()R, (f)=0 (3.69)

@, (PR, (F) + Dy, (R, () =0, (3.70)
for |f|<1/(2T).
There are four unknowns, R, (f), R, (f), R, (f)and R, (f), 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.
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If the combined channel and combined co-channel are strictly bandlimited to

2/(2T), then equations (3.46), (3.47), (3.48) and (3.49) reduce to:
1 1 1 1
(DOvv(f __)va(f __)+(D0vh(f __)th(f __)+CDOW(f)va(f)+®0vh(f)th(f):T
T T T T
(3.71)
1 1 1 1
@, (f _?)th(f _?)+®Ohh(f _?)th(f _?)+®0hv(f)th(f)+q)0hh(f)th(f)=T
(3.72)
1 1 1 1
(I)Ovv(f __)th(f __)+(D0vh(f __)th(f __)+cDOvv(f)th(f)+¢)0vh(f)th(f):O
T T T T
(3.73)
1 1 1 1
q)Ohv(f _?)va(f _?)+®Ohh(f _?)th(f _?)+(I)Ohv(f)va(f)+®0hh(f)th(f):0

(3.74)

for 0 < f <1/(2T). Fig. 3.5 illustrates this situation.

A

1 0 1

T T
Fig. 3.5 Bandlimited from —1/T to /T

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

(3.51), (3.52) and (3.53) reduce to:
1 1 1 1
(D1vv(f _?)va(f _?)_{_(Dlvh(f _?)th(f _?)—F(Dlvv(f)va(f)_i_(Dlvh(f)th(f)=O
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(3.75)
) f—lR f—l+(D f—lR f—l+CD R, (f)+D,,. (f)R, (f)=0
lvv( T) vh( T) 1vh( T) hh( T) lw( ) vh( ) 1vh( ) hh )_
(3.76)
) f—lR f—1+(D f—lR f—l+(D R, (f)+d, ()R (f)=0
lhv( ?) W( ?) 1hh( ?) hv( ?) lhv( ) vv( ) 1hh( ) hv( )_
(3.77)
O, (F-DR (f=2)sd, (F—DR (F—2)+d, (F)R, (F)+®, (F)R, (f)=0
1lhv T vh T 1lhh T hh T lhv vh 1hh hh -

(3.78)
for 0 < f <1/(2T).

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

1 1 1 1
th(f)a th(f)’ th(f), va(f _?)a th(f _?)’ th(f _?), and th(f _?)a 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 1/T .

3.3.4 Dual Polarization with Two Co-channel Interferers

Since there are two co-channel interferers, L = 2, 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 1/(2T),
consider the first co-channel, equations (3.50) to (3.53) become:

@y, (DR, (F) + @y (DR, (F) =0 (3.79)
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@, (HRG(F)+ Dy, (FR, (F) =0 (3.80)
@ (HR, () + @4, (R, () =0 (3.81)
@ (DR, (F) + @y (DR, (F)=0 (3.82)

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

D, (HR,(F)+D,, (R, (f)=0 (3.83)
O, (HR,(f)+D,, ()R, (f)=0 (3.84)
®,,. . (HR,,(f)+D,, ()R, (f)=0 (3.85)
D, (HR,(F)+D,,,(F)R,(f)=0 (3.86)

for |f|<1/(2T).

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

D, (HR,(F)+ Dy, (DR, (F)=T (3.63)
Dy (DR, (F)+ D, (PR, (T)=T (3.64)
D, (DR (F)+Dy, (TR, (F)=0 (3.65)
D, (DR, (T)+ D, ()R, (f)=0 (3.66)

for |f|<1/(2T).
Consider equations (3.63) to (3.66) and (3.79) to (3.86), there are total of twelve
equations. There are four unknowns, R, (f), R, (f), R,,(f) and R,, (f). 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.

If the combined channel and combined co-channel are bandlimited to 2/(2T),
equations (3.50) to (3.53) reduce to the following equations for the first co-channel:
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1 1 1 1
o, (f _?)Rw(f _?)—'—(Dlvh(f _?)th(f _?)+®1W(f)va(f)+q)1vh(f)th(f):

(3.87)

1 1 1 1
o, (f _?)th(f _?)+(D1vh(f _?)th(f _?)+®1W(f)th(f)+(D1vh(f)th(f) =

(3.88)

1 1 1 1
O, (f _?)Rw(f _?)+(D1hh(f —?)th(f _?)+q)lhv(f)va(f)+(Dlhh(f)th(f) =

(3.89)

1 1 1 1
Oy, (f _?)th(f _?)+q)lhh(f _?)th(f _?)+(D1hv(f)th(f)+(D1hh(f)th(f):

(3.90)

for 0 < f <1/(2T).

