Bibliothéqﬁé nationale
du Canada

National Library
of Canada

Canadian Theses Service

QOttawa, Canada
CK1A ON4

CANADIAN THESES -

- NOTICE

The quality of this microfiche is heavily dependent upon the
quality of the original thesis submitied for microfiming. Every
efort has been made 10 ensure the highest qualily of reproduc-
tion possible.

If pages are missing, contact the university which granted the
deqgree

Some pages may have indistinet print especially if the original
pages were typed with a poor typewriter ribbon or if the univer-
sity sent us an inlerior photocopy.

Previously copyrighted malerials (journal articles, published
tests, etc) are not filmed.

Reproduction in full or in par ofl%is film is governed by the
Canadian Copyright Act, R.S.C. 1870, c. C-30.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL=339(r B86/06}

Services des théses canadiennes

v

THESES CANADIENNES

AVIS

La qualilé de cetle microfiche dépend grandement de la qualité
de la these sourmise au microfilmage. Nous avons tout fail pour
assurer ung qualité supérieure de reproduction

§'il manque des pages, veulllez communiquer avec l'univer-
sité qui a conféré le grade.

La qualité dimpression de cerlaines pages peut laisser a
désirer, surtoul si les pages originales ont éié daclylographiées
a I'aide d'un ruban usé ou si 'université nous a fait parvenir
une photocopie de qualité inferieure

Les documents qui font déja I'objet d'un droit d’auteur {articles
de revue, examens publiés, etc.) ne sont pas microliimés.

La reproduction, méme partielle, de ce microfilm est soumise
.4 Ia Loi canadienne sur le droil d'auteur, SRC 1970, ¢. C-30.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

Canada

/—‘



: s
EFFECTS OF AMPLIFIER NONLINEARITIES ON MULTILEVEL PAM
SCHEMES.

by

HATZINAKOS DIMITRIOS

(‘ A thesis
presented to the University of Ottawa
' in fulfillment of the
thesis requirement for the degree of
M.A.Sc.
in
ELECTRICAL ENGINEERING

TN
LC'} Dimitrios Hatzinakos, Ottawa, Canada, 1986.



t3

‘ 9
Permission has been grarged
to the National Library of
Canada tg microfilm this
thesis and to lend cor sell
copies of the film,

J

B
The author (copyright owner)
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permlssion.

I5 Nb

L'autorisation a 8t& accordée
3a la Biblioth2que nationale
du Canada de microfilmer
cette th&se et de préter ou
de vendre des exemplaires du
film,

L'auteur (titulaire du droit
d'auteur) se ré&serve les
autres droits de publication;
ni la thé&se ni de longs
extraits de celle-ci ne
doivent @&tre imprim&s ou
autrement reproduits sans son
autorisation &crite.

~315-36487-4



LJ’

@ UNIVERSITE DOTTAWA
UNIVERSITY OF OTTAWA



7

. ‘ " o : ,
The University of Ottawa requires the signatures of all persons using
or photocopying this thesis. Please sign below, -and give address and -
date. . '

£
. L

er—_—

- i -



\ " ABSTRACT

The effects of amplitude and phase. nenlinearities on the transmission
of multilevel Pulse-Amplitude- Modulated (PAM) signals are mvestlgated
Splecn‘lc AM AM and AM-PM charactemstws have been chosen and used
for ._,4,8,16 and 32 level PAM schemes. Computer simulation methods

- and baseband measurements have been used te calculate the degradation
in the error performance,when the operation point is changed from the -
r'Iineanr' region of the characteristics towards saturation. 'The results ob-

tained for the spectral regrowth due to the nonlinear amplification and

adjacent channel interference problems have been explained.

The experimental and the compjuter simulation -results match wvery
closely. For the measurements a 4-PAM encoder-decoder has been de-
signed and the generated signal has been applied to a low frequency

power amplifier, which exhibits AM-AM nonlinearity.

Methods for reducmg the nonlinear distortion have also been inves-
tigated. Predlstortlon finearization techniques have been used and su-
boptimum baseband linearizers have been proposed. A baseband AM-AM
finearizer ’has been designed in order to compare simulation results with
measurements. Improvements in the performance have been obtained by
adjusting the conventional thresholds during the decoding. In combina-

tion with the linearization process,led to significant improveme'hts.
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Chapter |

INTRODUCTION

A bandlimited signal when transmitted via radio channels is distorted
due to .the presence of nonlinear elements sugh as power amplifiers
+

(TWT or GaAs FET). These exhibit nonlinear distortions in both ampli-

tude (AM-AM conversion) and phase (AM-PM conversion). [10,11]

— —

For efficient use the power amplifiers must be operated close to the
saturation. On the other hand the need for more efficient use of the
available spectrum, suggegt use of spectrally efficient signals such as
multifevel schemes. However the s'ensi-t-iv'ity of these schemes' to the im-

pairments of the nonlinear channel increases rapidly with the number of

levels.
2

The amount of distortion and the%degradation in the system perform-
ance are dependent upon the nature of the amplifier characteristics and
the shape of the transmit filter. Due to the significant envelope fluctu£~—
tion of the filtered multilevel signals, spectral regrowth effects are also

{

observed at the output of the amplifier.

Significant work has been made solfar on the study of the nonlinear
channel effects and methods to compensate for them. First,various mod-
els for representation of the channel nonlinearities have been pro-
posed and techniques for their study have beer3 déveloped. Thus a

nonlinear element can be classified as memoryless,effectively memoryless



2
or with memory [12] The Volterra series ,Heiter's model or the simpli-
fied Quadrature model can be used to represent a nonlinear system
[4,9,13]. Bessel func}:ions,odd and even order polynomials and two ﬁr
three parameter formulas 'ha\‘f:‘é been proposed to express the character-

I

istics of the nonlinear elements [1,3,9,'14].

The probabi[ity of error performance and spectral properties of var-
ious consta'r;g envelope modulation schemes like QPSK or MSK in a nonli-
near environment,have been investigated by many authors in depth.
These schemes are not so sensitive to the channel nonlinearities.Methods
to reduce the noniinear distortion by predistorting or postdistorting the

transmitted signal,so that the overall system response becomes more lin-

ear have been investigated and applied [3 to 8].

Recently,the performance and sensitivity of non-constant en.\:relope
multilevel schemes have attracted the attention. This is due to th”e‘high
spectral efficiency of these schemes. PAM,QAM or QPRS schemes .are
involved in the investigation [2,13,15,16, 17,18]. However,the effects
of the nonlinear channel on these schemes have not been studied in

great detail. Most of the -research/has been limited to low level schemes

and only aew publications Have been available on the study of the
high level schemes., The increasing need for more efficient use of the
available spectrum ,makes the investigation of the behaviour of higher

schemes in a, nonlinear environment indispensable.

Among the most popular investigated systems are the QAM systems.
A QAM signal consists of two phase-quadrature carrier$,each modulated

"by a PAM signal [11,22]. This means that a PAM.system is the equiva-



3
lent baseband of a Iim‘_early modulated QAM system. In our investigation
2,4,8,16 and 32 level PAM schemes were chosen,for reasons of simplici-
ty. These are the bééeband equivalent sche;nes of 4,16,64,25 and 1024

‘QAM modulated systems.

B

The objectives of this study are:
N -

i)To examine the effects of amplitude and -phase nonlinearities on
multilevel PAM schemes by computing their probability of error perform-

ance and their spectral properties. ‘

ii)To app].y methods in order to reduce the gponlinear distortion and

improve the system performance.

iii)‘To compare the sensitivity and behaviour of different PAM

_schemes to the nonlinear channel impairments.

r

Specific AM-AM and AM-PM characteristics have been chosen for this
purpose. These are assumed to be frequency independent,effectively
memoryless nonlinearities. Computer simulation me-thods' and baseband
measurements have been used. The organization of the Thesis is as fol-

lows.

%1 —

In7Chapter Il the amplitude and phase characteris—tics used in our
study are given and various models for their representation are de-
scribed. The representation ia needed folr the calculation of the comput-
er simulation results. A comparison between the diffef;ént models is

made. According to the nature of the application ,ih later Chapters a

different model is chosen.



i 4

The computer simulation and measurement set ups are described in

. Chapter 1ll. Computer simuiation résults on the probaSility of error

performance and spectral regrowth of 2,4,8,16 and 32 PAM schemes,
distorted by the nonlinearities of Chapter 1l are presented. The meas-
urements made for a 4-PAM signal justify the simulated results. The

dependence of the distortion on the nature of the nonlinearities, the fil-

N

ter shape and the number of signal levels is shown.

In Chapter: IV a brief analysis of the predistortion linearization
techniques applied in our study is made. The characteristics of subopti-
mum linearizers are drawn and their coefficients for the'differe.nt repre-
sentation models are\computed. The overall predistorter- amplifier char-
acteristics are much more linear and exhibit low phase rotation.
According to them baseband linearizers are proposed. An amplitude

linearizer for the LM-380 characteristic is designed and implemented,

The improvement in the performance obtained by the linearization, is
calculated in Chapter V again for 2,4,8,16 and 32 PAM schemes. Ex-
perimental results for a 4-PAM signal,using the implemented linearizer

justify the simulated ones. Comparisons with the performance of the

~ conventional system are made. The. reductipn of the spectral regrowth

‘and thus of the adjacent and cochannel channel interference is ex-

plained. Improvements in the performance are obtained by adjusting
the conventional thresholds during the decoding. The total improvement
in the system performance is very signifit_:ant.

The summary of our conclusions based on the obtained results is

given in Chapter VI. '
. o



. . - L .
The designed circuits diagrams as well as the used computer pro-

Qrams are given analytically in Appendix A to D.
3 .

if



Chapter 11 _
MODELS AND CHARACTERISTICS USED /
In this chapter the amplitude and phase characteristics used in our
.
study are given. A brief description of various existing r(ﬁdels for the

representation of the characteristics is presented. The coefficients re-

quired far the representation are calculated. A comparison between the

different models is made.

2.1 MEASUREMENT OF THE AM-AM CHARACTERISTIC

The set up for the measurement | of the AM-AM characterisfic used
in our study is given in Figure 2.1. The amplification stage consists of
the LM-380 audio power amplifier ,ifnpenda'nce matching and DC offset
components (see Appendix B). The measured AM-AM characteristic is
that of the amplification stage: Since the source of the nonlinear distor-
tions is the LM-380 amplifier_‘, in the next chapters we refer to it as the

LM-380 characteristic for simplicity.
]

For the measurements,a si_nusoidal signal was used as input to the
amplification stage. The input and output power were measured with a
spectrum analyzer. The measured characteristic is drawn in Figure 2.2
(a). We ﬁote the nonlinear nature of the cha_racter‘istic near satura-

tion. ,

I o S
\/\m\

'
\
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Figure 2.2 (a). The single tone measured AM-AM power
' characteristic of the LM-38C power

amplifier.
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0.0 0.1 0.2 0.27 (Volts)

Input peak voltage
‘Figure 2.2 (b). Instantaneous amplitude characteristic
derived from the measured curve of Fig.
2.2 (a) using the equation 2.1.
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The relation between the average envelope power‘ and the instantaneous
envelope amplitude, refering to a 30 Ohm -resistance is given by_ the

cquation

r———— -

P m=10-!og (If‘n

w110 . 2/ 103 2.1
i W ImW)=104log (VZ/2/50) /7 10

Using equation 2.1 ,the :nstantaneous amplitude characteristic can easily
be obtained from the measured power characteristic. It is drawn for po-

stitive input values in Figure 2.2 (b).

7777 NORMALIZED AM-AM AND AM-PM CHARACTERISTICS

It i1s wusual to express the A.M-AM and ANM-PM characteristics in
terms of Backoff power frqm saturation [11]. The normalized power '
characferistic of the LM-380 amplifier,is drawn in Figure 2.3 (a). in
the same Figure AN-PM normalized characteristics similar to those of
the H-261 and Inteisat-V TWT amplifiers are also drawn.

The corresponding normalized instantaneous envelope-amplitude

characteristics are calculated using the equation [9]:

_B
v= 24f2 .10 20 2.2

where B is the Backoff ppwer in dB,and are drawn (for positive only
s

Cinput values) in Fig'ure"’2..3 (b).
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2.3 THE QUADRATURE MODEL
\

The guadrature model is a model used for representation of band-
pass nonlinearities [3]. According to this,if the input to an amplifier is

a narrowband radio signal given by the eqlation:
X(t)=R(t) cos( t * (1))
the output of the amplifier is given by‘ the equation:
Y(t)=g(t) cos( t *+ (t) « (1))

where R'(t) is the lowpass envelope of the signal, ' is the carrier
frequency ;!nd g(t)=g(R(t)) and (t)= (Rtt)) are the AM-AM and
AM-PM envelope dependent.-transfér characteristics of the amplifier.
The amplifier is assumed to be an effectively memoryless nonlinear ele-

ment [12]. The equatdon 2.4 can be written as:

Y(t)=P(t) cos{ t + (t}} - Q(t) sin( t + (&)}
where
P{t)=g(R(t}) cos( (R(t)})

and

Q(t)=g(R(t)) sin( (R(t}))
‘ (Ve
The inphase and quadrature components P(t) and Q(t), represent only
amplitude characteristics. In other words,a phase and an amplitude
bandpass nonlinearities can be described (or replaced) by two amplitude

nonlinearities. This is the principle of the quadrature model [9],which

is shown in Figure.2.4 .

[T



A baseband expression of the quadrature model can be derived as

S
follows. Assuming the baseband input to the amplifier is:

X(t) = R(t) 2.8
the OUtpllLit is given by the equation:
V(1) = G exp(jd (1) 2.9

where G(t)=G(R(t)) *and ${t)= $ (R(t)) are baseband AM-AM and
AM-PM nonlinearities similar to the bandpass ones. The equation 2.9 can

be written as:.
Rt

V(1) = Gp(t) * j Gqlt)

) 2.10
where "
| Gp(t) = G(R(t)) co;[(b(R(t]}} 2.1
and o )
. Gqlt) = GIR(t)) sin((R{t))) " 512

As before Gp[t) and Gq(t) represent only amplitude nonlinearities.

[t is easy to see from equations 2.:9,2.11 and 2.12 that:

A

- 2 . 2 ’
.G(R) -JGP(R) Gq(R)

and

[

.13

tan ®(R) = (Gq(R)/Gp(R))

Using equations 2.11 and 2.12 the characteristics of Figure 2.3{b)
are converted to the corresponding. ones of the Quadrature model,drawn
in Figure 2.5, The baseband model wiil be used in the next Chapters for

the representation of the chosen nonlinearities. The reason we chose

~

A3



ol 3

1} : \ R
this model is the similarity of the equations 2.11,2.12 agd 2.6,2.7. Due
v e s
to this similarity Gp’(t] and Gq(t) of the baseband® model will be also
called the inphase and quadrature components respedtively. The de-

rived baseband results of Chapters Il and V and the approach used in

Chapter lV,Z:an be applied to bandpass systems as well.

Ir
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2.4 MODELS FOR CHARACTERISTIC REPRESENTATION

To calculate the effects of the various nonlinearities we must repre-.

sent them by proper envelope functions. There are many models pro-
posed [1,3,8,13]. In thiy section three of these models used in our

study are presented. -

2.4.1 The polynomial model

This model proposed by Eric [9] uses odd order polynomials for the
representation of amplitude nonlinearities and even order polynomials for
phase nonlinearities. More analytically,an instantaneous envelope- ampli-

tude characteristic G(R)=G(R(t)) can be written as:

N . 1

2n+1 -
G(R)= 2 Cyp R . -R/2S R < Ry/2. 2.14

n=( -

while a corresponding phase characteristic ®(R) = $(R(t))) as:

M In .
®(R)= 2 Dy -R . -Ry/2 SR £ Ry/2 2.15
n=]

‘We note that the amplitude characteristic G(R)._is an odd function of R
whﬂe the phase -charactemsticﬂrcb(R) is an even function of R. Using
the equations 2.11,2:12,2.14,2.15 and the serjes expansions of cos®
(R}, sin @(R];ti1e amplitudé characteristics Gp(RJ,Gq(R;J: o'f the’quadr‘a—

ture model can be represented by two odd order polynomials of R,with

linear and cubic leading terms respectively:

i

N
_ i+l
Gp(R)-E}AZiH-R ;Ry/2 S RS Ry 2.16
and ¥
LT 2 -
Gq(R)=2, By, 'R, -Ry/2SR < R/2 2.17

A ey 4
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For small values of R these polynomials are proportional to R and R3
respectively. The high order terms become significant for large values

of R,

The polynomial représentation is very accurate,but it 'requires many
terms to fit a‘_ characteristic in a long .range. “Lt needs many coefficients
to be optirﬁized« and introducés calculation difficulties due to the high-
order of the used polynomials. That is the reason simpler models with

-

few coefficients have been proposed.

2.4.2 Hetrakul and Taylor model

This model uses two parameter formulas involving modified Bessel.
functions of the first kind,in combinafion with linear and exponential
terms [3]. The amp!itudé characteristics Gp(R),Gq(R) of the quadrature

model can be represented by the following equations:
2. 2
= r2 2 2.19
Gq(R)=5;Rrexp(-S,R")1; (S3R") R
where the parameters Cy.Cy and S,8S;3 have to be détermined. -

We see that this model uses only two parameters for each function

but it is still a complicated expression.
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2.4.3 Saleh model

y Saleh proposed the representation of nonlinearity characteristics by

ya

 two parameter formulas [1]. An AM-AM characteristic G(R) and an

L

o - t
AM-PM characteristic - ®(R) can be represented as:
G(R)= a-R / (1 + b-R?) 0 2.20
and —
) :
®(R)= c-R°/ (1 * d:R?) 2,21

while the amplitude characteristics Gp(R],Gq('R) of the quadr‘a‘tu‘r'e mode]

can be represented as: . . -

—_ + 2
Gp(R)= a;-R / (1 * by-R™) 2.22
~and

' 3 ' 2
Gq(R)* ¢y R%/ (1 « dy-R% ) 2.23

2

We notice that for small valies of R equations 2.20 and 2.22 are pro-
portional to R. For large values of R the equations 2.20, 2.22 and 2.23
become proportional’ to 1/R while the equation 2.21 is almost constant.

The parameters a,b,c,d can be calculated using optimization procedures

[1], (Appendix DJ. : -

Compared with the previous models,Saleh model is sjmpler but not

necessarily more accurate, as we found during our study.
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2.4.4 Representation of the used characteristics
’ ]

In this section the models uséd.. for the representation of the char-
acteristics of Figures 2.2 to 2.5 and .'tﬁeir coefficientg are giverfl. A
particular characteristic is represented by more than one‘ models. in our
studl/:depending on ‘the mature of application the more suitable model is
chosen (chapters —II;I-,IV). The coefficien‘ts were caIcuIateg! using opti-
* mization subroutines and‘ are given in ;cables 2.7 to 2.7. The a‘bsolute
RMS er‘/ry«‘ was als<'3 calculated accordging to the equation:

; N 5
Erms™ _N_'z (a; - dj)

i=1

where a; and d; are the derived and estimated vgiues respectively.

- .