Equations (3.54) to (3.57) reduce to the following for the second co-channel:

1 1 1 1
0, (f _?)Rw(f _?)”L(Dzm(f _?)th(f _?)+(D2W(f)Rw(f)+q)2vh(f)th(f) =

(3.91)

1 1 1 1
(I)Zvv(f _?)th(f _?)+(D2vh(f _?)th(f _?)+cDZvv(f)th(f)+q)2vh(f)th(f) -

(3.92)

1 1 1 1
@, (f _?)Rw(f _?)"'q)zrm(f _?)th(f _?)+(I)Zhv(f)Rw(f)_'_q)Zhh(f)th(f) =

(3.93)

0

0

0

0

0

0

0

1 1 1 1
O, (f _?)th(f _?)+q)2hh(f _?)th(f _?)+®2hv(f)th(f)+(I)2hh(f)th(f)=0

(3.94)
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for 0 < f <1/(2T).

Also we need to include four equations for the channel that transmits the data:
1 1 1 1
q)Ovv(f _?)va(f _?)+(D0vh(f _?)th(f _?)+CDOVV(f)va(f)+®0vh(f)th(f):T
(3.71)
1 1 1 1
Oy, (F =R (F =)+ @ (fF =R (F =)+ D@ ()R, (F)+ Dy (PR, (F) =T
T T T T
(3.72)
1 1 1 1
(I)Ovv(f __)th(f __)+(D0vh(f __)th(f __)+cDOvv(f)th(f)+¢)0vh(f)th(f):O
T T T T
(3.73)
1 1 1 1
@, (f _?)Rw(f _?)+®Ohh(f _?)th(f _?)+(I)Ohv(f)va(f)+q)Ohh(f)th(f):0

(3.74)
for 0 < f <1/(2T).

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

twelve equations and eight unknowns, R, (f), R, (f), R, (f), R, (f), R, (f - Tl) ,

R, (f _Tl) , Ry, (f —Tl) , and Ry, (f —Tl). 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 3/(2T), consider the following Fig. 3.6.
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3/ \Bi

2T 2T
Fig. 3.6 Bandlimited from —3/2T to 3/2T

A

Equations (3.46) to (3.49) reduce to:

1 1 1 1
q)Ovv(f_?)va(f_?)—'_(DOvh(f_?)th(f_?)+(D0vv(f)va(f)+®0vh(f)th(f)+
+ O (f+£)R (f+£)+CD (f+£)R (f+£)—T (3.95)

ow T wW T Ovh T hv T - .

1 1 1 1
q)Ohv(f_?)th(f_?)_'_q)Ohh(f_?)th(f_?)+q)0hv(f)th(f)+®Ohh(f)th(f)+
+ O (f+1)R (f+£)+<D (f+1)R (f+1)—T (3.96)

Ohv T vh T 0hh T hh T = .

1 1 1 1

(I)Ovv(f_?)th(f_?)+(D0vh(f_?)th(f_?)—'_q)Ovv(f)th(f)+q)0vh(f)th(f)+
1 1 1 1
+(I)Ovv(f+?)th(f+?)+®Ovh(f+?)th(f+?):O (397)

1 1 1 1
@, (f _?)Rw(f _?)+q)0hh(f _?)th(f _?)+(D0hv(f)va(f)+(D0hh(f)th(f)+

1 1 1 1
+ @y, (f +?)va(f +?)+q)0hh(f +?)th(f +?) =0, (3.98)

for 0 < f <1/(2T).