MODEL LM-380. ERRCR RANGE

Cl = 1.4621649
C3 = -0.0998287
C5 = 0.5981663

C7 = -0.8914303 0.00731 IRl < 1.35

Polynomial
C9 = -0.8178380 -
Cli= 2.0430622
C13= -1.2413568
C15=  0.2490590
" Hetrakul C1 = 1.6446420 0.05750 IRl 1.5
Taylor C2 = 0.2892350

P

TABLE 2.1 . The coefficients of the normalized LM-380
] .
P AM-AM characteristic of Figure 2.3 (b)

—



-MODEL. LM-380 ERROR RANGE
" Hetrakul Cl1 = 3.590262 0.01437 |Irlc 0.4
Taylor C2 = 7.462000

TABLE 2.2 . The coefficients of the ©LM-380 . AM-AM

characteristic of Figure 2.2 (b)

%

MODEL H-261 ERROR | RANGE
D2 = 1.032361
D4 = -1.202852
D6 = 0.164144 -
. DS = 1.191000 0.00219 Rl< 1.4
Folynomial | p510. .1 267618
D12=  0.503055
D14= -0.059495
‘D16= -0.004849
c = 1.390587 0.02670 IR|< 1.5
Saleh '
d = 2.988430

TABLE 2.3 . The coefficients of the normalized H-261

AM-PM characteristic of Figure 2.3 (b).




. MODEL. | LM-380,H-261 ERROR | . “RANGE
Al = 1.4630000
A3 = -0.1424000
AS = 0.8573800

A7 = -2.5463552 0.00208 | IRlg 1.35
Polynomial | g o '3./9320452
| AT1= -1.9768057
"L A13= 0.5927067
A15= -0.0695557

Hetrakul C1 = 1.6013820 0.02259 |R| < 1.35
Taylor C2 = 0.3257130

' L

-TABLE 2.4 . The coefficients of the inphase nonlinearity
Gp(R) derived from the LM-380 and H-261

characteristics (Figure 2.5).



LM-380, H-261

MODEL ERROR RANGE

B3 = 1.1649265

BS = 0.0535739

B7 = -4,4133043 }
Polynomial | no . 77314234 | 0.02426 | [Rle 1.4

Bil= -6.0660324

B13=  2.2945530

B15= -0.3384920

cl = 1.6446420 | 0.01113 | [Rl< 1.4
Saleh '

dl = 0.2882330

TABLE 2.5.The coefficients of the quadrature nonlinearity

Gy (R)

derived from the.

LM-380

characteristics (Figure 2.5).

and H-261

J
12




MODEL LM-380, INTEL. -V ERROR RANGE
3
Al = 1.4619360
A3 = -0.0975490
A5 = 0.4134734
. AT = -2.3335270 0.00385 RI< 1.4
Polynomial
A9 = 2.9813547
All= -1.7313000
A13= 0. 4804000
' A15= -0.0510523

TABLE 2.6. The coefficients of the inphase nonlinearity

Gp(R) derived from the LM-380 and Intelsat-V

characteristics (Figure 2.5).
.

MODEL | La1-380, INTEL -V ERROR RANGE
X

B3 = 0.T769764

B5 = 6.0393476

B7 =-15.5831000 0.01792 Rl< 1.5
Polynomial | g9 o a9 5560000

B11=-13.4176200

B13= 4.4321000

B15= -0.5310000

TABLE 2.7.The coefficients of the quadrature nonfinearity

-Gq(R) derived fro'm the Li4-380 and Intelsat-V

characteristics (Figure 2.5).



Chapter 111

EFFECTS OF AMPLITUDE AND PHASE NONLINEARITIES
ON-<PAM SIGNALS

N
In this Chapter, the computer simulation and experimental set-ups

used in our study are described. The effects caused by amplifier nonli-
nearities on PAM schemes are presented. The degradation 1n the ecrror
performance and the spectral regrowth of various PAM schemes,with the
no

nlinearities given in chapter Il are computed. The optimum operating

points for all the schemes are found.

3.1 COMPUTER SIMULATION SET-UP.

The computer simulation model we used,is shown in Figure 3.1. A
brief explanation of the model follows,while all the simulation programs

we used are given in details in Appendix D.

Binary data are generated by 2 Random Generator. A PAM encoder
translates them to a multilevel stream,long enough to cocntain  all the
possible combinations of the generated levels. For an M-ary PAM scheme

these levels are given by th\'e~ formula [22]:

Amf-Zm—i—M s '.m=1,2,....,M
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The transmit and receive filters are ideal square root of raised cosine .

filters,having a roll-off factor « . The transmit filter is x/sinx ampli-
. -

tude equalized sO that the overall system satisfies the Nyqguist first cri-

terion. .

The channel impairments assumed are ,distortions due to the ampli-

_ tude and phase nonlinearities given in Chapter |l and Additive White

Gaussian Noise (AWGN).

The different levels of the distorted s:gwected by coﬁrﬁba"‘r-

tng them to suitable thr‘esho‘l‘ds ( Tk =2k-M , k=1,.. .M-1 ). The error

probability of the i-th received symbol is computed using the eguations

[21]:

—\\ i_ i
L}S(Am Tk)

1/2 -erfc , mw=1,M , k=1,M=1
: O\,
PS( ) ‘ . R R .
| abs (AT-T} ) abs (T, -A’).
1/2-terfc m—— + erfe -
JzNO | JZNO :
k=2,..,M-2 , m=2,..,M-1 3.1

where A:n is the magnitude of the optimum sample of the i-th received

syml:;o'l,T;< and TL_i are the lower and upper corresponding thresholds

.and N, is the equivalent to the receiving Nyquist filter noise power’

-Assuming Gray coding for the PAM scheme, the total bit error probabili-

ty for a sequence of N symbols is calculated as:

\'

Ple) = 1/log,M < (1/N 2 PL) 3.2
‘ i=1
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. The eye and space diagrams as well as the spectrum of the signal
are calculated at the pbints shown in Figure 3.1. The filtering of the

signal is performed using FFT algorithms.

. ——te ey
S L N

)

Assuming- ideal €arrier and timing recovery, the baseband simulation
model of Figure 3.1 is equivalent- to a bandpass one with similar nonli-
nearities (the AM-AM, AM-PM characteristics we used are assumed to be

frequency independent) [11]. In all the simulation results given in this

- and the following chapters the S/N and C/N ratios are equivalent.

3.2  MEASUREMENT SET-UP.

Measured results on the performance of a 4-PAM signal with the
LM-380 amplifier were also obtained in order to justify the computer
simulation results. The used baseband measurement set-up is drawn ih

Figure 3.2 . A description of the set-up follows.

An HP-1647 Data error analyzer was used for the generation of a
413.3 kb/s binary stream. This is actually a’ pseudorandom periodic data

b4
stream that it is considered random if it is long.

A 4-PAM encoder-decoder was implemented for the translation of bi-
nary stream to a 4 level stream. The diagram and the performance of
this circuit are explained in detail in Appendix A. The generated 4-PAM

signal has a rate of 206.66 kBaud.

-
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The transmit aﬁd.receivé filters are square root of raised cosine
filters with a roll-off f.acto‘r' Q =0.2. The trar.lsmit ’filter is x/sinx am-
plitude equalized and the overe;ll system 'satisfies the Nyquist first cri-
terior!. The filter is manufarctured By Karkar Electronics Inc. anc{ _})e}s__a}
Nyquist Frequency of 103.3 kHz and an out of band rejection of- 50 dB

at 124 kHz. The receiver filter is also used for the noise limitation.

The signal is distorted .by the LM-380 amplifier. The distortion d(?-_
pends on the input power level which is controlled by a variable ‘éit'te.m
uator. ‘The. operation point is changed from the .Iinear region of the am-
piifier to .the saturation. The signal power at the output of the amplifier

is measured by a true RMS power meter.

Additive Gaussian noise is added to the signal. The noise is ampli-
fied and bandlimited before the addition. The final noise bandwidth is

wide enough (1 MHz),compared to the signal bandwidth and thus the

noise is considered white.

The error probability is measured with the HP-1647 Data error ana-
lyzer. The decoded signal plus noisé is compared with the stored in
memory transmitted signal and the errors are counted. The S/N ratio is
measured' by a true RMS po;ver meter (HP-3400 A) at the output of the
receiver filter. We must mention herg that different values of the S/N
ratio are measured by changing the noise power,while the signal power

is kept constant:

~
¥



-

% .
| _ 30
.

3.3 EFFECTS ON THE SIGNAL PEBFORMAI'\ICE.

The impact of the nonlinear channel impairments on the error per-

formance of PAM schemes is explained in this section. .

x i

. 3.3 Analysis of the effects.
A baseband PAM scheme is characterized by the equatioh [22]: .
.
where Ay takes the M discrete values (levels)
Ap#2m-1-M -, m=1,2,..... M

2

for a given M. T, is the signal rate and u(t) the signal pulse.In our

study u(t} is a Nyquist shape pulse,given ideally by the equation [(11]:

sin(ﬂt/TS) cos{ a t/TS) ,

ult)y= .
) nt/TS 14 a2t2/Tg

. where a is the channe! roll-off factor.

A signal like that of equation 3.1 is distorted due to the AM-AM en-
velope dependent response of the power  amplifiers : Ifh we operate close
to or inte the nonlinear region of the émplifier AM-AM charééteristic,we
noticr—.*_‘_ that the envelope dependent amplification causes suppression of
the highér signal levels compareci t; the lower ievells. On the other

@

hand, the interaction of the envelope dependéd response with the enve-

- |
R(t)= _S_ A u(tikTy) 3.3
. k=0 ;%,
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fope fluctuations due to the fi[tering; of the trﬁans‘_rnitted signal, give rise
-to intersymbol interference. Both effects are shown in Figures 3.3 to
3.5 for a 4—PAM signal with the LM-380 AM-AM characteristic. We notice
" that the distortion b.ecomes rﬁore ‘'severe as the operation. point is

changed from the linear region of the characteristic to saturation.

The above effects tause significant degradation in the ‘errof per-
formance of the transmitted signal as it is shown ip the next section.

The ma}or contribution to tha degradation comes from the higher level.
Yy

We call amplitude margin the percentage of the higher level suppression

»

that causes system failure (fig. 3.6). As it is shown in Table 3.1 the

amplitude margin decreases when we move to higher schemes.

Mo of ievels hAmpIitude margin
L 2 100 7
4 3 9
8 | 143 %
16 ' e %
32 3.2 %
Pa.

TABLES.1 Amplitude margin of PAM schemes.

fes
At

Y]



Figure: 3 3.

Figure 3.4,

5

Measured eve digaram of a 4-PAM sianal
with the LM-380 amplifier. Linedr re-

_glon. Nyguist filters with a=0.2 are

used. The signal rate is.413.3 kb/s.

bl

Measured eye diagram of a 4-PAM signal
with the LM-380 gmplifier. (3 dB Output
Backoff). Nyquist filters with g=0.2 ~
are used, The signal rate is 413.3 kb/s.

32



Figure 3.5,

Measured €eye diogrom of a 4-PAM signal

_with the LM-380 amplifier (2 dB Output

Backoff). Nyaquist filters with g=0.2

are used; The sianal rate is &13.3 kb/s.

F

P

33



'\'.r )

4 dB Out.Backoff

Amplitude margin= =~ ———

bl

Figure 3.6, Space diagram of a 4-PAM scheme with the
LM-380 characteristic. Computer simulation:
results with a=0,2 Nyquist filters.The ini-
tial transmitted levels were +1,+3, The
gain of the LM-380 amplifier has been
removed. )

34
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A phase -nonlirlearity (AM-PM conversion) causes envelope dependent
phase rotation of the incoming signal levels with the following resulits.

(‘ "

Assuming only AM-PM conversion,the dutput of the amplifier can be

written as (equation 2.9): o

-

Y(8)= R(Y) exp(id(t)) = Rp(t) * j Rg(t) 3.5
where ) | |
CR()= R(8) cos( ()= R(E) cos(D(R(E))) 3.6
and : »
© Rq(t)= R sin(®(8))= R(H) sin( & (R(4))) 3.7

i We note that the original one dimensifnal signal, is expressed as a
two  dimrnsional signal according > to the equation 3.5 (see also Figure
3.7). .Since‘.our' decoding system is one dimensional,only the in-pha.se
component Rp ;-vill remain after demodulation. The result is.a level de-
pendent suppression according to the ~cos(@(R(t))). .Additional inter-
" symbol 'interference is ‘also expectéd. )

The above effects ‘d—egrade the error performanée of the system.
Once more,the major contribution to the'degradation comes from the
higher level. We call phase margi'n the amount of rotation of the higher
level that causes system failure (Fig 3.7). In Table ‘3.2 we note that

the phase margin decreases as we move to higher schemes.



Figure 3.7,

10 dB Out.Backoff, —mme _/  PHASE MARGIN

Space diugram of a 16-PAM scheme with the
H-261 AM-PM characteristic.Computer simu-
lation results with a=0.2 Nyquist filters,
The Out.Backoff refers to the LM-380 cha-
racteristic, The initicl transmitted le-

.. vels were £1,#3,45,17,%9,211,+13,+15,

< 36
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Ng of lavale Phase margin (degrees)
2 90
4 | 48
8 o 31
16 C 21
32 ' 4.6

TABLE 3.2 . Phase margin of PAM schemes.

The signal+distortion due to the combined AM-AM and AM-PM ef-
fects is much more severe than the distortion of each effect. The signal
levels are suppressed and rotated simultanedbusiy. The distortion is more
‘.severe for th.e higher lev;als. This is shown clearly lin Figures 3.8 and
3.9 for an 8-PAM signal with the LM-380 and H-261 nonlinearities. We
notice. that the higher transmitted levels (= 7),have almost reachl their.
corresponding decoding thresholds,which means that the system has al-
most failed. ‘

N

At this point,we must make a remark about the simulated space dia-
grams and eye diagram of Figures 3.6 to 3.9. We should expect the re-
ceived signal power (o be higher than the power of the t.ransmitted sig-
nal. We should also expect the received signal power to increase as
Backoff is decreased. However this does not seem so. This happens _bé-
~cause in our simulations we remove the gain of the amplifier. Thus in”’
- the above Figures we see only the effects of the amplifier nonlineari-

ties.
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We mentioned in the precenting analysis,tha.t the higher :f)chemes arée
more sensitive to the effects of the channel nonilinearities an'd that their
error performance is .gxpected to be worst than _tiat of the lower
schemes. The- advantage of using schemes with high number of levels is

to "accompiish spectral .efficiency. - The bandwidth requirements for

transmitting PAM signals can be found by the formula [22]:
= 2 log, M
w.=R/ ( 09, )

where W is the baseband signal bandwidth, R the signal rate in b/s and
M the number of signal levels. The bandwidth efficiency for PAM as
measured by the ratioc R/W in bits per second per Hertz is given in

Table 3.3.

No of levels Bandwidth efficiency B
b/s/Hz
2 2
4 4
8 6
16 8
32 10

TABLE 2.3 . Bandwidth Efficiency of PAM signals.



Figure 3.8. Eve didaram of an 8-PAM scheme with the LM-380,
‘ H-261 characteristics (6 dB Out.Backoff). Com-

puter simulation results with g=0.2 Nyauist fil-

ters., The initial transmitted levels were 11,+3,

+5,+7, The gain of the LM-380 amplifier has been
removed. | |

39
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6 dB Output Backoff k

Figure 3.9. &pace diagram of an 8-PAM scheme with the
LM-380,H-261 characteristics. Computer si-
mulation results with a=0.2 Nyaquist filters.
The initial transmitted levels were +1,+3,
+5,%7, The gain of the LM-380 amplifier has.
Deen removed. R
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3.3.2° Calcﬁlation of the error performance.

Using tﬁe df.;scr'ibed simulation set-up,the probability of error P{e)
was calculated for 2,4,8,16 and 32 PAM schémes and for different oper-
ating points of the nonlinear characteristics. For better accuracy the
polynomial represer.itation-was prefered (see Tables 2.1 to 2.7). The

. quadrature model with the characteristics of Figure 2.5 was used for

the AM-AM and AM-PM nonlinearities.

In Figure 3.10, the err'orrperformance of a 4-PAM signal wi‘gh the
LM-380‘ AM-AM characteristic i§ shown. The different operating boints
are expressed as OQutput Backoff. -lWe notice that the performance de-
grades when the Backof‘\c is decreasing. In order to obtain a gr‘aod per-
formance the power amplifiers must be operated at average power levels
which are significantly below saturation. This makes the system Ic;ss
power efficient. The same observations are made when the AM-PM and
the AM-AM, AM-PM combined effects: are -considered (Figures

3.11,3.12).

The- observed degradation in the error performance is due to the
nonlinear distortions of the signal,explained in Section 3.3.1. The ver-
tical eye op.e.niﬁgs (éee Figures 3.3‘to 3.9),decrease due to the enve-
lope dependent suppression and rotation of the signal levels. [n other
words,the distances Am-Tx (m= 1,...M, k—'-_I,..,M—U of the equations
3.1 become smaller, resulting in higher probability of error ( erfc(x) in-
creases when x decreases). The degradation of the performance in-
creases when the operation point is changed towards saturation, because

the nonlinear distortions become more severe.
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The measured Probability of bit error for a 4-PAM signal and for
various operating points of the LM-380 characteristic is shown in Figure
3.13. To measure the S/N ratio for a particular opera{ing point (Output
Backoff),we changed the noise power while the signal power was kept

constant. Comparing the measured results with those of computer simu-

lation (Fig. 3.10) we observe that: -

1 <

)For P(e)=10" and -without the amplifier (linear channel),there is
a 0.6 dB degradation in the S/N ratio from the simulated performance.
This is due to Hardware imperfections of the 4-PAM circuit, impendance
mismatching and filter Group delay (see Appendix A). These impair-

meénts generate Intersymbol Interference.

ii)For P(e)=10"“" and with the LM-BBO. ampl'r.fier operating in the "lin-
ear” region there is an additional 0.4 dB degradation in the S/N ratio.
This is due to a basic difference between “the simulation and the meas-
. urement m-odels. In the simulation modfel the LM—38(.} amplifier is assumed
to be phase equalized. In Appendix B we show that the above degrada-

tion is mainly due to the phase of the LM-380 amplifier which is drawn

in Figure B.2 .

iii)The effects of the above imperfections become more severe when

we operate closer to saturation,due to the very small vertical opening of

the signal outer eyes.

As we see in Figure 3.14,the difference betweén computer simulation
and measured results for P(e)=10-qis between 1 to 1.5 dB. Consider-
ing the above remarks we can say that the measured results justify the

-

simulated ones.

v
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Figure 3, 10 Performance of a 4-PAM signal with the LM-380

AM-AM chorccterlstic Computer simulation re-
sults with a=0.2 Filters,
sured in the Nyqu1st banawidth at the output

of the receiver LPF.

The S/N ratio is mea-
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Figure 3.11.,\ Performance of aw4-PAM sional with the H-261

AM-PM characteristic, Computer simulation re-
sults with a=0.2 Filters. The S/N ratio is mea-
sured in the Nyquist bandwidth dt the output

of the receiver LPF. The Qutput Backeff refers
to the LM-380 characteristic,
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Performance of a 4-PAM signal-with the LM-380 and
H-261 characteristics.Computer simulation results
with a=0.2 Filters. The S/N ratio is measured in
the Nyauist bandwidth at the output of the recei-
ver LPF, «
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Thé degradation in the error performance for various PAM schemes

has also been .computedf The sum of the S/N.degradation (dB) and

Output Backoff (dB) versus Output Backoff, for P(e)=1IO_6 is drawn in

Figures 3.15 to 3.17. This is done because i.n a communicafioﬁ link, in

order to find the best operating poiﬁt both the S/N degradation and the

Output Backoff must be considered. According to these .F‘fgures the
following conc‘:Iusion.s are made: pom - . ‘

| )
i)The closer to saturation we operate the greater the degradation is,

As we explained before,this happens because the -nonlinear distortions

become more severe.

ii)The hig‘her the scheme the more sensitive ts tc; the nonlinear ef-
fects. This is due to the significantly lower a-mpiitude‘angf phase ‘mar-
gins of the higher schemes (see Tables 3.1,3..2). In Figure 3..15 we
.see that T;Er an acceptable performance,and with an 8-PAM sign‘al_we
must'operaté more than 5 dB QOutput Backoff while with a 32 FAM signa'l

we must operate more than 12 dB Output Backoff.

. iii)Th'ere is a small dependance of the nonlinear ‘dis'tortion on - the
sl;‘ape of the transmit filter. The performance for roll-off factors =0,2.
and =0.5 is drawn in Figures 3.15 and 3.17. We note that the dé:"g'-
radation increases as the roll-off factor decreases.‘ Thli.s is expected.
since the smaller the roll-off factor ,the greater the envelope fluctua-
‘tion of the sig'né'l ..and therefore the greater the distortions caused by
the en\;elope dependent nonlinearities. We alsc observe that the higher
schemes are less sensitive to the filter shape. This is because they ex-

-

hibit high envelope fluctuations even before filtering.

+
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iv)The severity of the degradation depends also on the nature of
the a;np[ifier' characteristics. The H-261 characteristic allows less Back-

o

. ‘ \
off than the Inteisat V characteristic ,since it exhibits lower phase

shifts (Figure 3.17).

v)Comparing Figures 3.15 and 3.16,we observe ‘that the degradation

due' to the AM-PM conversion is for the higﬁer schemes more critical

[

than the degradation due to- AM-AM conversion. For these schemes the
‘ “
phase margin is comparable to the phase rotation caused by the chosen

AM-PM characteristics. However,generally there is no consistent expla-

» nation to identify whether the major cause of performance degradation is

due to the AM-AM or the AM-PM characteristic of the amplifier [2,13].

vi)The degradation caused by the combined AM-AM,AM-PM effects

" is greater than the sum of the degradation of each effect. This is due

" to the interaction of the envelobe dependent suppression and rotation of

the signal levels.

~

From the oBtaimed results we can find the optimum operating points

- —_— '
. when both the S/N degradation and the Output Backoff are considered.
_/

They are gi\;gn in table 3.4 and_théy justify the conclusions we made.
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OPTIMUM OPERATING POINTS (Out.Backoff,dB). Ple)=16"®

scheme 2 4 8 16 32
PAM PAM PAM PAM PAM
nonlin.
LM-380 "0 5 7 9 11
H-261 0 _0“ 3 1 13
Intel. -V 0 5 / /
LM-~380
H-261 0 6 . 9 12 14
LM-380
Intel. -V 0 7.5 / / /
TABLE 3.4

S0



(Output Backoff « S/N degradation)(dB) P(e)=10"0

0
‘1. 2-PAM
sl 2, 4-PAM
2 3. 8-PAM ]
- qch_PAM
5. 32-PAM . .+ .
4 - s
- 0=0,2 -Nyquist filter
—_"'"_C|=0.5 [
8 ' /'"\ . \ :
u " \ o \
10 A J\ SV
N\ )
O' 2
12 \ ] \
. 3 N
5 . %
14 210 8 6 2 0

--;3 Output Backoff (dB)

F

Fioure 3,15 Degradation due to Amplitude conversion ﬁLMLSBO
- characteristic).Computer $ifulation results.
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* (Qutput Backoff+ S/N degradation)(dB) P(e)=1075
O - ) .
1. 2-PAM -
2. u-paM’ BN b
507 3. g-paM |
I 4. 16-PAM
5, 32-PAM
3 o
o
6 -
20
4 A
28 — .. ; Out,Backof
8 24 20 16 12 8 40 (@

Fiaure %Ll6.~Déqrodotion due to AM-PM conversion (H-261 characte-
ristic). -The Output Backoff refers to the LM-380
charocterlstic Computer simulation results with
a=0. 2 Nyqu1st filters, The S/N ratio ls measured
in the Nyguist bandwldth at the output of the re-
ceiver LPF. '
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' (Qutput Bockoff¥ S/N degradaticn) (dB) _ P(e)=100
0 : : ‘
1. 2-PAM
2. u-PAM B !
i 3. 8-PAM '
4, 16-PAM
5

. 32-PAM

Qut.Backoff

24 20 16 12 8 0 (dB)

Fiagure %LlG;-Déqradotion due to AM-PM conversion (H-261 characte-

ristic). The Output Backoff refers to the LM-380
chorocterlstic Computer simulation results with
a=0. 2 Nyqu1st filters, The S/N ratio 1s measured
in the Nyquist bandw1dth at the output of the re-
ceiver LPF.




3.3.3 Spectral regrowth

Spectral regrowth is another severe problem causéd by power am-
plifier‘ nonlinearities. In spite of the bandwidth limitation of the trans-
rnitt.ed signal by the transmit filter,spectral sidelobe regrowth is ob-
served at the output of thé amplifier (USll.Ia”y the filter is prior to the
ampiifier]. This is due to the increase of the signal envélope fluctua-
tions,caused by the amplitude and phase nonlinearities. The amount of
the OBE is dependent upon the énperating Backoff of the amptifier and

-

the amount of envelope fluctuation of the incoming signal.

The r.‘neasuﬁ spectral regrowth for a 4-PAM scheme due to the
LM-380 amplifier is shown in Figures 3.18 (a),{b). We note that for op-
eration in the "linear " region of the amplifier (8 dB Out.Backoff),there -
is some spectral regrowth. This is consistent with the obtained degra-
dation in the_. error performance which i's_.shown in Figufe 3.13 and \is .

due to the phase of the LM-380 amplifier (Appendix B).

For the combined AM-AM, AM-PM effect we computed the spectral re-
growth of " the inphase and quadrature components (Equation™ 3.4).

They are shown in Figure 3.19 (a),(b).
The following conclusions, can be made:

i)For operation far below saturation the AM-PM conversion has the
major contribution to the spectral regrowth (compare the In-phase and
- Quadrature spectrum). However,this is generally dependent on the na-

ture of the nonlinear characteristics.
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ti)As the operation point is i:hanged tpwards "saturation,the spectral
regrowth increases. This is expected since,due t_o the severity ‘of the
nonlinear distortions close to saturation, the sigl:mal envelope fluctuations
become moFé significant. We a,slso note that the AM-AM con.version Se-

comes the major contributor.

-~

The spectral regrowth can become a cause for adjacent and cochan-
nel channel interference. That is why we usually want to suppress it.
In chapter VI we will show that the spectral regrowth can be reduced

by using linearization techniques.
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Vert, 10 dB/div.
Horiz. SOKHz/div.
Up.ref.lev, O dBm

4 dB Out.Backoff.

8 dB Out.Backoff,

(a)

vert, 10 dB/div.
Horiz. S50KHz/div,
Up,ref.lev, 0 dBm

2 dB Out.Backoff.

8 dB Qut,Backoff.

(b) N

. Figure 3,18, Measured spectrum diagrams of @ ufPAM sianal
with the LM-380 amplifier., The signal rate is

413.3 kb/s. Nyquist filters with a=0.2 were
used,
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Chapter IV

LINEARIZATION OF THE AMPLIFIER CHARACTERISTICS

. The characteristics of predistortion linearizers for the amplifier non-
linearities used in chapter 1V are calculated. The overall linearizer-am-
plifier characteristic is more linear and exhibits low phase shifts. Base-

band linearization models are proposed and a baseband linearizer for the

LM-380 amplifier is implemented.

4.1 GENERAL

The reduction of the distortion due to amplifier noniinearities, is
approached here by the introduction of a source of complementa'ry non-
linear distortion in the signal path (linearizer),so that the overall
transfer characteristic becomes more linear. For microwave transmitters
in Microwave or Satellite links,predistortion linearization is' prefered

(Fig. 4.1), for the following reasons [4,6].

i)Because of the high microwave power at the output of the power
amplifiers predistortion applications are less costly. The predistorter

is not required to handle as much power and thus it is easier to be

implemented.

iiJIt is possible to apply predistortion in the RF,|IF or baseband

sections of the transmitter.
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A drawback of predistortion linearization is that for.perfect compen-
sation,ali the significant frequencies producéd by the predistorter
should be applie;i without shaping to the inpu{ of the poWer'ampIiflier.

This is difficult to be satisfied in practica.

The above considerations affect the decision ori where to irtroducs
the predistorter. In RF,IF or baseband. RF p}redistorters have the ad-
vantage of operating at smaller fractional bandwidths and thus achkieving

minimum frequency shaping. Baseband and IF predistorters on the other

hand,are more flexible in signal processing and less costly [4].

]

The predistorter consigdered in our study is such that the overall
- predistorter-amplifier amplitude characteristic approaches that of a soft
limiter and the overall phase characteristic is aimost zero. These char-

acteristics although suboptimal [3],yield significant performance im-

provements.

Figure 4.l. Predistortion linearization.
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4.2 LINERIZATION OF THE LM-380 AM;AM CH.ARACTER_ISTIC

Here the phase rétation is considered zero. The LM-380 characteris-

tic (Fig.2.2 (b)) is represented by the Hetrakul-Taylor modei (Table

2.2) given by the equation:

Z(R)=3.590262-R -exp(-7.462 R?). | (7.462-R?) 4.1

where R is the input to the power amplifier. The reason for using this

model instead of the more accurate polynomial model is ex'plained later. '

The predistorter linearizer is modeled as-a 2m-1 order polynomial:

il

_z: 2i-1

G(R)- aZi-—I R . . 4.2
i=1 T

where the coefficients aj are to be determined. In Figure 4.2 the

cascade combination of the. linearizer and the LM-380 amplifier is shown.

We want the overall characteristic to be:

Vo R/R; , 0< RIS R;

Vo  , JRIZ Ri -

" where V, is the saturation voltage and R; the miHimum voltage corre-
sponding to the saturation of the soft limiter (Fig. 4.2). From equa-

tions 4.1, 4.2 and 4.3 we get: .

'

m
. j 2i-1 2
Z(G(R))=3.590262'(ZaZi_l-Rzl ])-exp(-7.462-(Zazi_l-R' ) )

i=1

m i 2 VO'R/Ri , 0 SIB|SRi
_10(7.462-(Zazi_1-R ¥y =
i=1 Vo ,RIZRE
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From the equations 4/3 and 4.4,we see that in order to calculate the
predistorter coefficien_ts,the polynomial G(R) must be inserted into the
equation 4_.1. If the polynomial repr‘esentat.ion were chosen for the
Z(R),the resp[ting‘poiynomial Z(G(R) would have terms of very high
order. Thesé terms may cause overflow or underflow in the simulation.
That is thf'a reason we chosé the Hetrakul-Taylor model which has I'ower’

power terms. This model was found more accurate than the Saleh model .

Using a conventiona! curve fitting optimization ‘subroutine {(Appendix
D ) the coefficients a, were determined for different values of m.
Their values for m=2,3 and_4_ and R;=0.183, V,=0.6063 are given in ta-

ble 4.1.

m 2 3 4
H ak
a 0.991 0.98102 0.98520
ay 4.663 3.80665 | 3.78135
ag 104.19950 | 101.53210
a4 -205.13100

TABLE 4.1 . Coefficients of the LM-380 predistorter.

In Figure 4.3 the linearizer and linearized characteristics are drawn for
m=2,3. For m=3,4 the characteristics are almost the same and much more

linear than m=2. In the next chapter the case for m=3 is considered,

O



A baseband linearizer was implemented for the LM-380 amplifier. A
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diode wave shaping g:iri:uit was considered [19,20}. The single -tone
measured characteristic of the linearizer is a piece-wise linear approxi-
mation of the simulated one and is drawn in Figure 4.4. The analytical

tircuit of the linearizer is givenh and explained in Appendix C.



Figure 4,3, Linearization of the LM-380 AM-AM characte-
ristic, .
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4.3 COMPENS.ATION-- OF THE. LM-380 AND H-261
/ CHARACTERISTICS.

We want the OVIEIfail predistorter-amplifier AM—AM characteristic to
approach that of a soft limiter and the dvera‘ll AM-PM characteristic to
be zero. We use the quadrature model of the normalized LM-380 and
H-261 characteristics. The corresandi'ng inphase and quadrature enve-

Y- - o .
{ope no>nlinearities are represented aKS/fSee Tables 2.4,2.5):
i i 2 .- 2
Zp(R)=1.60138 exp(-0.325713 R7)-1,(0.325713-R")
2
Zq(R)= 1.887482 R® /(1 - 1.063857 -R?)

These models were chosen for the samc reason explained in Section

4.2. The Hetrakul-Taylor model was found more accurate for the repre-
L . .

-

" sentation of the Zp(R),while the Saleh model was found more accurate
for the representation of the Zq(R). The pr'edis‘torter is modeled as a
second quadrature nonlinearity having the inphase and quadrature. an-

velopé nonlinearjifies G'p(R),Gq(R) represented by two odd order poly-

nomials:

. - ’
_ 2i-1 -
GP(R}_'E ;'a2i—1 R
. i=1

. n .
) A 2i+1
~ Gq(R].'E :a2i+1 R -
i=1

N,

ure 4.5 . According to this

‘characteristics:
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z‘(R)=Jz§(R). - 22(R) = > -

-

204/62(R) * G2(RY ) » 72(1JG2(R) - G2(R) ) =
{zp(\/cp(m G2(R) ) + Z2(y/62(R) + G2(R) ) =

q
Vy R/R; .. O=RI=R;

={ 4.7
V, | IRI=R ;

and

8(R) * B(G(R))=tar ™ (G4(R)/G,(R)) +

4 tar (Zg(YG2(R) * GA(R) /zp(‘/cﬁtm cGitu =0 4.8

where R;=0.966 and V,=1.414. Using equations 4.5 to 4.8 and an op-
timization subroutine (Appendix D ) the coefficients of the predistorter

characteristics were computed . They are given in table 1.2 .

.

The compensated overall AM-AM and AM-PM.characteristics for the

above ceoefficients are drawn in Figure 4.6.

A baseband implementation of a predistorter with characteristics
similar to the G, (R),Gq(R) could be the one shown in Figure 4.7 [7].

The circuit is a.hardware realization of the equation:
G{R) exp{j*®6(R)) = G(R) .cos(B(R)) *

j G(R).sin{B(R)) = Gp(R) "+ j Gy (R)

e
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{Cpmpensated Amplilt'ude and Phase characteristics
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characteristics. ..

4 - m= 1, ne3 '
- {Compcnsated Amplitude and Phase characteristics
- m=4,n=5

. —_— >
1.4

' linearized

AM-AM |
1.2
LM-380
{AM-2M)
1,0 3 - &
08 H-261 - 20°
{AM-PM}
Ol6 | -
0.4 ) - 10°
0.2 1 :
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0.0 v _‘_'__;--—'I T T T : 14 0
QUTPUT PEAK VOLTAGE

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1,7

~Figure 4.6, Compensation of the normalized LM-380;H-261
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k ag by

1 1.024364

3 -0.215228 | -0.525770
4 0.287643 0.151374.
7 -0.038831

i 1.020762

3 -0.201450 | -0.879726
5 0.274770 1.138574

7 0.003371 | -1.135015

9 0.522154

11 -0.089051

TABLE 4.2 .

Coefficients of equations 4.6.

70



71

"SOTITIDUTTUOU Wd-WV “WY-WY

4)Pg

A

104 J91101S1paJd pubgaspg

((4)e)uls

A

)%

<) (5

((d)e)s0d

(d)e
210D} dn-300]

- (W)9

(4)9
31qp1 dn-300]

*['h °dnold

-

(A



4.4 AMPLITUDE COMPENSATION FOR THE LM-380 AND H-261
CHARACTERISTICS ‘

This time we use only amplitude predistortion for both the LM-380
and H-261 nonlinearities. Our objective is the overall amplitude charac-
" teristic to approach that of a soft limiter and the. overall phase c!warac-
teristic to be better than that of the H-261. Since the H-261 charac-
teristic is envelope dependeﬁt ,the smailer tHe gain of the predistorter
the lower the overall phase response will 'be. We chose gain equal to
one (V, =R;=1.414). 'l?he predistorter is modeled again as an odd order

polynomial:
A

35: 1 4,10

The block diagram of the predistorter-amplifier is drawn in Figuré

4.8. According to this we get for the overall AM-AM and AM-PM“char-

acteristics.

T

A

z(R)=‘/z§(o(RJ) * Za(G(R)) =

R ., 0=[Rj=1.414
= 4.11
1.414 [Rjz1.414
@(G(R))=tan"[2q(G(R))/Z,,(G(R))] 4.12

Using equations 4.5,4.10,4.11 with an optimization subroutine the
coefficients of the predistorter characteristic were computed (Tab!e'

4.3). The procedure is that of section 4.3 with Gq(R)=0 .

%
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ssee } Compensated Amplitude and phase characteristics
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Figure 4.9. AM-AM compensation of the [M-380,H-261
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k ak ‘.
1 0.693974
3 -0.065900

) 5 0.067550

TABLE 4.3. Coefficients of equation 4.8 .

The corresponding overall AM-AM and AM-PM characteristics are drawn
in Figure 4.9. We note that a small improvement in the AM-PM response

is also accomplished.
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LINEARIZATION RESULTS.-IMPROVEMENTS IN THE
ERROR PERFORMANCE BY ADJUSTING THE DECODING .
THRESHOLDS.
The performance of the linearized systems -in  combination with
threshold aajustment is ir'{vestiga.ted. The obtained results are compared

with those of the conventional system.

5.1 PER‘FORMANCE WITH THE LINEARIZED LM-380
CHARACTERISTIC AND THRESHOLD ADJUSTMENT.

The error performance of a 4-PAM scheme with the linearized
LM-380 chargcteristic and with or without threshold adjustment is
shown in Figures 5.1 to 5.4. For the linearization results the equation
4.4 with the coefficients of Table 4.1 (m=3) wére used. For the
threshold 'adjuﬁtment -an optimization procedure was used in order to
set the decoding thresholds at the middle of each eye. This is done be-
cause after the suppression of the higher levels due to the nonlinearity
effects (see section 3.3), the conventional decodi\hg thresholds are not

optimum any more (Figure 5.4).

For the results,the computer simulation and measurement set-ups
described in Sections 3.1 and 3.2 were used. In the_simulation model
the LM-380 char.acter'istic was replaced by the linearized LM-380 chfrac-
teristic.. In the measurements the LM-380 amplifier was replaced by the
cascade combination of the implemented Einearizé-r:':[see section 4.2} and
the LM-380 amplifier.

- 76 -°



Probability of bit error

4 17

LOG
) - : — | M-380 characteristic
T '\\ \ — — Linearized: .. |
Q: ]
S 2 dB Out.Backoff
_L| \
_.5 -]
Linear
channel —- v \
-6 - - : \
4 dB Out, Bockoff‘\i\-—'\\ \ \
3 dB Out. [Backoff ﬁfk/-\"\ \\ f
-7 '
™ .
\
J \
- \
-8 . — \
: \
8- ] | T T T T
10 14 18 22 26 30 3 38
S/N  (dB)
| Figure.S.l . Improvement in the error performance of o 4-PAM sig-

nal obtained by linearizina the LM-380 characteristic,
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Once more we mension th_at the S/N ratio was measured at .the output of
the receiver filter,by,che.mging the noise power while the signal power "
was kept constant. The procedure was repeated for various -operating

points (Output Backoff).

The following remarks can be made for the obtained results.

i)The total improvement obtained in the error performance using the

above techniqﬁés is significant. The best operating point (where the

sum  of éhe S/N degradation and Out.Backoff is minimum) is moved

about 2 dB closer to saturation.