Equations (3.50) to (3.53) reduce to the following four equations for the first co-channel:
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1 1 1 1
(Dlw(f __)va(f __)+(I)lvh(f __)th(f __)+(D1vv(f)Rw(f)+q)1vh(f)th(f)+
T T T T
1 1 1 1
+(I)1vv(‘f +?)va(f +?)+(Dlvh(f +?)th(f +?) =0 (399)
1 1 1 1
q)lvv(f _?)th(f _?)+(D1vh(f _?)th(f _?)+q)lvv(f)th(f)+(D1vh(f)th(f)+
1 1 1 1
+ @y, (f +?)th(f +?)+(D1vh(f "‘?)th(f +?) =0 (3.100)
1 1 1 1
(j[)lhv(‘f __)Rw(f __)+(D1hh(f __)th(f __)+(D1hv(f)va(f)+(I)lhh(f)th(f)+
T T T T
1 1 1 1
+®,, (f +?)Rw(f +?)+d)1hh(f +?)th(f +?) =0 (3.101)
1 1 1 1
Oy, (f _?)th(f _?)+q)lhh(f _?)th(f _?)+(D1hv(f)th(f)+(D1hh(f)th(f)+

1 1 1 1
+®,, (f +?)th(f +?)+(Dlhh(f +?)th(f +?) =0 (3.102)

Similarly, equations (3.54) to (3.57) reduce to the following equations for the second co-

channel:

1 1 1 1

q)zvv(f—?)Rw(f_?)"‘(Dz\/h(f—?)th(f_?)+(D2w(f)Rw(f)+q)2vh(f)th(f)"‘
1 1 1 1
+CI)2W(f+?)RW(f+?)+®2vh(f+?)RhV(f+?)=0 (3.103)

1 1 1 1
(I)Zvv(f_?)th(f_?)-i_(Dth(f_?)th(f_?)+q)2vv(f)th(f)+q)2vh(f)th(f)+
+ O (f+£)R (f+i)+¢> (f+£)R (f+£)—0 (3.104)

2w T vh T 2vh T hh T - .

1 1 1 1

c]:)Zhv(f_?)Rw(f_?)_i_(l)zhh(f_?)th(f_?)—'—(I)Zhv(f)RW(1:)_+_CI)2hh(.I:)th(f)—"
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1 1 1 1
+®,,, (f +?)Rw(f +?)+(D2hh(f +?)th(f +?) =0 (3.105)
1 1 1 1
O, (f _?)th(f _?)+q)2hh(f _?)th(f _?)+®2hv(f)th(f)+(I)2hh(f)th(f)+

1 1 1 1
+ @y, (f +?)th(f +?)+®2hh(f +?)th(f +?) =0, (3.106)

for 0 < f <1/(2T).

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

1

1 1 1
va(f)9 th(f)9 th(f)v th(f)9 va(f _?)9 th(f _?)9 th(f _?)9 th(f _?)9

R, (f +Tl) , Ry (f +Tl) , R, (f +T£) and R, (f +_I_l). 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 3/(2T).

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 (L +1)/2T . 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 M/(2T), for a

solution to exist, the following condition must be satisfied:
L<M. (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
L ACI interferers. The power spectral densities of the signal of the combined channel for
the data transmitted, L 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 O
Hz. The ACI signals represented by L interferers are centered at non-zero frequencies.

B, 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-
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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.

(DOvv( f )’ (DOvh ( f)

A
Receiver
\ 4
f
- B, -C-B, -C+B, -B, 0 B, C-B, C + B, B,

Combined
Adjacent-channel Channel and Adjacent-channel
Interferers Co-channel Interferers

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

(DOhh ( f )3 (DOhv( f )
A
Receiver
v
f
- B, -C-B, -C+B, -B, 0 B, C-B, C+B, B,
Combined
Adjacent-channel Channel and Adjacent-channel
Interferers Co-channel Interferers
Interferers

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

Fig. 4.1 Power Spectral Density of the Signals After Receiver Filtering
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4.2 Transmitter Bandwidth, Receiver Bandwidth and Carrier Spacing

The transmitter bandwidth, receiver bandwidth and carrier spacing are measured
relative to the symbol rate, 1/T . The normalization of these parameters are illustrated in
the following subsections.

4.2.1 Transmitter Bandwidth

The normalized transmitter bandwidth relative to symbol rate, 1/T , is shown in

Fig. 4.2.

Power spectral density
of combined channel

and ACI signals
f
Koy K
2T 2T
Fig. 4.2 Normalized Transmitter Bandwidth
Define the real transmitter bandwidth as W, :
K
W, =—, 4.1
T o7 (4.1)

where K, is from a set of real numbers, then the normalized transmitter bandwidth B, is

defined as:
B, = — 4.2)
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Since K, is from a set of real numbers, therefore, B, is also a real number. To
obtain the real transmitter bandwidth, just multiply the normalized bandwidth, B,, by the
symbol rate, 1/T .

4.2.2 Receiver Bandwidth

The definition of normalized receiver bandwidth, relative to symbol rate, 1/T , is

shown in Fig. 4.3.

/N f

K K

r 0 r

2T 2T

v

Fig. 4.3 Normalized Receiver Bandwidth

Define the real receiver bandwidth as W, :

W, =—r, (4.3)

where K, is from a set of real numbers, then the normalized receiver bandwidth B, is

defined as:

B, =——. (4.4)

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

Define the real carrier spacing as W, :

W, =—¢, (4.5)
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where K, is from a set of real numbers, then the normalized carrier spacing, C, relative

to symbol rate, 1/T , can be defined as:

C=

. (4.6)

4.3 Equalizer Analysis

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

conditions must be true:

gy (NT) =3[} (4.7)
hown (NT) = 8[N] (4.8)
hyys (NT) =0 (4.9)
howy (NT) =0 (4.10)

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

and CPI conditions, from the first channel to the L th channel:

h,,(nNT)=0 (4.11)
hyy (NT) =0 (4.12)
hy,, (NT) =0 (4.13)
hy (NT) =0 (4.14)
h,,, (NT) =0 (4.15)
h,,, (NT) =0 (4.16)
h, (NT) =0 (4.17)
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h2hh (nT) =0
hva (I‘lT) =0
h,(nNT)=0
thv(nT) = O

thh (nT) =0

(4.18)

(4.19)
(4.20)
4.21)

(4.22)

where L denotes L th ACI interferers. Therefore, the following frequency domain

conditions must be true:
o

k=—o0

o

k=—o0

e

k=—o0 _

oo [

k=—o0 L

k k k k.|
z Dy, (f +?)th(f +?)+(D0vh(f "‘?)th(f "‘?)_ =0

k k k k.|
Z @ (f +?)th(f "‘?)"'(Dom(f +?)Rw(f +?)_ =0

k k k k
Z Dy, (f +?)Rw(f +?)+(D0vh(f +?)th(f +?)} =T

k k k k
z Doy ( "‘?)th(f "‘?)"‘(Dorw(f "‘?)th(f +?):|:T

(4.23)

(4.24)

(4.25)

(4.26)

The frequency domain expressions for the ACI channels, from the first channel to the

L th channel are:

~+00

k=—o0 L

k k k k.|
D@y, (f +?)Rw(f +?)+(Dlvh(f +?)th(f +?)_ =0

k k k k]|
z _q)lvv(f +?)th(f +?)+(D1vh(f +?)th(f +?)_ =0

k k k k]
z _q)lhh(f "‘?)th(f +?)+(Dlhv(f +?)va(f "‘?)_ =0

(4.27)

(4.28)

(4.29)
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~+00

k k k k
Z |:(D1hh(f +?)th(f +?)+®1hv(f +?)th(f +?)} =0 (4.30)

k=-o0

= k k k k.|
> _d)ZW(f +?)Rw(f +?)+®2vh(f +?)th(f +?)_ =0 4.31)

4o [ k k k k _
k;_®zw(f +?)th(f +?)+®2vh(f +?)th(f +?)_ =0 (4.32)

k K K k.|
z D,y (f "‘?)th(f +?)+(D2hv(f +?)va(f "‘?)_ =0 (4.33)

_ k k k '
Z _(I)Zhh(f +?)th(f +?)+®2hv(f +?)th(f +?)_ =0 (4.34)

= k k k k]
kZZ_OO_CI)LW(‘f +?)va(f +?)+®Lvh(f +?)th(f +?)_ :O (435)
i_CDL (f+£)Rh(f+£)+<DLh(f+£)th(f+£)_:0 (4.36)
el [ T " T ! T T
i_dbth(f+£)Rh(f+£)+®Lh(f+£)R (f+£)_:0 (4.37)
bl | -I- ) T vV T v -I- |
i _CDth(f +£)th(f +£)+d)Lh (f +£)R L (f +£)_ =0 (4.38)
bl T T Y T " T