4

ii}Considering the remarks of section 3.3.2'.we conclude tha.t \the
measured results of Figure 5..2 when only threshoid‘ad‘justmentw"is
_ﬁonsidered,are satisfactory. .For the measurgd results when both lin-
earization and threshold adjustment are considered,we note an additional
hdégradation. of 0.3 dB (for P(e)=10"° ) which is due to the\piece-wis:e
linear nature and Hardware imperfections of the implemented predistort-

er. . '

The impr‘c‘wément obtained by linearizing thg LM-380 .t;ljar_acteristic,
is due to the reduction of the nonlinear distortion. This mgfns that the
envelope dependent sluppression of the signal levels and the generated
151 (see: Section 3.3),E>ecc;me less sfgnific'ant. The vertical opening of
the signal eyes increases,resulting in better system performance. In
Figure 5.5 mea;.sij't*ed eye d.iagrams of a 4-PAM signa! before and after
linearization are given. We note that the outer eyes of the «fgnal have

opened slightly and the IS| has been reduced. On the other han‘d,by
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adjusting the decoding thresholds we increase the distance‘slf‘o.f the re-
ceived‘signal levels from their ;:orresponding lower thresholdsﬁ (see Sec-
tion 3.1 and Figure 5.4). This results in an additional improvement in
the error performance. ’

The spectral regrowth reduction accomplished by linearizing the
= LM-380 characteristic,is shown clearly in Figure 5.6. It is due to the,

reduction of the signal elnveiope fluctuation. The reduction of the spec-

tral regrowth is important since it also reduces the adjacent channel in-

terference.

g
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Conventional thresholds
— — — Adjusted thresholds

Figure '5.4. Eye digaram of a 4-PAM signal with the LM-380
amplifier, Computer simulation results with
a=0.2 Nyquist filters. The initial transmitted
levels were #1,+3. The gain of the amplifier
has been removed.
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Horiz, 1 ps/dlv.
Verf. 200 mv/div.
fb: 413,3 kb/sec,
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Fia, 5,5(a}), Measured eye diagram of g 4-PAM signal with the
LM-380 amplifier, Filters with‘a=0.2&were used.
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fb= 413.3 kb/sec.

~

4 dB Qut.Backoff,

Fig, 5.5(b), Measured eye diagram of a 4-PAM signal with the
' linearized LM-380 amplifier, Filters with a=0.2
were used. '
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Reduction of the spectral regrowth of a 4-PAM
signal by linearizina the LM-380 AM-AM charac-

teristic, The signal rate is 413.3 Kb/s.Nyquist
filter with a=0.2 is used.
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5.2 PERFORMANCE WITH THE COMPENSATED LM-380 , H-261
CHARACTERISTICS AND THRESHOLD ADJUSTMENT.

5.2.1 Error performance

The error performance; of various PAM schemes with the
LM-380,H-261-_ and the compensated LM-.380,H-26‘|';' characteristics, was
— computed using equations 4.7. The coefficients of Table 4.2. with m=3

and n=3 were used.The error performance of the various PAM schemes
when.both threshold adjustment and linearizatisg, are considered was
_ also computed. The obtained results which afe drawn in Figures 5.7

and 5.8 show that:

i1The total improvement obtained in the error performance s very
significant. The best operating (Qooint {where the sum of S/N ratio and
Qutput Backeff is minimum) is mioved closer to saturation,3 dB for a
4-PAM scheme and morle than 5 dB for a 32 PAM scheme. This increases

the power utilization efficiency of the system. The reasons which led to

the performance improvement were explained in the previous Section.

i) The improvement obtained by linearization (_coméensation) is. more
significant for the higher schemes,while the improvement obtained by
adjusting the decoding thresholds is more significant for the lower
schemes. The reasons a.lr'e‘.the following. As we mentioned before,the
nonlinear distortions affect tﬁéi.opening of the signal eyes. The size of
the eyes of the higher schemes are sufficiently smaller .than that of the
lower schemes (assuming the same transmitted - power for all
schemes'),which makes them more sensitive to the nonlinear distortions.

" Thus it should be expected that the reduction of the distortion obtained
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by 1inearization will affect more the higher schemes. On the other
hand,the threshold adjustment‘can be’mor'e' significant in large size éye'._a
and thus it will affect more the lowec! schemes.

— —

iii)For each scheme the improvement obtained by adjust’ing' the

threshelds becomes negligible over a particular operating point. This

- .

happens because the outer eyes of the signal are almost closed due to

the nonlinear effects and the systerp has almost failed.

5.2:2 _
Spectral regrowth reduction

The spectral regrowth reduction due to the cor.npensation of the
LM-380 ancj H-261 characteristics ‘is shown in Figures 5.9 (a) and
(b),where the inphase and-quadratur'e spectrum for a 4-PAM sc'heme are
drawn. It is due to the reduction-of the signal enve]obe fluctuations.
We notice that the improvement obtained in the spectrum of the inphase
component for operation at 7 dB Out.Backoff is about 8 dB. The im-
provement obtained in the spectrum of‘ the quadrature component is
even more significant. This is expected ,since due to the low phase ro-
tations of the compensated system the quadrature component is not sig-
nificant. In the compensated system the AM-AM conversion has the ma-‘

jor contribution to the spectral regrowth.

>

Due to the spectral regrowth reduction the adjacent and cochannel
"B

channel interference are also reduced.
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Figure 5.7. Improvements in the performance of 8 and 16 PAM

signals obtained by linearizing the LM-380,H-261~
characteristics and by adjusting the decoding =
thresholds. Computer simulation results with 0=0,2
Nyquist filter. Both signals have the same symbol
rate. '
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~ 7 Figure 5.8. Improvements in the performance of 4 and 32 PAM signals
obtained by linearizing the LM-380,H-261 characteristics
and by adjusting the decoding thresholds. Computer simu-
lation results with o=0.2 Nyquist filter.Both signals:
have the same symbol rate.
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5.3 PERFORMANCE WHEN ONLY AMPLITUDE OR PHASE
COMPENSATION FOR AM-AM AND AM-PM NONLINEARITIES IS
CONSIDERED.

Following the analysis of section 4.1.4 we computed ,the improvement
in the S/‘N d\egradation,when only Amplitude linear‘iza_tiop or Phase com-
pénsation' is considered for the co:bined AM-AM and AM-PM effect.
From the results drawn in Figure 5.10 we conclude that:

- SN
i)The improvemen_’g‘?stained when only amplitude linearization is con-

sidered is not significant compared to the improvement obtained when

both amplitude and phase linearization are employed. -

4

[i)The improvement obtained when only phase compensation is con-
sidered is more significant than the amplitud:_- linearization. How-
ever,generally this depends on the nature of the AM-AM and AM-PM

characteristics.
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Chapter VI

CONCLUSION
In this chapter the most important results of our study are summarized.

The effects of amp!itudé and phase nonlinearities on multilevel PAM
signals were investigated. Specific AM-AM and AM-PM amplifier charac-
teristics were used. The conclusions that can be made by analyzing

the obtained simulation and experimental results are the following.

i) The degradation in the system performance,is dependent on the

nature of the channel nonlinearities,the number of the signal levels
and t‘he.transmit filter shape. The sensitivity of the signal to the nonli-
nearities increases rapidly with the number of levels. The degradation
increases significantly, when the operation point is changed -from t.he lin-

ear region of the amplifier characteristic towards saturation.

ii}The interaction of envelope fluctuations due to filtering,with the

3
pa————d

nonlinear distortions caused by the power amplifiers,give rise to spec-
tral regrowth effects which cause adjacent and cochannel channe! “inter-

ference.

iii) It is found that for the higher schemes,the major cause of per-
formance degradation is due to the AM-PM conversion. However, genér—
ally this depends on the nature of the AM-AM and AM-PM characteris-

tics .
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iv)The means to' limit signal distdrtions,are either to -operate the
power amplifiers at average power levels which are significantly below
the output saturati'on power,or to predistort- the signal before amplifica-
tion so as to make the overall system more linear. Predistoi‘tion'l.ineari-
zation increases the power utilization efficiency and reduces the spectral
regrowth. The improvements obta_inéd are very significant espec{ally for

the higher schemes.

v)Significant improvement in the error performance was obtained by

adjusting the conventional decoding thresholds. The improvement is

L

more significant for the lower schemes.

('\-.
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Appendix A

IMPLEMENTATION AND PERFdRMANCE EVALUATION OF
A 4-PAM SYSTEM

A DESCRIPTION OF THE HARDWARE IMPLEMENTATION.
. c _

A photograph of the implemented 4-PAM encoder-decoder circuit is

shown in Figure A.1. We explain the system operation in the following

paragraphs,
4
A.T.1 Description of the Encoder circuit. | -

The following description refers to circuit diagram of the 4-PAM en-
coder drawn in Figure A.2 . The symbol rate clock (clock-2),is derived
through 3B by c?ividing the bit rate clock (clock-1) by two. The incom-
ing binary data stream consis.ting of 1 ad ‘0 which are represented by
5V and 0V respectively,is serial to paraliel converted by 2A and 453.
The D/A converter {3A) converts t’he input paraliel binary signals (Q1

and Q2) to a 4 level (i.e. 0,1,2,3) waveform according to Table A.1.

Q1 Q2 A
1 1 3 1
1 o | 2
0 1 1
0 0 0

Table A.1. Encoding table with reference to Figure A.2.
- 96 -
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r

Photoaraph of the implemented 4-PAM

encoder-decoder,

A1,

1aure
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A dc balancing adjustment and level magnitude control is pr:')vided by

<

: (8
C4A. A current amplifier (1B) . is used to drive a 75 Ohm load which is

the input impendance of the used raised cosine filter. The wideband

generated signal will be bandlimited by the filter to achieve spectral ef-
I

ficiency.

The symbol rate clock triggers a set of two one-shot multivibrators
(2B) to generate the required sampling clock (clock-3) which will be
wired to the decoder. The delay and pulse width of the sampling clock

is adjusted by two potensiometers.

A.l1.2 Description of the Decoder circuit. _

Refering to Figure A.3 the received signal r{t) is first amplifiea by 1C'
After the amplification the signal is passed through a 4-level quantizer °
conéiéti'ng of three voltage compar.ators (2C-4C) and three D flip-fiops.
(5C). The thr‘eshéld>voltages V1,V2,V3 are set properly in the middle
of each eye of the eyé diagram. We define as Fic the sampled value of

r{t) att=kT +T ,i.e,

where k is an integer and T is the sampler's phase which is to be ad-
justed to the optimum sampling instants. The output of 5C depends on

the location of ry ,as illustrated by Table A.1.

Finally the two parallel bits (A,B outputs) are converted to a serial
- . ' ~ . ’
bit stream (1D to 4D). This completes the description of the circuit op-

eration.
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Range 74174 - 7408
Qi Q2 Q3 A B

Visn 1 1 1 .0 1 1

VQSri(S. 4 0 1 0 1 0

V3< = V2 0 0 0 0 1 :
) <

h= V4 0 0 1 0 CO

7

Table A.2. Decoding tabie with reference to Figure A.3.

A

A2 EXIéERIMENTAL RESULTS AND ‘DISCUSSIONS.

The data pattern and the corresponding spectrum of tEE generated
wideband 4-PAM signal are shown\in Figure A.4 while the evye diag‘ram
and spectrum of the bandlimited r.ecei‘ved signal are .shown in Figure
A.5. Raised cosine filters with a.=0_2 were used. The transmit filter
is x/sinx amplitudé equalized. The filter bandwidth is 124 KHz _g_givep
"by the designer). The 3 dB cutoff fr‘eql.lency fs:

fap
Thus the filter is designed for transmitting data at a symbol rate of:

124/(1+a ) = 124/1.2 = 103.33 kHz.

fg= 2+ fiyp = 206.66 kBaud

For the 4-level PAM the nominal bit rate is

f,= 29206.66= 413.3 kb/sec

The BER performance versus S/N .was measured. for the described
system. The signal and noise powers were measured at the output of

the lowpass filter just before the threshold detectors. The results are
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shown in Figure A.6. As we note for F‘(e)=10m6 the difference be-
tween measured 7and simulated results is about 1 dB. This is due to

the following.

i) Hardware imperfections of the implemented circuit and impendance

mismatching.

ii) Filter group delay which is not considered in the computer simu-

lation .

iii) In the simulation Gray encoding of the 4-PAM sigqal is assumed

while the generated 4-PAM éignal is not Gray encoded.

The measurement set up is shown in Figure A.7.
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.

Ho¥iz. 890ns/div.
_Vert. SOO,;uV/div.

’

Horiz. 50 KHz/div.

Vert. 10 dB/div.

JFIGURE A.4=

I

Measured eye and spectrum diagrams of the

wideband 4-PAM signal generated by the cir-
cuit of Fig.

kBaud.

A.2. The signal rate is 206.66
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Horiz. 890ns/div.
Vert. 200mv/div.

Horiz. 20 KHz/div.
Vert. 10 dB/div.

FIGURE A.5 . Measured eye and spectrum diagrams of the 4-PAM
signal generated by the circuit of Figure BA.2.

Nyquist filters with & =0.2 were used. The sig-
nal rate is 206.66 kBaud.
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LOG —_
2
. 4-PAM
3 _ -
4
MEASURED
5 ~ ' ////_SIMULATED

b | T T T T

14 ;é 18 20 22 24 26 28

S/N  (dB)

FIGURE A.6. Error performance of the 4-PAM signal generated
by the implemented circuit. Nyquist filters with

a =0.2 were used.
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Power Noise Data error Spectrum
meter . Generator Analyzer Analyzer

Oscillo-
SCOpC
Power
supply
Adder .
Raised cosine 4-PAM Clock

filters a=0,2 Encoder-Decoder Generator
] ’ N

-

FIGURE A.7. pPhotograph of the experimental set-up in
the Digital Communications Laboratory,
Department of Electrical Engineering ,

University of Ottawa.

ey



Appendix B

AMPLIEICATION STAGE CIRCUIT DESCRIPTION

The circuit-of the amplification stage is shown in Figure B.1.I1t con-

sists of the following parts.

In the input an operational amplifier (TL-084) is used for input im-
pendance matching and’buffering. The input impendance of the amplifi-
cation stage is 50 Ohm in order to match with the signal sourses (sinu-

soidal gen.erator'or Nyquist transmit filter].

-

The LM-380 audio power amplifier amplifies the incoming signal. In
order to cause nonlinear distortions to the signal,it is operated in full
input range from low input power levels to saturation. The output of

the amplifier is set automatically at one-half of the supply voltage.

The second operétional amplifier is used. for the DC offset of the

amplifier output and for output impendance matching which is 50 Ohm.

'
The amplitude response of the stage (AM-AM characteristic) was

measured using a single tone input and is given in section 2.1. The
power bandwidth of the ampliification stage was also measured and it is
shown in Figure B.2. We note that the gain is constant over sufficient
range for the used bandiimited 4-PAM signal which has a bandwidth of
124 KHz. In the same Figure, the phase of the LM-380 amplifier (as it is

given by the designer) is also drawn. As we see in Figure B.3 the

- 107 -
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phase contributes to additional degradation in the error performance of

the 4-PAM signal.. 3

In this point we must mention that in the computer simulation model
the LM-380 amplifier is assumed phase equalized. For the simulated re-
sults of chapters Ill and V only distortions due to the LM-380 AM-AM

characteristic are considered.
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LOG
2
\Q§§\\ 4-PAM
3 _ .
\\\;
\\\ MEASURED without the LM-380
4 N
MEASURED with the LM=380
' operating in the linear
region. ‘

g -
\\\\
SIMULATED with the \\\

LM-380 operating in the
linear region-not phase \\

6 equalized. \

. — \\ X ,\
4 P \ \
SIMULATED without the LM-38

7 4 or with the LM-380 operating \

in_the linear region and
o +
phase equalized.

A

8 | l ] I " T T y T
14 16 - 18 20 22 24 f/( 26 28

S/N  (d4B)

FIGURE B.3 . Error performance of the 4-PAM signal of Appen-
dix A with the LM-380 amplification stage. Nygqu-

ist filters with « =0.2 were used.



) Appendix C
- IMPLEMENTATION AND PERFORMANCE EVALUATION OF

A PREDISTORTER LINEARIZER FOR THE LM-380
AMPLIFICATION STAGE.

C.1 DESCRIPTION OF THE CIRCUIT.

A photograph of the implemented predistorter is sh‘-awn in Figure
C.1. The following description refers to the circuit of Figure C“.?_.. As
we see the predistorter is a diode based circuit. Although semicoﬁduc-
. tor diodes available tbd-ay are close to "ideal" devices they ha_ve ;eyér:é
fimitations in low level applications. Thus ,due to the low le;/el of the
required signals (see Figure 4.4) the input to the predistorter is first
amplified (1A}. The degree of amplification is such that we operate in
the "linear” region of the diodes. Two half wave rectifiers with dc bal-
ancring adjustment (1B), separate the negative and positive parts of the
signal. This is necessary because of the two quadrant type (one pclari-

ty signals) of the following waveshaping stajes (1C) [20].

The diodes D1-D4 of 'the waveshaping stages have a threshold which
dépends on the value of the wvoltages V1-V4. When the outputs of the
-opergtional amplifiers overcome the diodes thresholds,the corresponding
branches are conducting and the resistances R1 to R4 are placed in
parallel with the resistance R. This changes the gain of the operational

amplifier resulting in a piece wise linear response [20].
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.......... oo uvlnitG\.

" 8%% a% $°6 o°o &4 ‘P&l

[ M-380 stage | Predistorter

Figure €.1: Photograph of the implemented nredistorter
linearizer for the LM-380 amplification
stage. ) _ . p

2
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Fin>al[y the two signal parts are added (2B1) and the resulting sig-

nal is amplified (2B2) so that the overall predist'ortell- gain becomes one.

The input and output inipendance of the predistorter are 50 Ohm.

C.2  PERFORMANCGE OF THE PREDISTORTER.

The single tone measured piece-wise linear transfer characteristic of
the predistorter was given in Figf.:_re 4.4. As we see the slope of the

characteristic is changing as it is shown in Table C.1:

Input range Gain
IR|< 0.12 1.0

Q.12 =< |R[£0.1825 1.45
0.1825 < |f| 2.3

Table C.1. Gain of the predistorter.

-

The effect of the predistorter on the 4-PAM signal generated by the
e_nco.der' ovappendix 8,is shown in Figure c.3. Considering the satura-
tion power of the .LM-380 amplification stage the operating point is 4 dB
Qutput Bagkoif. Only the transmit raised cosine filter is used. We note
that the higher levels of the signal are amplified more than the lower
ones.{ The effect is the inverse of that of the LM-380 nonlinearity. Thus
the overail’ response of the cascaded combination of thé predistorter and

' - n’ .
the LM-380 stage becomes mote linear (Figure 4:4,section 5.1).
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(a)

Horiz. 1 Hs/div.
Vert. 50 mV/div.

4 dB Out.Backoff.

(b)

Horiz. 1 ps/div.

Vert. 50 mv/div.

4 dB Qut.Backoff.

FIGURE C.3. .Measured eye diagrams of a 4-PAM signal at the
(a) input, (b) output of the LIM-380 predisto-
rter. Only the transmit raised cosine filter

5 with O =0.2 is used.



T Appendix D

COMPUTER SIMULATION PROGRAMS.

The simulation programs listed in the first part of this appendix
were used to simul‘ate various performances of PAM systems,such as the
- performance in nonlinear channels land the performance in the linearized
channeis,v;'ith or withoult threshold adjustment. The programs .listed ir;‘
the second part,were used to fit the various AM-AM and AM-PM charac-
teristics with suitable models and to optimize the coefficients of the

equations which we used in the linearization process.