Since the ACI signals represented by L interferers are centered at non-zero
frequencies, in order to analyze the relation between the number of unknowns and
equations, we need to study whether ACI signals overlap with the signal of the data

transmitted. Overlap occurs when C < 2B,. The non-overlap case occurs when C > 2B,

and it is shown in Fig. 4.1.
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4.3.2 Non-overlap Case
If there is no overlap, the number of adjacent interferers is zero. The equations

that need to be considered are (4.23), (4.24), (4.25) and (4.26). If the bandwidth, B,, is
less than 1/(2T), it is impossible to completely suppress ISI and CPI of the data
transmitted. If B, is equal or greater than 1/(2T), from the analyses in section 3.3.2, the

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-channel, (b) shows the horizontal-to-horizontal
channel and horizontal-to-vertical channel. The combined channel for the data
transmitted 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, B, .

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, B,, and carrier spacing, C . Also, receiver bandwidth, B, , is

assumed equal to the transmitter bandwidth, B, , at this point.
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cI)Ovv( f )7 cI)Ovh ( f)

A
Receiver
-B, -c-B, -C -C+B, 3 C-B, C C+B, B,
Adjacent-channel Combined Adjacent-channel
Interferers Channel Interferers
(a) Vertical-to-Vertical and Vertical-to-Horizontal Channel
(DOhh ( f )9 q)Ohv( f )
A
Receiver
-B, -C-B, -C _c+B8, o C-B C C+B, B,
Adjacent-channel Combined Adjacent-channel
Interferers Channel Interferers

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

Fig. 4.4 Power Spectral Density of the Signals after Receiver Filtering
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Consider the case where C =2, B, =1.6, B, = B, . This is the overlap case since
2B, > C 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:

(f)va(f)+(I)0vh(f)th(f)+

Oow

1 1 1 1
@, (f _?)va(f —?)Jrq)om(f —?)th(f —?)+(D
1 1 1 1
+®,,(f +?)Rw(f +?)+d)0vh(f +?)th(f +?) =T (4.39)
1 1 1 1
@, (f _?)th(f _?)_'_@Ohh(f _?)th(f _?)"'q)Ohv(f)th(f)+®0hh(f)th(f)+
1 1 1 1
+ @y, (f +?)th(f +?)+(D0hh(f +?)th(f +?) =T (4.40)
1 1 1 1
(I)Ovv(f _?)th(f _?)+(D0vh(f _?)th(f _?)+q)0vv(f)th(f)+q)0vh(f)th(f)+
1 1 1 1
+ @, (f +?)th(f +?)+®Ovh(f +?)th(f +?) =0 (4.41)

1 1 1 1
c]:)Ohv(f _?)Rw(f _?)_{_(DOhh(f _?)th(f _?)+(D0hv(f)va(f)+(D0hh(f)th(f)+

1 1 1 1
+ @, (f +?)Rw(f +?)+CD0hh(f +?)th(f +?) =0, (4.42)

for 0 < f <1/(2T).

1

=R

The unknowns are R, (), R,,(f), R, (f), R, (f), R, (f —Tl), R, (f -

1 1 1 1 1 1
R, (f —?), R, (f —?), R, (f +?), Ry (f +?), R, (f "‘?) and R, (f +?)
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CDOW(f): CDOVh(f)
Adjacent-channel A Adjacent-channel
Interferer Interferer

\><></

-C-B, -C=-2-C+B, , B/ =16 C=2 cC+B8,

v

Combined
Channel

Fig. 4.5 Vertical-to-Vertical and Vertical-to-Horizontal Channel

For the first interfering ACI channel, equations (4.27) to (4.30) produce the

following results:

1

1 1 1
(Dlw(f _?)va(f _?)—i_q)lvh(f _?)th(f _T

)=0 (4.43)
1 1 1 1
(Dlw(f _?)th(f _?)—I_(Dlvh(f _?)th(f _?) =0 (4.44)

1 1 1 1
(Dlhh(f _?)th(f _?)—'—(I)lhv(f _?)Rw(f _?) =0 (445)

1 1 1 1
@, (f _?)th(f _?)+q)1hv(f _?)th(f _?) =0 (4.46)

for 0 < f <1/(2T). Note that (f) and (f +1/T) terms disappeared because they are out

of the receiver bandwidth, B, .

Similarly, equations (4.31) to (4.34) produce the following four equations:
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1 1 1 1

(I)Zvv(‘f +?)va(f +?)+(D2vh(f +?)th(f +?) =O (447)
1 1 1 1

®,,, (f +?)th(f +?)+(D2vh(f +?)th(f +?) =0 (4.48)
1 1 1 1

D, (f "‘?)th(f "‘?)"‘q)zm(f "‘?)Rw(f "‘?):0 (4.49)

1 1 1 1
O (f +?)th(f +?)+(D2hv(f +?)th(f +?) =0 (4.50)

for 0 < f <1/(2T). Again, (f) and (f —(1/T)) terms disappeared since they are out of

the receiver bandwidth, B, .

There are twelve equations, equations (4.39) to (4.50), and also twelve unknowns,

1 1 1 1
va(f)a th(f)s th(f)7 th(f)a va(f _?)9 th(f _?)9 th(f _?)9 th(f _?)9

R, (f +_I_l), Ry (f +_I_l) , Ry, (f +Tl) and R, (f +T£). Therefore a solution exists for

the generalized zero-forcing equalizer to completely suppress ISI, CPI and ACI
introduced by two ACI channels under this condition.

From Chapter 3, we have concluded that increased bandwidths have the ability to
suppress more interference. This leads to the idea that in ACI analyses, if transmitter
bandwidth increases, it might provide the ability to suppress more ACI interferers. The
following two examples illustrate some key development of the analyses.

Consider the case where C =1.5, B, =2, B, = B, . This is also the overlap case
since 2B, > C, but there are total of four ACI interferers. It is illustrated in Fig. 4.6.
Again, for simplicity, only the vertical-to-vertical and vertical-to-horizontal channels are

shown.
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(DOvv( f )’ (DOvh ( f)

A
Adjacent-channel Adjacent-channel

Interferers Interferers

\\ /

D, |

v

0 C=15
Combined B, =2
Channel

Fig. 4.6 Vertical-to-Vertical and Vertical-to-Horizontal Channel

To completely suppress ISI, CPI and ACI, equations (4.23) to (4.26) reduce to:

2 2 2 2 1 1 1 1
Do (f _?)va(f —?)‘F(Dom(f —?)th(f _?)+(D0w(f _?)va(f —?)+(D0\m(f —?)th(f —?)‘F

(DOvv(f)va(f)+q)0vh(f)th(f)+(D

owv

1 1 1 1
f+)R, (F+2)+D,,,(f+)R, (f+)=T
( T) vv( T) OVh( T) hv( T)
(4.51)

2 2 2 2 1 1 1 1
@y, (f _?)th(f _.I_.)"‘(D()hh(f —.I_.)th(f _?)+(D0hv(f _?)th(f _?)-HDOhh(f _?)th(f _?)"'

1 1 1 1
@ (DR, (F)+ Dy (DR () + Dy, (f "‘?)th(f +?)+(D0hh(f "‘?)th(f "‘?)zT
(4.52)

2 2 2 2 1 1 1 1
@, (f _?)R\/h(f _?)"‘q)th(f —?)th(f —?)"'(DoW(f _?)th(f —?)"‘(Dom(f _?)th(f _?)"‘

1 1 1 1
@, (PR, (F)+ D (DR, (F) + D, (f +?)th(f +?)+(D0vh(f +?)th(f +?):0

Oow
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(4.53)

2 2 2 2 1 1 1 1
@y, (f _?)Rw(f —?)"'(Dor\h(f —?)th(f —?)"'(Dorw(f —?)Rw(f —?)"'(Dorm(f —$)th(f —?)"'

1 1 1 1
O (DR, (F)+ Dy (DR, (F)++Dg, (f +?)va(f +?)+(D0hh(f +?)th(f +?):O

(4.54)
Four ACI interferers each produce four equations; therefore, the total number of

equations is twenty. Note the unknowns are R,(f), R,(f), R, (f), R,(f),

1 1 1 1 1 1
va(f_?) ’ th(f_?) » th(f_?) ’ th(f_?) 5 Rw(f+?) s th(f+?) s

1 1 2 2 2 2
Ruu(F 20, Run(F 420, R (F =20, Ry (F =), Ry (F =) and Ry (f =), a total

of sixteen. Since the number of unknowns is less than the number of equations, there is
no solution.