The author of this thesis used,modified and extended numerous
subroutines and programs which were developed by the Digital Commu-

nications Research Group,Department of Electrical Engineering, Univer-

sity of Ottawa.

k]
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FILE: PAM FORTRAN A UNIV D'/OF OTTAWA

C“l“““““““ﬂ*“““**ﬂ“““Hﬂ*”ﬂ*ﬂ**‘ﬂﬂ**ﬂ*ﬂ“H%ﬂ»“ﬂ*»““»ﬂ-**“ﬂﬂ-ﬂ-N“**ﬂ*ﬂ”ﬁ““

C ., PROGRAM FOR SIMULATION OF PAM SCHEMES IN NONLINEAR CHANNEL.
c FILE NAME: PAM . : '

L L Ty T Y
COMPLEX DATA(2621uL), TF(262101)
DEMENSION PLI{GH),EBNO{GO) NI(16380),NQ{ 16384}, PL{GN)
DIMENSION XARRAY(68), YARRAY{68), P{64)
REAL SS{262144),P

INITIALIZE PROGRAM.

ooOo

COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL
COMMON /NUMB2/ NSHNR,NSYMB, BAUD
AlLLPHA=0. 20
c . ALPHA=0, 50
CF=4. -
LDIM=262144
1OFF=0
LSAMPL=16
OFF=FLOAT( IOFF)/FLOAT{ LSAMPL}
NSNR=64
NSYMB=16384
BAUD=200
FBW=100
FFB=FBW"*{ 1., +ALPHA)
WRITE(6,23) FBW,ALPHA,OFF

23 FORMAT(SX,11H 16QAM FBW=,F10.6,5X,7H ALPHA=,f6.3,5X,5H OFF=,F6.3)

ISIN=1
NFILTR=2 a
NRUNS=4
L LMAX=31
=1,

END OF INITIALIZATIONS.

L o m — — — —y — ————— —————

cOoOao

START OF COMPUTATIONS.
DO 100 NR=1,NRUNS
DSEED=135791} DO
CALL RAND (N/l,NSYMB,DSEED)
0SEED=780956.D0
CALL RAND {NQ,MsYMB,DSEED)
CALL SIGNAL{DA. A, NI, NQ)
CALL RCOSTX(1F}
CALL FILTER(DATA,TF}
CALL POWER{DATA,MP,Pf)
GO 10 (1,2,3,4,5,6,7,8),NR
1 Go T0 20
2 BAKOFF=15.4
G0 70 21
1 BAKOFI=13 .4
GO TO 3
b BAKOFF=12.4
GO TO 113 . -

PAMOONDTO
PAMOUUZ0
PAMODO30

PAMOQOLO

PAMOOO50
PAMOOOG0
PAMOGOGRTO
PAMOODB
PAMOOO9V
PAMOO 100
PAMOD110
PAMONN20
PAMOD T30
PAMODI4O
PAMOO 150
PAMOO160
PAMOOT70
PAMOO 180
PAMO0O190
PAMUQZ00
PAMON210
PAMNN)Z220
PAMOQZ230
PAMOOZ24O
PAMOO0250

PAMO0260

PAMOO270
PaAMO0280
PAMODZ290
PAMOD 300
PAMON3 1D
PAMOO320
PAMDN 330
PAMOU 3ULO
PAMNGIS5N0
PAMOO3GY
PAMOIZ 70
PAMOU3IBU
PAMOO390

PAMOO4LOO

PAMOOU 10
PAMOOL20O
PAMOOL 3D
PAMOIOLED
PAMOOLS0
PAMOOLBN
PAMOOL 70
PAMNONNHEOD
PAMNOILG)
PAMDOS00
PAMUOS 1D
PAMINOS 20
PAMOOS530
PAMOOS4L0
PAMDOSS0
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FILE: PAM FORTRAN A UNIV D'/0F OTTAWA

~ @ ~N Ohoon

21
u1
1
51

61
20

oaOoon

[oReXe]

99

c
c
100

UHHN»*H#HMHuM\&uuuu«uu#ﬂﬂﬂnnnﬁﬂﬂu»h«fn»u»u“q”qqupuuunu-u‘uuuaunp»--qu--n-

THIS SUBROUFINE GENERATES RANOUM NUMBERS TOR PRODUCING RANODOM (JATA,

COHHHHQ'HIHHHHHHHHHH+M»Hnn»ﬁn«nﬂvﬁonnﬂﬂnnnu«”opu*undnn»nunuunuunnuw-n---n---

G

BAKOFF=11.4

GO TO 5

BAKOFF=0.0

GO TO 21

BAKOFF=4.9

GO 10 21

BAKOFF=3.2

Go 10 21

CALL TWT{DATA, BAKOFF,PSHIFT}
CALL AMPH(TF)

CALL FILTER(DATA,TF)

GO TO 20

CALL TWT(DATA,BAKQFF, PSHIFT)
GO TO 20

CALL TWT1{DATA,BAKOFF,PSHIFT)
GO TO 20

CALL TWT2(DATA,BAKOFF,PSHIFT)
GO TO 20

CALL TWT3(DATA,BAKOQOFF, PSHIFT)
GO TO 20

CALL TWTL({DATA,BAKOFF,PSHIFT}
GO TO 20

CALL TWTS({DATA,BAKOFF,PSHIFT)
CALL ENERGY{DATA,ES) *

END OF TRANSMITTER

CALL SPECT({DATA, PO,NR)

CALL PFOBP{PO,NR, NRUNS)

CALL RCOSRX(TF)

CALL HHGG(TF, PNOISE)

CALL FILTCR({DATA,TT)

CALL SYNCRO(DATA,PNOISE,NI,NQ,MI, MQ, ES, LMAX)

CALL PSPACE(DATA.NR,NRUNS,MI)

CALL DETECT({NERROR,DATA, PNOISE,M1,MQ, NI, NQ,LBNO, P[,E5, LMAX)
CALL DECODI{NERROR,DATA, PNOTSE,MI NI EBNO, P, P[,ES, BAROIE, NI

CALL THE DRAWING ROUTINE

DO 99 1=1,NSNR

XARRAY ([ )=EBNO( 1)

YARRAY( t J=PEL 1)

CALL DRAWCN{ 11D, XARRAY, YARRAY , NR, NRUNS )
CALL THE EYE DIACRAM ROUTINE

CALL EYEQ{DATA, NR, NRUNS)

CONT INUE

STOP

END

SUBROUTINE RAND({ IR, N,DSEED)
INTEGER IR({1)
DOUBLE PRECISION DSEED
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PAMOOY OG0
PFAMLIOS U
PAMOUY B
PAMODSSD
PAMOOGOHND
PAMIOYR 1Y
PFAMBNG, D
PAMONIIG IO
PAMULIGIO
PAMDOGSD
PAMDOGGD
PAMNNG N
PAMUNGHED
PPAMOIGO0
PAMOQ 700
PAMOO IO
PAMDO 20
PAMUU T IO
PAMDO TILD
PAMOI TS0
PAMOL 7O
PAMOOT 70
PAMOG T8O
PAMUO 90
PAMOOBOY
PAMDOSBI0
PAMOOBZ2D
PAMOINB 0
PAMOOBRN
PAMOOIASN
PAMODIBH
PAMOOR O
PAFIMIARD
PALOOR0
PAMOOOO0
I*AMEHIIY
PAMOUG
PAMOY9 30
PAMOO9U(
PAM(I1G514)
PAMUNGOI)
PAMONOD N
PAMOEIRN
PAMOOYYE)
PFAMD 1000
PAMOTONM)
PAMIZTO20
PAMHIYEO 1Y
PAMIL Lt
AP R IR R EERNTD
PATHITO )
PAMHG T D)
PAMO 080
PAMI) 1090
PAMO 11010}



P
JRILL: PAM FORTRAN Al UNIV D'/0F OTTAWA
naowonn r -t N
H GCOUBIS{DSELD)
111y -1FIX{R)
1F{ ROLE,D.031) IR[{1)==31 .
ITI{R.GT. 0,031}, AND | (R.LE.O.062)JIR(1)==29
FOLIR.GT Q. 067 ) AND , (ROLE.D NV IR{ ) ==07
PEEe s a0ty , Al Hoir, a1y gy =0y
PHi. s, o, 120y, AND (R LD 0 I HIREL) =2
VEE. G 0, 19% ), AN {RLOLL 9 180 HIR{1)-=210
PEL{RLGE, 0, 186}, AND (RLE. . M 71HIR{)-=-19
H{{R.GE, 0,217}, AKD (R.IE, U 2uB))IR( ) )==17"
LRI, GT, 0, 2088), AND {RLL.D.2D))IR{T)--15%
RO, GT. 0,219, AND (RLE. 0L 3YY) AR{1)=-113,
TONRERL G0, 3) L ANHD (ROLE. D 3N IRET) =11
JHTR.GT. 0, 3u1) , ARD (ROLE.O.ITP1IR(1)=-9
Th{gn, G, 0,372, AND {HOLE O BUS IR 1)~
H{{R.CT.Q. LYY AND , (ROLE.OWZUIIIR(T)=5
CHETHLGTL O Q30)  AND , (RLLE.ULHBS ) ) IR 1 )==3
VE{R. GO 465 ). AND | [REE D U96)YIR(1)=21
. FERL{R_GI. O 4Y96) ., AND [R.LE. O S27) IR 1}
ITLIR.GE 0,977 . AND {RLLE.O.D58 )R 1)-)
THOGR.GE, .5%B) ., AND [HOEE. D 9B ) 1R )=9
LI GL 0,989, AlD (R.LE.O,62)) IR(E)=7
IR, GT 0.6 . AND (RAUE.O.691))IR{1}=9
IF[{R.GT,0.6%1) . AND (R,LE.Q,.GB2))IR{1}=11
IH{{R.GT.0.682]).AND (R.LE.O.T13})IR{[}=11]
FH{{R.GT. O, 711) . AND (R.LE.O.TUU}YIR{1)=15
LE{(R,GCT. 0, 2uh) . AND {(RLLELOQ,77S)FIR{1)=17
HO(R.GT. 0,775} . AND (ROLE, U, BUO))IR{1)=19
TELIR . GT, 0,806, AHD (RLTE O B37)FIR{L) -t
TELTR, G 0,837 ARD L L(R.LE.0L.BOB)IR(1):2]
VLR GT 0868 AND (R LEL0.B99) 1 IR(1)-2%
PRIIR. G OLBU L AND | (RATD.0.9IN))IR{1)=27
FOG{HLGT O, 2300 JAND L (HULEL O 901 ) IR{1)-29
TEE{RLGT 0,961 ) AND | (8. LE 0 208 IR T 3
LR G U 9961 1KET) -~
Stumy  UOHTCNOF
1t TUKN
[ND
CI.I.IIIIl-ll‘lﬂ'Illl'ﬂ...---'..l.l.ﬂ’-.-I.IHQHIHQQQUQPNIQQ‘OH"
c BIIS FORHE COMPLEX DASCOAND S1CHAL
( "1 L =CHANHEL SER v
i NG G=CHANNEL SEQ
¢ Bata OUITPUL SIGHAL
! -s hWaAw *.nt..‘-----.c—c.--..-“-------—.Aﬂll-d----ﬂnlqnulﬂﬂd‘-‘Id-qh
SIMIROUTINE S1GHAT [DATA_HL,HQ)
COMPLEX DATA{T)

DINCNSION HI{ Y)Y, NO(1)

LONMON
CUNHON

JNUFRY /S
, BtIR .

TH
i

Jt

Jel

N

)

12V HSTYMR
Iy SAMEPL

PHW, AL PHA L DI,
NUHIL, NS, (AN

SHHAT | 1 SAMT)

TOEF | SAMPL

Fo Sl SYMBEO

F1=0)"1 SAMEL &
T =USAMIML

N 3 J3-41,42

=t
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PAMOT Y I
PAMO L2U
PAMOY L 3D
PAMUY 14O
PAMO 150
PAMOT 1AN
PAMDY T D
PAMOIT 180
PAMU 1YY
PAMO I 200
PAMDIZ IO
PAMUI2P0
PAMDI230)
PAMOI RO
PAMO1250
PAMUI1260
PAMDI2T0
PARGI 280
PAMUT1290
PAMO 300
PAMOT 30
PaM(It32n
PAMOI3I0
PAMIYY 341
PAMO1350
PAMD1360
PAMDT13ITO
PAMOT 380D
PAMOIT 390
PAMOTLOND
PAMOILTIN
rAMOIL20
PAMOT L 30
PAMITUNO
PAMOTLRD
PAMO 1 LOO
PAMLY T /0
PAMUO TLBL
PAMOTHOUQ
PAMOIS00
PAMDTNID
PAMINITS 20
PPAMIETY U
BALNE S i
PALTEEL S50
PARDTSA0
PAMI15T0
PAMDI580
Partir sag
PANMO G
PAMIELA T
PALID L
PAMDI1GIO
PARU 1 HLO
PAMO 1650



FILE: PAM FORTRAN A1 UNIV D'/0F OTTAWA

SJ

DATA()3}=CHPIX{FLOAT{NI{1}).0,0)
COUTINUE

RETURN

END

ML R R R R N L NN

G RAISED GOSINEG FIUIER WITH ARBLIRARY ALPHA AND R/ S1HN
‘:ﬂ““.‘““‘l“h”““u“'nhﬂ”.Nlﬁﬁlll‘ﬂﬂ‘ll.ll'UIl'”'““ﬂlﬂ"D“nﬂn‘lﬂ‘““ﬂ.'ﬂﬂ‘
SUBROUT INE RCORTX([F)
COMPLEX TE{1)
COMMON /NUMBY/ FBW,ALPHA, LDIM, 1OFE, 1 SAMPY
_COMMON /NUMB2/ NSNR, NSYMB, BAUD
SHANDW- BAUD*L SAMI'
NO-LDIby2
NO1=NO+)
LF {ALFHA.FQ.0) ALPBA=O, U
LD M ( FOW/SBANDW)
(1.-ALPHAY*tN
{1.+ALPHAY*IN
SITEXLEN)
PEX{T1 )+
r

1
1
!
1
TFIX{F2})+1

r
F1=
F2=

-

C THE AMPLITUDE CHARACIERISTICS

A1=3, 1015926/ (2. *FTLOAT{ IFN))
DO 8 I1=2,1F1 o ’

TF{ ) =CHMPLX( 1.0, 10, 0)
SRR

X/SIN(X ) EQUALIZATION

I viel

A2 (TLOAT(U)=ANA{BIH(TLOAT[II"AT Y
TECEY- CHPLX(AZ, D 0)
8 COHTINUE
JRSTEI#
DO 9 J=JK, 182
1=J-1

C ROOT OF RAISED COSINE

TOFSOATLLI*AY ). (STNIFLOATL Y%Al )
l5_11|1','l;'r.,‘(‘,‘_|l".‘\[E'N,\‘]‘fr;’:]-‘-l(l}.'ilH.\I(Ii.‘t]!-T_}
Ty OMPLA(SOBTIO. 9" a0=S1R( A1), 0.1
Fod)-TH(JI*CHPLA{AS, 0,0)

ONT ITHUE

JH=1F2+7,

DO HY 1= JH, N1

RO ) - CMPLN{O, Ux 0 1)
10 CONT I HUL

COMOD N0+

PO S o0 HOL,LUN

FEC I =CONJG{ TFLDIM+2=11)
5 CONTINUE

2
hY
Ty
1
[
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PAMD 16O
PAMUNI G ] tY
PAMDIGBO
PAMU1GYS0
PAMOYTOD
PAMUY 210
PAMOT S0
PAMGET S 40
PAMLIL fUin
PPAMOL 7418
PAMO T
PatoN f tn
PAMOT TR
PAMOT 790
PARMU B0
PAMINIB IO
PAMONTHM)
FAMODIA O
PAMUOTHND
PAMIYTHGO
PAMDIIOO |
FPAMODIHB 0
PAMOTIBHY
PAMU T YO
PAMO 1900
PAMO1910
PAMO 1020
PAMO 130
PAMU 1YL
PAMD 105
PAMOI G40
PAMOTT {0y
AR Gl
PAM 1090
PAMO
PAMO OO
AR )
ARG 0
PAMO2 D40
PAMI TSN
PAMDHIG T
FAMO N D
IPad i
PPAME e
AN T
PAMO TN
PAMOD T
PAMOZ T30
PAMUL THGO
PAMEO 0
AN L
PAM Y
PAMUZ T HI
PAMOZ 190
PAMOZ 010
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FILE: PAM FORTRAN A1 UNIV D'/0F OFTAWA
" RETUHN
ENU . ‘
C"HQQ“”Q*lII“"ﬁ“‘lO'Iﬂ.ﬂ*ll*“l“ﬂ‘ﬁ“ﬂ“ﬂ.l*ﬂ““l'nlﬂ*ﬂdhﬂ'.“'ﬂ
[ RAISED COSINE FILTER WITH ARBITRARY ALPHA

AN R AL RN AL RE LS RSN E ARl RREEEEEZEERREERLENEER SRS

SUBROUTING RUOSRA{ 1)

COMPLEX TF(1)

COMMON /NUMB1/ FHW,ALPHA,LDIM, IOIF, LSAMPL
COMMON /NUMB2/ NSNR,NSYM8, BAUD
SBANDW=BAUD* LSAMPL
NO-LDIM/D

NO1=NO+1 ‘
. 1F (AL PHALEQ.U) ALPHAZO, 0001
FN=LODIM*{ FBW/SBANDW) ’
F1={1.-ALPHA)*FN . .
F2={ 1. +ALPHAY*TN S .
IFN=IFIX{FN) Y
IFT=IFIX{F1}+1 .
IF2=IFIX{F2}+1
C
C AMPLI TUDE CHARACTERISTIC )
C
A1=3. 151592/ (2. *FLOAT( IFN))
Do 8 1=2,1F1
TF{1)=CMPLX{1.0,0.0) .
J=1=1
TRUI)=CHMPLX[{1,,0.0)
8 CONTINUE -
JE=1F1+1 e
DO Y J=JK, 12
1-J=1
¢ :
C ROOT OF RATSED COSINE
C .
AL TR LD ONALPHAI S T TUATT L) AT LOAT{ TENY =1}
TE(J)CHMPLX{SQRT(0,5% (1, 0-SINTA)) ), U.0)
9 CONTINUE . :
JH= | F2+1
DO 10 1=JH,NOT
TELLY=GHPLX({0., 0,0, 0)

100 CONTINUT
HO? NOT +1
DO S N, LDIM T .
THETI=GONJG{ TR{LDIM+2=1))
5 CONTINUE
RE TURN
FND

[[(PRBRUKG h LML A RN AR R B RN RS s AR R RS h .Y

C THL FOLLOWING SUBROUT INE PERFORMS THE TILTERING
G PROCESS ON THE DATA SEQUERNCE.
L N Y Ll T
¢ !
SUBHOUTINE FYLER(DATA,TL) -
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e

LFILE: PAM | FORTRAN A1 UMIV D'/OF OTTAWA .
COMPLEN DATA{1},TF({1)
DIMENSION I1WK({19)
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL -
COMMON /HUMB2/ NSNR,NSYMB, BAUD
CALL FFTPC{NATA 18, IWK)_
(FIATR TE  BHR N -

L DATAL L) =CONJG{DATAL L TE( L))
CALL FFT2C{DATA, 18, Wk}
Do 2 I1=1,LDIM
2 DATA( }}=CONJG(DATA(1))/TLOAT(LDIM)

Rt TURN

LHD
Cnunnnuwnnuauununnuunnhuuununununnnnunnnun»unnunnndnnnnun .
G THIS SUBROQUTINE COMPUTES THE CIFECUIVE NOISE {PNOISE)
C Al THE OUTPUT Ot IHE RECE!VE FILTER

Cﬂﬂﬁﬂ“n‘lPﬂﬂﬂﬂ'”ﬂ“”ﬂ“hﬂ'““”hﬂﬂ.ﬂ'ﬂ“ﬂbﬂﬂﬂ&ﬂﬂﬂﬂﬂ*ﬂﬂﬁ‘ﬂ*ﬂﬁ!ﬂw“
C .