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 overcome
constrains that the system introduced.

The following example shall reveal the relationships among carrier spacing,
transmitter and receiver bandwidths.

Consider the case where C =2, B, =2.5, B, = B, . This is still the overlap case

since 2B, > C . It is obvious that there are still four ACI interferers introduced.
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The unknowns are R, (f), R, (f), R, (f), R, (f), R, (f _Tl)’ R, (f —Tl),

1 1 1 1 1 1
th(f_?) D th(f_?) B Rw(f+?) B th(f"'?) B th(f'i'?) s th(f+?) 5

2 2 2 2 2 2
va(f_?) ’ th(f_?) ’ th(f_?) ’ th(f_?) ’ Rw(f"'?) s th(f"'?) s

R, (f +$) and R, (f +_I_E), a total number of twenty. The number of equations is still

twenty since each channel produce four equations. A unique solution exists. Therefore,
the generalized zero-forcing equalizer can completely suppress ACI.

This example reveals the fact that with increased transmitter and receiver
bandwidth, the carrier spacing also needs to be increased to overcome constrains it might
introduced into the system. It means that the generalized zero-forcing equalizer can

completely suppress ACI only under certain conditions.
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:

B, + B,

2int C#0, C<2B
N = e el (4.55)
0, C=0, C=2B,
where B, the index factor, takes the values:
E, E’ E’..., int(2B,) . (4.56)
2 2 2 2

The function int(e) denotes the integer part of e .
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The number of equations is:
Ne =4(1+N,,) (4.57)
The number of unknowns is:

0, 2B, <1
N, ={8B 2B, >1,C<2B,+ (4.58)

Alint(2min(B,, B,)+1], 2B, >1C >2B,

ri°
where the function min(e, o) denotes the minimum value among e and o.

Equation (4.55) describes the number of ACI interferers. There are two cases,
non-overlap case and overlap case. If it is non-overlap case, C > 2B, then the number of
ACI interferers is zero. For the overlap case where C < 2B,, there is a non-zero number
of ACI interferers. Equation (4.57) states the calculation of the number of equations and
it is easily understood that each channel should produce four equations to satisfy zero ISI,
CPI and ACI conditions. The number of unknowns, equation (4.58), has three different

cases. If 2B, <1, it is impossible to suppress ISI, therefore the number of unknowns is
zero. When overlap occurs, the number of unknowns is determined by the bandwidth B, .

When non-overlap occurs, since the number of ACI interferers is zero, the derivation of
the number of unknowns is simply obtained by applying the method in Section 3.3 of
Chapter 3.

For the case where the receiver bandwidth is equal to the transmitter bandwidth,
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
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suppressed is showing in “+” and “o” ,where “+ ” represent the overlap case and “o”

represent non-overlap case, respectively.

relative transmitter bandwidth, Bt

s - rPoomsomses
0 i i i i i
0 0.5 1 15 2 25 3

relative carrier spacing, Ct

Fig. 4.7 Region of Suppressible ISI, CPl and ACI, B, =B,

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
B, =2B, and B, =3B, 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.
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Chapter 5

Conclusions

5.1 Conclusions

This thesis has presented the analyses of the abilities to suppress ISI, CCI, CPI
and ACI over two polarized fiber-optic channels by generalized zero-forcing equalizers
with particular attention given to the effect of bandwidths relative to the symbol rate. The
analyses 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 horizontal 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.
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Every increase in transmitter bandwidth, equal to the symbol rate, provides the
ability to completely suppress an additional interferer by means of linear equalization. It
means if the number of co-channels is L, the combined channel and the combined co-

channels are bandlimited to M/(2T), for a solution to exist, the following condition must

be satisfied:

L<M. (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
completely suppress ISI, CPI and ACI. The expressions determining the number of
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 ISI, CPI, CCI, ACI
and additive white noise. One important topic for future work is to evaluate the
performance through simulation based on the model created in this thesis. Although the

study has shown the abilities of interference suppression, how well the system performs
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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 communications and wired communications, and conduct a thorough analysis

based on these types of communications.
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