SUBROUTENE HHGG( TF, PNOISE )

CONPLEX TI{1)

COMMON /NUMBY/ FRW, ALPHA, LIXIN, LOFF, LSAMPL

CUOMMON /NUMB2/ NSHR,NSYMB, BAUD

SUM=0,0

SHANDW=BAUD* L SAMPI.

DO 1 L=1,LDIM

HH={CABS[TF(L)))""2
1" _SUM=SUM+HH

PNO1SE=SUM*SBANDW/FLOAT(LDIN) /2,

WRITE (6,2) PNOISE

FORMAT{SX, "PNOISF ', F7.1,,)

RETURHN :

EHD
C“”““““ﬂ““**‘l””“““DNHNHNQ”NQN“Ihﬂd““”“ﬂ““*“'ﬁl”ﬂ“QN...Q“N“
C CALCULATE ENERCY (ES)

C [AZEEEREE X ENESEEERE SRR ST RY YRR SRR SRS EEERRAXEE RN 2 X
SUBROUT INE ENERGY(DATA,FS)
COMPLEY DATA{ 1)
COMMON /NUMB2/ NSHR, NS /MB, BAUD
COMMON /NUMB1/ FBW,ALFHA,LDIM, IOFF, LSAMPL
WATTS=0,
D0 1 1-1,LDIH
WATTS=WATTS+( {CABS{DATA[ 1)) 1%m0 )
1 CORTIHUL

WATTS-WAT TS, (TIOAT{I D
LS-WATTS/BAUD
WRITE (6,50) WATTS, ES

i FORMAT(5X,E1%.8,5%,£15.8)
RETURN
END

ra

ML R N e R A L

C THIS SURROUT INE DRAWS PROBABILITY OF ERRUKR CUHVES

L T Y R R
SUBROUT INE DRAWCHN( I D, XARRAY , YARRAY  JCURY, J1 AST)
DIMENSION XARRAY(68), YAPRAY(68). X[ 64),v{6h)
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FILE: PAM FORTRAN A1 UNIV D'/0F OTTAWA

COMMON /NUMD1/ TBW,ALPHA,LDIM, FOFF LSAMPL
COMMON /NUMB2/ NHNR NSYHB BAUD
Lr=2,0
M=NSNR .
NNSNR=NSNR
DO 1 K=1,NNSHNR :
NARRAY [ #} SARRAY(R}+# UL SALDGTO(LET }
H{YARRAY(K).GLL 1.0} YAFRAY(K]}-1.D
LE{YARRBAY(RY . LE. T, 0t =-9) GOTO 3
GoTo 1
3 M-K-=1
GOTO 1 .
1 CONTINUE :
f GONT I NLUE

|=M+1
1121+
XARRAY( ) )=4, 0
XARRAY{ 11)=3
YARRAY{ | }=1, -9 T
YARRAY( 11)=0.14
11 {JCURV.GT. 1) GOTO 2
C
C ESTABLISH FHE SURIACE AREA.
C
CALL PLOTS(210.0,27.5)
CALL FACTOR(0.85) ~-
c
G ESTABLISH THE ORIGIN,
Cc
S CALL PLOT(3.0,1.5,-3) . !
c ;
C DRAM 'HE LOGARITHMIC Y-AXIS.
o
CATL LGAXS((. 0.0, 0, 29HPROBARILI 1Y OF A SYMBOL ERROR,Z9,2%.,
+q0, 1, 0F=-9, I}
o
o DRFAW THE LINFAR X-AXIS,
W

CALL AXIS{(D.0,0.0,11H C/N N DB,-11,
+27.0,0.0,4.0,3.0) )

CALL 1 GLIN{XARRAY, YARRAY M, 1,2, JCURV, 1)
1F{JCURV.EQ.JLAST} CALL PLOT(0.0,0.0,999}
KI THRN

CHD

c”ﬂ"“"ﬁﬂ**”"ﬂ"“Qﬁﬂﬂﬂﬂ”"”ﬂ*"ﬂ”ﬁﬂ"ﬁn*”ﬂﬂﬂ*””*ﬂhﬂﬂﬂﬂﬂ*”""*ﬂ“*hﬁ**

C TH1S SUBROUTINE DRAWS THE £YE DIAGRAM FOR TWO
C SYMBOL. DURATION,

(‘N“ﬂﬂIl”-v'OUQ““HNuN"NMN”N-—NNM‘N»HM-‘"U*NRK CEEREEEL LR EREES R SR A1

SURROUT INE EYEQ{DATA,NR,NRUNS)
DANENSTON DATAZ(AG),DATAT(66)
COMPLEX DATA{ 1)
RLAL XLEN, YLEN

_INTEGER NR, NRUNS

124

PAMO3 S0
PaAMD3 320
PAMOI I 3L
PAMO3 340
PAMU3I 350
PAM(3 360
PAMIFI3 N0
PAMUISBD
PAMO 3 590
PAMOILOIO
PAMU3ILIO
PAMOI3L20D
PAMO3N30
PAMIF NGO
PAMD 350
PAMDIUGD
PAMO34TQ
PAMO IGO0
PAMNILOO
PAMD3500
PAMOIIS 10

PAMO 3520 .

PAMD 3530
PAMO3ISHO
PAMU3S550
PAMO3560
PAMQ3570
PAMO 3IS80
PAMUYISTO
PAMNIGON
PAMU3G1U
PAMOIG20
PAMI30 30
PAMD3HNY
PAMNZ6SH0)
PAMOIOO0
PAMDIAGTO
PFAMDiGBO
PAMO3SIU
PAMO3ITN0
PAMOITIO
PAMO3T20)
PAaMO3 30
PAMGITHD
PAMIYE . b
PAMOZ 760
PAMOLTTO
PAMO3T780
PAMOITO0
PAMIL R

PAMOIBTO
CPARG LBRSD

PAG3AIN
PAMO3BHO
PAMO3LS0



FILE: PAM -FORTRAN A1 UNIV D'/0f OTTAWA

COMMON /NUMBY/ FBW, ALPHA,LDUM, 10T, LSAMPL
COMMUN /NUMB2/ HNSNR, NSYMB, 8AUD
C CSTABLISH THC SURFACE AREA.
IF {NR.NE.1)} GO TO 15
XLEN=4D . OM*FLOAT{NRUNS)
YLEN=27.5 ’
CALL PLOTS{XLEN, FLEMY
9 FSTABLISH THE ORIGIN,
CALL PLOT{3.0,13.0,-13)
GO TO 110
15 CALL PLOT(HQO.U,D.0,=3) P
(&) WRITD THE TITLE OF THE GRAPN.
110 CALL SYMBOL{ IO, 0,12,0,0,49, 1/HL=PAM EYF DIAGRAM, 0.0, 1 1)
¢ DRAW THE TIMLE AXIS, .
CALL AXIS{O.D, 0,0, 1H ,=1,32,,0.0,1.0,1.,0}
c DRAW THE AMPLITUDL AX1S,
CALL AXIS(0.0,-8.00,1H V160,900, -32,,4.0)
C PLQ1 THE DATA.
JJ 2L SAMPI,
DATAZIJI+T =10 .
OATAZ(JJ+2 =4, 0 - ' :
ODATAZ(JIH1 )= .0
DATA3(JJ+2)=1.0
M2=750
DO L0 KK=1,M2
DO 20 I=1,4J .
Il hK=1)#LSAMPLY | -
IF (11, GT.LDIMY i1-11-LDIM
DATAZ{ 1 )=REAL{OATA{1])}
20 DATA3(1)=FLOAT(1)
CALL LINE(DATAZ,DATAZ,JJ,1,0,0)
b CONT INUE
IF {NR.NE.NRUNS) GO TO n

CALL PLOT(0.0,1.0,999) P
T RETURN : /
END , ,

. <
CHHHHHEEHHHHHEHHHEEEHARHHAH AR R H AR HEHH AR HEHR R RN R HE B RH B HW
c THIS SUBROUTINE SIMULATES THE BASEBAND AM-AM
c NONLINEARITY OF THE LM-380 AMPLIFIER

Cﬁ»*ﬂﬂ“‘-&*#*»nﬂ*##n«h\“ﬂnRNNHM#“ LR R L L R RS LR NE Y Y

SUBHOUTINE ITWTTDATA, BAKOQET APSHIET ) -

COMMON  /NUMBT/ EBW, ALPHA, LM, TOEE | SAMTY

COMMON /NUMBZ/ NSNR, NSYMB, BAUD

COMPLEX DATA(1)

REAL MP,C(80),0(80),6(80),L{80)

DATA ZPMAX, ZOWAX, VMAX , VO/1. 010, 0 000, 1,350,171 414/

DATA AT AZ AY AT, AQ AT ALY, AIS, A7/, 0021619, =0, NGIBIGT 01, %G9 ][
A=, BOTH303, -0 817838, 2.0030622,-1.2011508, 0, 2090589, 0,101/

DrTA B1TBILRS,BT.RG, BT, B3, 315, BEZ/Q0. 0, 0. 0,0, 0,0.0,0,0,0,0,0.0,
AU UL ,

PARI=(CU(Cf (ATTHYHA2HATD ) XHH2HAT L JHUBHDLAT T ) HNHED LA ) #
HAPHZEAT YU RHUDLAG YR HEDEAT I B H D+ A

ZP(X)=P[X)*X
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FILE:

O

20

22

I

12
1)

-

PAM FORTRAN A1 UNIV D'/0F DITAWA

Q(X)= ((L{L(BITHXMHOFBIS | #XRHOLB]J)HXHHDLB] ] | HXHHD 4RO ) #
)

{
ARMMZEDT ) RARRDLRG JHRHUD LB ) #XRH2H0

ZQ{X)=Q( K} *X
ZIX)=SAQRT{ZPIX)**2+ZQ{ X} 442}

TWETH- WO Lih, % ~fAROEF /300, )
PPP=ZOUIWTINYZZP{ THTIN)

PSUIFT-ALANL PP

WRITE (6.2] BAKOFF, PSHIFT, TWTIN

FORMAL(SX, 'TWTA INPUT BACKOIF:', fl, 1,' pB',
! QUTPUT PHASE SHIFT:' F7.3,1X, "TWTiN:', F5.3,/)
MIP=0, 0 :

DO 1% K1, LDIM

MP=MP+( { CABS(DATA(K) ) }1*#2.)

CONTINUE ; .

MP=MP/LDIM

WRITE(G,20) MP

FORMAT(5X, "MEAN POWER:',Fa.u)
FNORM) = TWTIN/SQRT{MP)

WRITE {6,22) FNORM

FORMAT(5X, "FNORMI: ", 8. 1)

DO 11 |1=1,LDIM

DATA[ 1 )=DATA({ | J*TNORMI

CONT INUE

DO 10 i=1,LDIM

X=REAL{DATA{ I}} o

Y=0.0

R=SQRT{ XH*H2+Y#43)

TF{R, 6T, VMAX) ' COTO 17
DATA[1}=CMPLX(P{R)*X=Q(R)*Y, P{RI*Y+Q(R}*X)
GO 10 10 :

DATAL T )=CMPLX[ZPHMAX*X=ZQMAXHY, ZOMAXHK+ZPMAX#Y | /R
CONTINUE

DC 16 t=1,LDIM

DATA( ) J=DATA( 1) /FNORMI /A1

CONTINUF

RLCTURN

END

LA R R R L e LR S R R L R R R TR R vy

THIS SUBROUTINE DRAWS SPACE DIAGPAM

HM“HH*N*'ENN"“H#Hwﬂd*“‘}ﬁ*kﬂﬂ?N%»NWNNH““-*»ﬂ#kﬂ““%**#“ﬂ"#**ﬂ‘*"&

SUBROUT INE 'SPACE [DATA,NR,NRUNS, K1)
COMPLEX DATA(1}

REAL XLEN,YLEN

REAL X(2000),Y({2000)

INTEGER NR, NRUNS :
COMMON /NUMB1/ FBW,ALPHA, L DIM, 1GFF, LSAMPL
COMMON /NUMB2/ NSNR, NSYMR, BAUD
FSTABLISH [HE SURIACE ARFA,
[F{NR.NE.V) GO TO 2
XLEN=LO. % FLOAT ( NRUNS )

YLEN=27.5 .

CALL PLOTS(XLEN, YLEN)

" ESTABL ESH THE ORIGIN.
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e

- "FILE: PAM FORTRAN A1 UNIV D'/0F OITAWA
-
CAILL PLOT(20.0,12.5,-13)
GO 10 3
2 CALL PLOT{LO.N,0.0,-3)

Cc TITLE \ «

3 CALL SYMBQL(-6.0,12.5,0.49, 13HSPACE DIAGRAM,0.0,13)

G DRAW AXFES .
CALL AMS(=16., 0.0, 00,1, 32.0,0,0,-32.0,.,0)

, CALL AXIS(0,0,=-8.0,11 ,1,16.0,90.0,=16.0,7.1)
. c PLOT THE DATA,

X(1999)=0,0
X(2000)32.0
: Y(2000)=0,0
- _ Y(2000)=2.0
’ LMl
DO 4 1=1,1997
K=LSAMPL*[+L
FF (K.GT.LDIM) K=K-LDIM row
Y(1)=(AIMAG{OATA[K) J+ATMAG(DATA(K+1]) )} /P
X{1)=(REAL{DATA{K) | +REAL {DATA(K+1))]/2
4 CONIINUE
« g \ X{1998)=X( 1)
Y{1998)=y( 1}~
CALL LINE {X,Y,1998,1,-1.11)
IFINA.EQ.NRUNS] CALL PLOT{D.0,U.U,999)

WRITE{6,61 . F?
61 FORMAT(5X, ' ---SPACE DIAGRAM |S REQUESTED ~=--'y
RETURN
END
ok R Y Y e R T
C COMPUTAT ION OF MLAN POWER

C*NK***H*HN*NN*H&HH*#“H HHHHHER R HEEHH HRHH B AR NN -
SUBROUTINE POWER( DATA,MP, PF)
COMMON /NUMB1/ FBW, ALPHA.LDIM, IOFF, LSAMP|
COMMON /HUMB2/ NSNR, NSYMB, BAUD
COMPLEX DATA(1)
RLAL MP, PF,XX(655%36), NP
MP=0, 0
Pr=0.0
DO 10 1=1,LDIM
MP=MP+{ (CABS{ DATA( |
TE(PF.LT,CABS{DATA(

10 CONTINUE
WRITE(G,11) Pr
T FORMAT{SX, "PEAK VALUE: ' F5. )
NE=MP/FLOAT(LDIM} -
PF=PFH#®2 /NP :
Go T0 15 -
15 PEF=10. #ALOGIN{ PF}
HR|T[(6.2n) PEONP
S0 FORMAT (9%, "PEAL FACTOR: ' E8.0, " B ' 1X, "MFAN POWIR:' 19,3, /)

RCTURN
run

y)inr2.)
131] PF=CABRS{DATA({1})

C HHBAHHR RN HAH R H B E R RN S LR AR R L L R X R R R T Ty
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FILE

: PAM FORTRAN A1 UNIV D'/OF OTTAWA

THIS SUBROUTINE DECODES THE RECEIVED SIGNAL,

R N R R R 00 R R N R

NI ,EBNO, P, PE, ES, BAKOFF,

SUBROUTINE DECODY{NERROR,DATA, PNOISE,MI
RNILY

COMPLEX <DATAL 1), AMP

REAL P(1), PE{1)

INTEGER L. MT

DIMENSION EBNO[1),N1(1)

v

COMMON /NUMBI1/F7BW, ALPHA, LM, IOFF, LSAMPL,CF

COMMON /NUMBZ/NSHR, NSYMB, BAUD
NERROR=0

DO 1 1=1,NSNR

P{1Y=0.

PE(1)=0.

DO 2 K=1,NSYMB
JT1={K=T)*LSAMPL+HM I

AXBAR=(REAL[DATA(J1))+REAL{DATA[J1+1))) /2.

SS-FLOAT{NI{ K} )*AXBAR

IT (SS.LT.0.) GO TO 153

AMPX=ABS( AXBAR )

AMPE=ABS( FLOAT(NI[K)))

DO 4 M=1,NSNR ,
VARIAN=PNO I'SE*ES*{ 10, ##( =0, 1*FLOAT(M)) )
S1GMA=SQRT (VAR I AN)

CHHEHHEHEHHEEH R R SRR HH

30

4o

50

100

FF{AMPL.EQ.31.) GO TO 30 - .

FE(AMPI.EQ.0.0) GO TO 40
IT(AMPI,£Q,1.0) GO TO 50
THRTE=AMPI=WL

THRZ2 | =AMP+2, -WH
D1=ABS(AHPX-THR1Y)
ARG=D1/( SICMA*SQRT({2.))
1T {ARG.GT.13.) ARG=13,
PEI=CRFC(ARGC)/P.
D2=ABS[ THRZ2 I -AMPX)
ARG=D2/( SICMARSQRY(2.))
IF (ARG,GT.13.) ARG=13,
PEI=PEI+ERFC{ARG)/2.

GO TO 100

THR1 I =AMP | =W
Di=ARS[AMPX~THRT!)
ARG=D1/{SIGMA*SQRT(2.))
P'F (ARG.GT.13,) ARG=13,
PE1=ERFC{ARG)/2.

GO TO 100 -t
THRI1=AMPI+2 (1-WH
DI=ABS{AMPX=THR11)
ARG=D1/[SIGMA®SQRI{2,))
IT (ARG.CT.131,) ARG=13,
PEI=ERFC{ARG) /2.

GO TO 10n

D1=ABS({ AMPX) o -
ARG=D1/{ SIGMA*SQRTI(2. })
PEI=TRFC{ARG)/7.

It {PET.LT. T, E-1%) PEI=0.,0
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ILE:

n =

PAM FbRTRAN Al UNIV D'/OF OT1AWA

PE(M}=PE{M)+PEI

CONTINUE

DO & I=1,NSNR

PE{I)=PE{ I)/FLOAT{NSYMB)
DO 7 1-1,NSNR

PEIYSPI(L)

CONTINUE

DO 8 =1, NSNR
EBNO{ | }=FLOAF( L}

PRINT 150

FORMAT (%X, "ES/NO', 10X, 'P
WRITE{6,15%) (EBNO( 1), P{
FORMAT{5X,F5.2, 10X, E15.6
GO TQ 155

PRINT 154

ROB. OF ERROR', /)
1), 1=1,NSHR)
y .

FORMAT (10X, ' SYMBOL WAS IN ERROR, RUN WAS TERMINATLD', /)

CONTINUE
RETURN
END

»*******N%ﬂﬂ*"*Hﬂ****#*#“*#ﬂﬂ*#***##»ﬂKN&N*NR"****“*”»*HK

THIS SUBROUTINE SIMULATES THE LINEARIZED
LM-380 CHARACTERISTIC.

HEH B BB M B M R

20
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SUBROUTINE TWT1{DATA,BAKOFF,PSHIFI)
COMMON/NUMBT/FBW, ALPHA, EDIM, |0FF, LSAMPL
COMMON/NUMP2 /NSNR, NSYMB, BAUD
COMPLEX DATA({1)

~-REAL MP,R,Q,01,ZP ’
DATA A1,A2,A3/0.98102,3.80665,104.199%/
PIXITAIHNFAZH XS HTLATHRHRG
MP=0,0
DO 15 k=1, LDIM
MP=MP+{ [ CABS{DATA{K) ) )#*2
CONT INUE
MP=MP/LDIM -
WRITE(S,20) MP,BAKOFF
FORMAT({5X, "MEAN POWER:',F8.4,3X, "OPER.POINT:'
FNORM=BAKOTF /SQRT(MP)

+

D0 11 I=1,LDIM
URIA(E):DAIQ;IiﬁlNORH

cONTiNUE

DO W I=1,LDIM
R=REAL[DATA{ 1))}

Y=AIMAG( DATA[ }))

S=ABS({R)

IT{S.LT.0.1) GO 10 35

Q=T HG2*{ P{R)**2)

O1=1,0+), 29%Q* 2+, D 15625*Q**H+0 BONLIHHQH G
ZP T, 500262%P(R)“EXP{-Q}*01
GO §0 1%

ZP=3.311%R

DATA{ | )=CMPLX{ZP,Y)

DATA{ | )=DATA( I )/FNORM/3.311

1+

LFBLUL VYL )
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CONTINUE
RETURN
END

HHE RN AR R REERHHHRR AN R R R R

FORTRAN AT UNIV D'/OF OTTAWA

THIS SUBROUTINE SIMULATES THE COMPENSATION OF THE
AM-AM{LM~-380), AM-PM{ HUNGES-261) NONLINEARIFIES

HABAHR R RN AR RN R AR

SUBROUTINE TWT3(DATA,BAKOFF,PSHIFT) . . v

COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD -
COMPLEX DATA(1})

REAL MP

DATA ZPMAX,ZQMAX,VMAX,v0/1.3,0.55,1. QOO g/
DATA A1,A3,A5,AT,A0,A11,A13, A15 AT/, h63, -0.1424,0,. 6)738
#-2.5“63552.3.2320&52,-1.9768057,U.5927067 -0, 069553? u.u/

DATA B3,B5,B7,B
&0.U53574,

=i, 413

3,811,513.815,817/1.i6H9265.
(M43, 77314234, -6.0660324,2.294553,-0.3385,0.0/

ZPIX)=({{C{{ ({ATTHXHR2HATIS JHXHHDEAT T IHNMHTHA] ] JRRBHDLA0 )"
HXHHDEAT JRXHHDFAS | RXHHDHAT P HXHHZHAT ) #X
ZQUX)=({(L{((BIT4X**2+B15 | RXNUZHGTT) HX#N2+BTT ) #XUR2+B9 )
HXWHDHBT ) RXHNDHBS ) #XHHRHBI ) #X

TWT IN=VO# 10, ##(~BAKOFF/20. )

MP=0.0

DO 15 K=1,LDIM
MP=MP+[{ [ CABS({DATA[K))1#*#2.)

CONT I NUE

MPMP/LDIM
WRITE(6,20) MP
FORMAF{5X, | MEAN
FNORML=TWT IN/SQRI{MP)

WRITE [6,22)
FORMAT{ 5%,
Do 1 I=1

,LDIM

POWER: ', FB8. 1)

FNORM |
"FRORMI: ", FB.4)

DATA(1)=DATA({ 1 )*FNORMI

CONT ENUE

—

DO 10 I=1,LDIM
R=REAL[DATA( [))
GP=1.0PH30UMR-0,2192284R*¥ M1+ 28 TOHUIRR*RG

GQ=-0.5%2

DTTHR#HILN, IH1ITEHR#*5-0, NIBBITHRHHT

B-SORT[GP* 7400412 )

IF(B.CT.

1.418)60 TO §2

ZZ=SURT( (ZP(B)"*2)+{ZQ{B)**2})
[F(R.LT.0.0) ZZ=-2Z
PPP=ATAN(GQ/GP ) +ATAN{ZQ{B)/ZP(B))
DATA{ | )=CMPLX{ ZZ*COS(PPP), ZZ*SIH{ PPP))

GO TO ju

ZZ2-SART{ 1.
IE(R.LT.D,0) ZZ7=-

3““é+n,

H54##1)

2z

PPP=ATAN{GO/GP)+ATAN{O.55/1.13
DATA( | ) =CMPLX(ZZ*COS({ PPP),ZZ*SIN(PIP))

CONTINUE

WRITE [6.2) BAKOFF, PSHIFT, THTIN

FORMAT{ 5X,

TWTa

INPUT BACKOQFF:',fh, 1,' DB',
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FILE: PAM FORTRAN A1 UNIV D'/OF OTTAWA

[eXeFely

#' OUTIUT PHASE SHITT: ' 7O L, IX, "IWTIN: ', F5.3,/)
DO 16 1=1,LDIM
DATA[ 1 }=DATA[ | }/FNORMI /A1
16 CONTINUE
RETURN
END

”»**"NH‘“N‘Q"NN““N“NN“f"'NHNﬂ”ﬂ'.’\Nﬂﬂﬁﬂﬂﬂkﬂ“ﬂNR“N”HNNRﬂ”“”"*"””ﬂ"ﬂ‘lﬂ"hd;‘"n“

THIS SUBROUTINE SIMULATES THE AM-AM COMPLNSATION Of- THF
AM-AM[ LM=380), AM=PM{HUNGLS-261) CHARACIERISTICS,
hﬂ"“HMN#NNNHHNNKNNhNNNNKH,ONNNNNJI LE KR I RN R N R R R RN N T T T R vy PR e )
SUBROUTINE FWIH{DATA,BAKGFT, PSHIET)
COMMON /NUMB1/ FBW,ALPHA,LDM, 101}, LSAMPL
CUMMON /NUMBZ2/ NSNR, NSYMB, BAUD .
COMPLEX DATA[1) f
RCAL MP .
DATA ZPMAX, zuMAx VMAX VO/ 1, 3,0.95, L.01n, 1. 410/
DATA AT, A3, AS, AT, A9, A11 AT AIS AT/ 063, -0, 1026,0,65738,
#-2.5“63552.3.232nn52.-|.9!6305?.0.592!06!ﬁ-n.nﬁ9553?.n,U/'
DATA B3,B5,B7,B9.B11,B13,B15,B17/1.1649269,
&, 053574, -4, 4133043,7,7314230,-6.0660324,2.294553, -0.338%,0.0/
ZP{X)= ((((({((AI?“K”"2+AI)]*X“"°+AI3)“K“”2+A11]“K“““+AQ)"
#x*»2+;\7]nx*»n+A5)»xﬂ-ﬂ-2+;\3 JRXHHDEAT )Y
ZQ(K)‘(((((((BIT"K”*2+BIS)"X”*2+B13)”K**2+811]“X*“2+BQJ*
HAXHH2LBT | HRADLB5 ) HXHH2HBT ) WX
TWTIN=VO"10, #%( -BAKOFF/20.)
MP=0.0 . .
DO 1% k=1,LDIM ’ '
MP=MP+{ (CABS(DATA{K))})**2 )
15 CONTINUE
MP -MP/LDIM ¢
WRITE(G,?2 n) MPp
20 TORMAT{SX, 'MUAM POWER:',F8.4)
FHORMLE - TWT IN/SQRT{MP) . ~
WRITE (6.22) FNORMI
22 FURMAF()K "THORMI: ", r8.h)
DO 11 i=1,LDIM
DATA{ | )= DATA(!)*FNORM]

11 GCONTINUE

DO 10 1=3,LDIM =

R=REAL{DATA[I])}

GP=0. 6939 0PR=11, D659 R* = 3+1), RLYEL A )

LO 0,0

:QRT(bP*"H+GQ”‘2J

IF(B GT. v, 4i4)G0 10 12

ZZ= SQRT([ZP(B)”"’)+(ZQ(U)"*2))

IF{R,LT.0.0) Z2Z=-2Z

PEP=ATAN{GQ/GPI+ATAN(ZQIBY/ZP(RB] )}

DATA{ | )=CMPLX{ Z7-COS{PHP),ZZ*SIN(PPP))

GO T 10 ]
12 ZZ=8QRI{1.3%"*241),55%#2)

[F(R.LT. 0. Q) ZZ==2Z

PPP=ATAN{GQ/GP)}+ATAN{0.55/1.13)

DATA( | }=CMPLX{ZZHCOS{ PPP),ZZ*SIN{PPP)}
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PAMUE O
PAMUES S0
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PAMO /500
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FILE: PAM FORTRAN Al  UNIV D'/OF OTTAWA

1) GUNTINUE . h
wulrE.(G.e; BAKOFT, PSHIFT, TWTIN \
2 FORMAT{SX,'TWTA INPUT BACKOFF:',F4.1,' DB',
' OUTPUT PHASE SHIFT: ', FO.4,0X, "TWTIN:',F5.3,/)
NG 16 1=1,10IM :
DATAL L) DATAL LY /ERORMI
- 16 CONTTHUE o
RL FURN o
END

A}

[ L L R T N I Rt

I THES SUBROUTINE SIMULATES THE CHARACIERISTICS OF THE
G AM-AM (LM-380), AM-PM {HUNGES-261) OR THE
C AM=AM {LM-380), AM-PM ( INTELSAT-V) NONLINEARITIES
Cun*n*nﬂﬂ»**lﬂ**ﬂ*“n“*ﬁ****»nﬂN**N**ﬂﬂ*NH****H***&*HN**N***HH
SUBROUTINE TWTS(DATA, BAKOFF, PSHIFT}
COMMON /NUMB1/ FBW, ALPHA,LDIM, 1OFF, LSAMPL
COMMON /NUMB2/ NSNR, NSYMB, BAUD
COMPLEX DATAL1T) ~—
REAL MP,C(80},0D(80),G(80),E(80) T
DATA ZPMAX, ZQMAX, VMAX,VO/1.300,0.550, 1.400,11 . 414/
DATA A1 ,A3, A5, A7,A9,A1T1,A13,A15,A17/1.463,-0.1424,0.65738,
#~2.5463552,3.2320452,-1.9768057,0.5927067,-0.0695537,0.0/
DATA B3,B5%,B7,89,811,B13,B15,B17/1.1649265,
&0.053574,-4.8133043,7. 7314234, -6.0660324,2,294553,-0.3385,0.0/
DATA AY1,A3,A5,AT7,AG,AT1,A13,A15,A17/1.461936,-0.0975490,0.413073,
&=2,333527,2.9813547,-1,7313,0,4804,-0.0510523,0.0/
DATA B3,B5,B7,B9,B11,B13,B15/0.1769764,6.0393476,~16.5881,20.556,
LE-13.41762,4.4521,-0.591,0.0/
TUPENY LU L {AT TR RZHA TS JRXHHD LA )R UD LA JRXHH2 80 )"
#X""2+A?)"K””2+A5]“K**2+A3)“x“*2+“]
ZIM{X)=P{X}HX
QEXI={ (L {BITHXHRDERIG I HYNHDLR I T HNHHDLRT ] JHNHHD LB ) #
HXHH2HBT )X HD4B5 J#X#H2+B]
ZQEH)=U(R)*X,
Z(X)=SQRT{ZP{X)*"24ZQ(X}**2)
TWTIN=VO* 10, #*( -BAKOFF /20, }
PPP=ZQ(TWTIN)/ZP( TWTIN)
PSHIFT-ATAN{ PPP}
WRITE (6,2) BAKOFF,PSHIFT, TWTIN
FORMAT(9X, " TWTA INPUT BACKOFT: ', ¢h71, " oB',
#r OUIPHT PHASE SHIFT:' F9. b, X, "TWTIN:'  F5.3,/)
Mz, 0
DO 15 K=1,LDIM
MP=MP+[ { CABS{DATA[K) ] **2.)
15  CONTINUE :
MP=MP/LDIM
WRITE(6,20) MP
20 FORMAT[5X, '"MEAN POWER: ', FA. L}
FNORMI - TWY LN/ SGRT(MP)
WRITE (6,22} FHORMI
22 TORMAT{5X,'"FNORM!:"' F8.4)
DO 11 1=1,LDIM
DATA{ | y=DATA([ I }*FNORMI

ocooo

ra
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PAMOIBII2(}
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PAMOBU50
PAMOBOGL
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PAMOBO90
PAMOB 100
PAMODS 110
PAMDIB 120)
PAMOS 1 30}
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THIS SUBROUTINE SIMULATE THE EQUIVALEN
OF THE AM-PM (HUNGES-261) NONLINEARIT

HAHRHEEHE AR RN R RN

PAM _ FORTRAN A1 UNIV D'/OF OTTAWA

CONT INUE

00 31 M=1,80
D(M)=REAL{DATA{M) )
CONT INUE

DO 10 t=1,LDIM

X=REAI {DATA[ 1)}

Y. .0
Y-AITMAGIDATAL ) )
R-SORT[XMHD 4y R )
IF{R.GI,vMAX) GOTO 1D
DATA{ 1 J=CMPLX(P{R)*X-Q{I}*Y, P{RI*Y+Q(R)"*X)

GO 10 10

DATA([ | }=CMPLX(7 PHAX®X=ZOMAX®Y  ZOMAX®X+Z PMAX"Y ) /13
CONT INUE

DU 32 K=1,80
G[K)=REAL(DATA{K)}
CONTiINUE

DO 16 L=1,LDIM

DATA{ 1 1=DATA{ | )/ T NORMI /A1
CONT INUE '

RETURN

END

L2 RS X LLE SN L AR LR R RS R

SUBROUTINE TWT2(DATA,BAKOFF,PSHIFT)
COMMON /NUMBI/ FBW,ALPHA,LDIM, IOFF, LAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD
COMPLEX EPS,DATA(1) -
RIAL MP

DATA A2, A4, AG,A8, AT, ATIZ, AT AIG/Y. 012361, -1, 202852, 0. 1600,

#1.191,-1.267618,0.503055, -0.59495; -0.00U8UF/

2

PUXI={{UI{{ATONXHH2HATL JHXNRZHAT ) XRN2HA LY | PRH*2+AH )"

AXHENDEAG Y AXHHTHAN JHEXBRHDHAD

TWT IN=VOX 1y, **{ ~BAROFF /20, )
WRITE (6,2) BAKOFF TWTIN
FORMAT{5X, ' TWTA TRPUT BACKOFF:',tu.1,' DB',

H1X, TTWTIN: " F5.3./)

20

22

11

MP=0. 1)

DO 15 k-1,0DIM

MP=MP+( (CABSIDATA{K)Y)I* 2.
CONT INUL

MP=MP/ D1

WRITE(G,20} MP .
FORMAT(5X, "MEAN POWER:', F8.0)
FNORMI=TWT IN/SQRT(MP)

WEIIE (§,22) FHORMY
FORMAT(SX, 'FNORMI: ', F8.1) -
DO 13 1L

DATA{ ) 1=DATA[ | }*T HURMI

CONTINUE

DO 10 1=1,LDIM
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PAM FORTRAN A1 UNIV D'/OF QTTAWA

EPS-CMPLX{COS{P(X) ). =SEN[FIX)))
DATAL 1 )=DATA[ L J*LPS o
CONTINUE

no 16 1=1,LOIM

DATA{ 1} =DATA{ 11 /FHORMI

COn N :

e TURN

END

-.ﬂ.l..I.-..IIln.nhﬂﬂuﬂ-RIII.QII'““HI»ﬂﬂlﬂﬂ“'““l"ﬂ‘ﬂ“nl‘ﬂﬂn**“

THE FOLLOWING SUBROUTINE SYNCHRONIZES THE RECEIVED DATA,

MERERRREN PP RN NIRRT AR RRE A RN RN RERE RN RN

SUBROUT INE SYNCRUO{ DATA, PNOISE,NI,NQ,MI,MQ, EB, LHAX)

INTEGER Q7FLAC
COMPLEX DATA(1]),AMP
DIMENSTION NI1(1},HQ(1}

COMMON /NUMB1/ FOBW,ALPHA, LDIM, 10FF, LSAMPL

COMMON /NUMB2/ NSNR,NSYMB, BAUD
HERROR-O

AMAX- 01,0

S=FLOAT({LSAMPL) /2,

00 1 .J=1,N5YMB
Ji={J=1 1 LSAMPL+5

XX1=(REAL(DATA(J1))+REAI(DATA§JI+1)))/2.

XX1=ABS[XX1)
TELAMAX LT, XX1] AMAX=XX1
CONT INUF,
YY<AMAX/FLOAT (L MAX)

IF (TOFF.LQ.Q) GO 10 111
DO 6 kot l0rf .
KX-AITMAGIDATA{LDIMY})
LL-LDIM-1

DO 7 KK-1.0L
1Dk 1 DIMET =Kk

DATAL 1 )=2CMPLX{REAL({DATA{ 1)}, XX)
SYNCHRONIZE THF RECEIVED DATA
Hut D=t

NOT -t
Kok

= CONTINUE

NEW={)

DO 2ty J=1,NSYMB

J1 R+ =130 SANPL

TR, GTULDIM) Y 31=LD1M

AXBAR {RIAL(DATA{J T I +REALIDATAL J1+)Y
AYBAR (AITMAGIDATA(D ) )+ IMAGIDAT AL

SS-AXBARYNI [ )
IF (S5 .G, ), ) NEW=NEW+1
SS-AYBAR®NQ( L))
T {SS .CT. 0.) NLW=NLW+1

)
+*

)
1

1/
)

.
/2.

~

:;)_.

DATA({ LDKK)=CMPLX{ REAL{DATA{ LOKK) ], AIMAG{DATA(LDKK=-1}))
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FILE: PAM FORTRAN Al

UNIV D'/0F QITAWA
s B

200 CONTINUF
TF{NOLD.GE.NLW) GO 10 31y9 -

NOLD=NFW
NOF=X
399 K=K+l
EPU- 2*HSYMR
[
L SHEFT RECEIVED DATA LEFT UNTIL ALL SYMBOLS ARI TTHED ue
¥ :
C:.'_“_':'.‘ s i B s - i e ol

NSF 1= LSAMPL*]
IF (NOLD DT, LFULAND. K. LT RSETY GO 1O 300
HOT = NOF - 1
WRITE(6,50) HOLD, K
56 FORMAT({1X, 'NQ OF CORRLGT SYMBOLS
*SHIET = '.16./)
I (HOF.EQ.NY GO TO 230
L0 LDIM-)
0 P50 11, NOE
AMP=DATA( 1)
GO 20 g, L0
DATA{L)=DATA{J+1)
2H0 CONTINUF
DATA{LDIM)=AMP
250 CONTYNUE

"L16.1%, 'O Of

C .
Cc OPTIMIZE THE SAMPLING INSTANT
C . - -

230 MI-1
MO =1
EOI=FLOAT(NSYMB} + 1.
FOQ=F1OAT(NSYMA] + 1,
M:22
VARFAN-PROISE*EB- (10, **{ =0, 1*FLOAT(M] })
SIGMA-SQET{ VAR T AN)
DO B0 J=1,LSAMPL

f1 0, ’
£Q=0. : -
DO 70 K=1,NSYMB,

C VERIFY THAT NO SAMPLED SYMBOL 1S §H [CRROR

JV (R=1)"LSAMPL +)

AYBAR=(REALIDATATJ 1) J+REAL{DATAL 1213} /7, .
A Ban (AITHAGIDATALS L) )+ AT MAGI DA o i+l )yy v .
THOES T =N

SS FLOAT[NI{ L)) "*AKBAR -

FF {SS .LT. 0.) INDEXI=1

ANMPX=ABS[ AXBAR )

AMPI=ABS{ FLOAT({NI{XK)))

THR L L =AMPY = 1.0

THRZ 1 ~AMEL + 1.1

THRII=THRY I *¢¢

JHR21 -THPP 1 * ¢y

ATFLAG=D

IF (AMPI,EQ,31.) GO TO 30

IF {{ AMPX.GE.THR2I},OR. (AMPX_LL, THRT1)] INDEX! -1
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FARMUY 360
PAMOY 3O
PAMOYIAD
PAMOG390)
PAMOOHON
PAMOYH 1Y
FAMUOE
PAMUY T
PAMOONII)
PANMDGN M)
PAMOYY O
PAMOUN )
PAMOVL AL
PAMLUIRI G0
PAMUSH 00
PAMO9S 10
PAMDZ RO
PAMILEGY 3y
PAMIOMGS Y
PFAMO Y0
PAMOUS G0
PAMOOS 1)
FAMOYS B0
PAMUOS90
PAMOS600
PAMOGGID
PAMUOYG20)
PAMOOL 30
PAMOY GO
ARSI

S PAMOY GO0

b

PAMDYG T
PFAMOY LRI
PAMOYLON
FFAMOY (00
PAMOG S0
PAMOYD S0
PAMOY {30
PAMOG THD
PAMOGTSHD
PAROG F61D
PAMIPY 70
PAMG Y 0
PARIG T
PARGQADO
PAMIIIB IO
IPAMOGE 0
BAMOGA T
PAMUYHNL.
PAMOYA Y
PAMOGRGN
PANOYE T4
PAMO9HBL)
PAMNOYRYN
PAMNG M)
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GO 10 ho ' . PAMOGYTO o

10 IF(AMPX,LE.THRY1) INDEXI=1 t, PAM0OG920

I 7FLAG= . PAM0O9930

40 CONTINUE PAMDI940

INDEXQ-1 ‘ PAMNGOS)

S5 FLUAT{NO{ K} )" AYBAR PAMUSGUG)

) TEESS LT, 1.) THDEXQ 1 . . PAMNOY 70

. AMPY=ANS( AYBAR) N PAMUYYBU

AMPO-ABRS(FLOAT(NQ(K) )} - , PAMDG990 .

THRIQ=AMPQ - 1.0 _ PAMIDOOD

THR2QG=AMPQ + 1.0 PAMITIONN

THR1Q=THR1Q*YY PAMIDOZ0

THRZO=THR2G*YY ’ PAMI0GIN

QTFLAG=() PAMIOOUOD

IF (AMPQ,LQ. 3.} GO 10 50 PAM10050

iT ({ AMPY GE.THR2Q},OR, (AMPY.LE.THR1Q)) INDEXQ=1 . PAM10QUS0

GO 10 60 PAMIQUITU

50 FE[AMPY,LE. THR1Q) INDEXQ=1 . PAMTONB0

Q7iLAG=1 : PAMTO0Y0

60 CONTINUL PAM1Q 100

IF{ INDEXI,EQ. 1} EI=El + 1. PAMIOT 1D

. IF{INDEXQ.ECQ.1) EQ= EQ + 1. PAMI10 120

™ . PAMI0O13D

G . GOMPUTE: THE PROBABILITY OF ERROR FOR THIS SYMBOL AT EB/ND=22dB. PAM10 THO

c PAM1D150

D1=ABS({AMPX-THR11) PAMTO160

ARG=D1/{ SIGMA*SQRT(2. )} : PAMI10170

C CHECK IF ARG 1S LARGE IN WHICH CASE PE IS INSIGNIFICANT PAMIO 1B

o PAMINTON

IF {ARG.GT,.12.) ARG=12. . Pap1I0200

FI-El + ERFC{ARG)/2. PAMIOZ2 14

IT (1iFLAG _FQ. 1) GO TO 65 PAMT0OZ2N

DI ARG TR T =AMPX) PAMTUZ 30

ARG-D2/{ SIGMA®SQRI(D. 1) : PAMIOCLO

~ It (ARG.GI.12. ) ARG=12, . PAMIOZ90

. —F4 ) F LRFCARGY,/ D, FAMIGT60

6% U1-ABS{AMPY-THK1Q) PAMI0OZ 70

. ARG=D1/(SICMA®SQRT(.2.}} . PAM10280

1¥ {ARG.GT.12.} ARG=12. . L PAM10Z290

£Q-EQ + FERTC{ARG)/2. - S PAMI0 300

If (Q711AG EQ. 1) GQ.IU 70 ‘ . : PAMIO3 1N

D2 ABSLIHRPQwAMPY ) - . © O PAMIDED0

ARG D0/ (S TCMAYSORT P, ) | PAM1T0IZ 51

IT [ARG.GT, T2, ARG=12, PAMIU3NH0

EQ-EQ + [RFC{ARG}/2. PAM10350

70 CORTINUE , 2 ”, PAMTU360

'F(EOI.LL.EL) GO TO 75 ‘ . PAMIIIT70

For=ri ; PAMIG 380

Mo PAMI(390

% CONTINUE ' . PAM OO0

IE(LOOULE EQY GO TO 80 PAMIONL S}

LOQ=FQ . . PAMI0ON20

M- . PAMI04 30

80 MOFF-TABS{MI-MQ) PAMIOLLN

TFIMOFE,NE. ) WRITE(G, Q0] MOFT . O PAMIOLSD



FILE: PAM . FORTRAN A} UNIV D'/OF orlgwA

0[!-(FIOATSM!) FFLOAT{NOF Y}/ FLOAT (L SAMPL)
90 FORMAT{LX, "SAMPLING POINTS FOR | AND Q CHANNELS DIFHER RY',
#12,' SIXTEENTHS OF THE SYMBOL INTERVAL', /)
WRITE(6.95) OFF
95 TORMAT(5X, "RECCIVED DATA 15 DELAYED BY ', F7.3,' SyMROLS', /)
RETUBN
X1V

C”N““ﬂ“““'l‘“““““h“““ﬂ‘ﬂh“”"”“I‘N”"U"“NNN.‘.“ﬂ“"ﬂﬂ“l‘ﬂﬂ.“““nﬂ“hh"h“-

N THE TOLLOWING SUBROUTENE DECODES FHE RECE IVED DAIA
C BY ADJUSTING THLC CONVENTIONAL DECODENG THRCSHOL DS,

C"*N*QN‘.NN*”ﬁ“l‘*”"”l““““*n“"*“”ﬂﬂkﬂﬂnht.ﬁﬂ“N“””“RQN*‘HQ“”“NNQ'II!'O

C

COMPLEX DATA([ 1), AMP
INTEGER ).
DIHMENSION EBNO( YV, PLEV YL NIC Y}, RQU )

DIMENSION RCG(31,2), THRI1( 31, THRQ{ 31 ), 181 TCECITI AAL L) BB T

COMMUN  /NUMBT/ FBW, ALPHA, TDIM, TOFE | SAMPL
COMMON /NUMB2/ HSNR,NSYMH, BAUD
NERROR=0 ‘
DO 1 1=1,NSNR
1 "PE(1}=0.
c OBTAIN 'THE OPTIMUM THRESHOLDS
AMAX1=0.0
AMAX2=0.0
c NUMBER OF POSITIVE THRESHOLDS IS NI (TOR LMm»R=1)
NT={LHMAX-1)/2 [
DO 7 J=1,NSYMB

J1 i (J=T1)*LSAMPY +111 ¥
XXV (RCAL{DATA{J 1) J+REAI (DATA{J1+1)1)/2. ]
7

XH1=ABS{¥XT) .
PEEAMAXT LT, XXT) AMAXT: xX1 w
K[ AMANT -1 ) /N
7 CUONLINUC
WRITE(6,555) XxD .
55%  FORMAT{S5X, 'xx2=',F6.3)
CC=XX2
C FIX CRUDE THRESHOLDS INTIALLY
DO 10 w-1,LMAX,? ‘
THRI{K) [ FLOAT [ h=1)/2. | =XX2
Y CONTINUE .
G NOW REFINE [HL THRFSHOLDS
REG{, §)=1.01
REG{1.2)=0.99
DO 21 J=3,LMAX,2
REGIJ. T)=REG{1, 1)+ TLOAT[J=T})AMAXT/FEOAT (1 MAX )
RE{J, D) REGET. 21+ FLOAT(J=1]) J*AMAR I /ELOAT (| HAX )
21 GONTINUF ]
. DO 2 K=1,NSYMP
JU (k=1 R LSAMPL +H1 .
KX1=(REAL[DATA{JT1}J+REALI {DATA(JT+1)})/2.
INDEX =0
SS=FLOAT{NI (K] }*xX1

SURROUT INF DFT[CI(NERROR,DATA;PNUIS[,M!,HQ,NI,NQ.!HNO,P!.FB.IHAX)
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PAMIOLGON
PAMIHY O
PAMIOLGL
PAMIOLSN
PAMIOSO0D
PARTG I
PAMTOYS 0
PAMILS 10
PAMINSHO
PAMIOSYD
PAMITDS OO
PAMING 21,
PAMIOINAED
PAM UGG
PAMIOHOD
PFAMIOG D
PAM TG )
ALY RIATIRIY]
PAMTOGHD
PAMTOGHN
PAMTOGOHN
PAMIOG T0
PAMI0GHO
PAMI06G90
PAMIG OO,
PAMIOT10O
PAMI0U 720
PAMIO 730
PAM It N0
PAMIT /0
RFTO 60
PAMUTIES D
PAMTU (K1)
PAMIU 90
PAMTRUL
PAM BN 1)
PARTLH R
PAMI08 31}
PAMIOBHO
PAMINASD
PAMIORAON
PAMION D
A TCI
FAMTOLRI0
PAMTOQIN)
PAMTOO O
raMingstng
PAMTOD O
ARG
AT 250
FAMTG A0
ARG IO
PAMIOYAN
PAMIOY9
PAMIINNN



FILE:

1 —

100
63

aooooaanc

22
In

1
y
202

400

PAM FORTRAN A1 UNIV D'/OF OTTAWA

PSS LT, 0, ) ITNDEXI=)
XKI-ABS(XXI)
0o 11 J=1,LMAX,2
LF{{ XX, cr THRI{J}).AND, { XX1.LE. (fHRl(J)+xx2))) Go TO 15
CONT I NUF
LF ((RFG(J, 1), 01, XXT). AND. (REG{J,2).GI.XX1)) REG(J, Q) -XX1
P ({REG{J, VY. LE KX ) AND,LREG(F,2) . LE.XX1)) REG(J, 1 )=XX]
IF{J.EQ. 1} GO TO 100
THRI(JY=(REG((J=2), 1 }+REG(J,2)}/2.
GO TO 63
THRI{1)=0.
CONT INUE
1F (INDEX1.EQ.1.]) NERROR-NLRROR*
CONTINUE
IF (NRLRROR.GT.1) GO 1O Lo .
WRITE(6,3) (THRI‘I 1=1,31,2)
FORMAT( 95X, ' THRI= JF6.3)
COMPUTE THE PROBABILITY OF ERROR FOR EACH SYMBOL.
IHE VARIABLES ARC AS FOLLOWS: M 1S EB/NO IN dB; PNOISE 1S
1/2*INTEGRAL [ H{F)®**2 DF}: AND VARIAN = NO®"PNOISE.
FOR THE END POINTS THE PE=1/2"ERFC(D1/(SIGMA*SQRI(2}))

ARD FOR THE INNER POINTS THE PE=1/2%ERFC(D1/(SIGMA*SQRT(2)]))

1/2%ERFC(D2/{ SI1GMA*SQRT(2))).

DO 202 K=1,NSYMB
J1=(K=1])*LSAMPL+MI
XX1={REAL(DATA{J1) ) +REAL{DATA(J1+1)))/2.
XX 1=ABS{XX1)
DO 22 J=1,LMAX,2 _
TF (XX, GTLTHRI(J} ). AND. {XXT.LE. (THRI(J)+CC)]} GO TO 34
CONTINUF
AALSY- THRI(J)
DO i M=1,NSNR
VARVAN=PROTSE# LB (10, **(=U. i *FLOAT (M) ) ).
SIOCMA-SQRT{VARIAN)
D1=ABS{XN1-AALJ])
ARG=D1/{$IGMA*SQRT(2. )]
CHECK IF ARG 1S LARGE IN WHIGH CASE PE IS INSIGN!FICANT

LF {ARG.GT.12.) ARG=12.
PEI=ERFC(ARG) /2.

1T {J.FQ.IMAX) 60 TO SN
DI =ABS{AA{J+2]-KA1)
ARG=D2/(S1GMA*SQRT(2.))
If {ARG.GT.12_) ARG=12.
PLI=PEI + ERFC{ARG)/2.
IT{PEI. LT, 1. E=15) PEI=0,
PEEM). PL(MYI+PE)

CONT INUE

190 S |- 1:=NSNR

PECL): PE(1)/FLOAT{NSYMB)
EBHO( 1 )=FLOAT( 1)

GO TO 220

WRITE(6,420) NERROR

]
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PAMITIDI0
PAMT 1020
PAMT1030
PAMTI0OLOD
PAMI11050
PAMY VLRGN
PAMIIUTO
PAMT 1080
PAMI 1090
PAMI 1100
PAMIT110
PAM11120
PAMI1130
PAMTT 100
PAMT1150
PAMT1160
PAMTI1T70
PAMI 1180
PAM11190
PAMI1200
PAM11210
PAM11220
PAM11230
PAMY12L0O
PAM11250
PAM11260

- PAMTI1270

PAM11280
PAMI11790
PAM11300
PAMII30
PARIT1 1320
PAMIY 30
PAMTI13H0
PAMIT1350
PAMI 1360
PAMTTIIT0
PAM11380
PAM11390
PAMI 1000
PAMITHTO
PAMI L0
PAMT 11130
PARET TH 1)
PAMTTHS0
PAM1 1160
PAMIIHTO
PAMI11L8()
PAMI1 1490
PAMI 1501t}
PAMIT1S 1N
PAMT 150
PAMI 1530
PAM11540)
PAM1 1550



FILE:

L420

L40
220

150

151

PAM FORTRAN A UNIV D' /0F OTTAWA

FORMAT({SX, 'ERRORS=", 15}
PRINT 4i4Q | .
FORMAT({5X, 'SYMBOL WAS IN ERROR, RUN WAS TERMINATED', /)
CONT INUE ‘

PRINT 150

FORMAT(SX, "ES/NO', 10X, "PROB, OF LRRUR', /)

WRITE{6,151) {EBNO(1),PE(1),1=1,NSNR}
FORMAT(5X,F5.2,10X,E15,6)

RETURN

END

(LAAAAMRLALLALEALA LALLM AR LLEEEE LR XL ]

Cc
c

THIS SUBROUTINF SIMULATES THE PHASC OF THE
LM=380 AMPLIF.LER

[oLAAAALEALLLLAS LIRS LSRR LRl R L E L YR

SUBROUT INE AMPH(TF)

COMPLEX TF( 1}

COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL
COMMON /NUMBZ/ NSHNR, NSYMB,BAUD
SBANDW=BAUDM*LSAMPL

NO=LDIM/2

NO1=NO+1

FN=LDIM*{ FBW/SBANDW)

F1=0.7%FN

IFI=IFIX{F1)+)

DO 8 1=2,IF1
TF{1)=CMPLX(1.0,0.0)
TF{1)=CMPLX(1.,0.0)

CONTINUE

JKSLF1+14

DO 9 J=JK,NOI
PHI==-0.8167+0.00114%
TF{J)-CMPLX(COS{#HI}, SIN[PHI )}
CONTINUE .

CNOZ2-NO1+1

DO 5 I=NO2.LDIM
TE(L)=CONJG(TF{LDIM+2-1))

5 CONTINUE

RETURN
END

&
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PAM1 1560
PAMI1570
PAM11580
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FAMT1600
PAMIIGT0D
PAMT 1620
PAMT1630
PAMY 164D
PAMI 1650

PAMTIGG0

PAMITG T
PAMI 1680
PAMIT 1690
PAMI 1700
PAMITTID
PAMI1720
PAMI1730
PAMYI 1700
PAMI1 /50
PAM11760
PAMINT O
PAM11780
PAM117G0
PAMTI1800
PAMT11810
PAMT18E0
PAMITI8 10
YRR LTS
,LH]HGU
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PAMY LS 70
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PAMT 1890
FAMT 1900
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C“ﬂ»“*ﬂﬂ“ﬂ*“**ﬂﬂﬂ““*ﬂ*»#“*ﬁ“““*#ﬂ*n»uunﬂﬂ“ﬂﬂ*»ﬂKﬂ“h»»#*“*ﬂﬂ"******

G THIS PROGRAM 15 USED TO SOLVE A MATRIX EQUATION, -
c USED FOR FINDING THE COEFFICIENTS OF* AM/AM
C OR AM-PM CHARACTERISTICS

CHEHHREHHEHRAHRBHREERHR RS BRARRA RSB RRRRHB R R H SRS

INTEGER 1JOB,N, 1A, LER

N O
REAL C{AL. 61, 01,00 WRARFALTP ], B(6).ALG)
DATA AL1),A(2),A (3) Al MDY, A(G)/
EDL16,0.07, 0,18, 0,19, 0,195,0. 05/
DO 55 J=1,N
, DO B6 1=1,N
L={2%J)-1
56 C{L,JI={A{1))#¥L
5% CONTINUE -~
DATA- B(T) B(2),B(3),8(0),B(9),8(6)/
&?AJEQYB .555,0.575,0.59,0.595,0.6025/
1JOB=3 - ’
D1==1.0

CALL LINV3T {G,B,1JOB,N, 1A,D1,D2, WKAREA, |ER}
WRIIE(6,20) B .
20  TORMAT({5X,F18.7)
WRITE{6,30) IER
30 FORMAT(SX, I4)
X=0.0
DO 4i 1=1,35
X=X+0,01
FEB(1)#X+B{2)*XHHTHB( I ) FXRHE+B{ U ) HXHHTHB( 5 ) #XHHQ+B( 6 ) #X*#11
WRITE(6,45) X,F
4% FORMAT(5X,Fl4_2,5X,F18.7)
Nk CONTINUE

~
END
G O R T P Y T e
G EVALUATION OF A,B PARAMETERS FOR CURVE FITTING WITH SALEH MODEL.
G T e R R g v el

DIMENSION R{14),Z2{14)
REAL A, 8,RAT, 5Q, R2,RY, W, W2
DATA R{1
&R{12),R({13 (14)/
, 6,0.7.0.6,0.9,1.0,1.1,1.2.1.3,1.4,1.5/
1

14
&0.2,0.3 5,0.

DAaTA Z{ V. Z03), 204,205, 2(6) 7(7) Z(8), 2(9] 2[10) Z{1y,
&Z(12),Z¢ ( )
0. N0unB0ST, 007 1
&U.SJUSEG.U 391
M=13

F=1.0

R2=0.,0

Ru=0.0

W=y, 0

WR2=00,0)

N-#

DO 1T I-1,N
SQ=Tcf 1 1n*2,
R2=R2+5Q

)
13],R
0.4,0.
1,202},
13),Z( 0
kU
VP 307 L0L 3750120, 0. 3835739,0,3917307,0,1/

I

SR{2}, R(3),R(“}.R(51.R(6).R(7).R(8).R(9).R(10).R(11L

02 1305(82,0.179551 U.668512,0.2693176,0, 302,
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I T
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1700520
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|

F
I.‘
F
F
F
F
F
F
F
A
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F
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F
F
F
r
v
i
F
H

F
F
F
F
F
F
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F
F
F
F
r
F
F
F
F
FIT00550



FILE:

2
c
c
C
c
5
9
c

FITOPT FORTRAN A1 UNIY D'/OF OTTAWA

’

RU=RI+(SQHuD ) -
RAT=(R{ 1 )#*2)/7(1)
WEWHRAT

WR2 =WRZ2+RAT*SQ

CONT INUE

ARA=R2#%2 , -N¥RY . ~_

PARA=R2Z*WR2-Rl "
ARRB~RD HW=M*YR? -
PARB - R2*WRE - [th "y
C-ARA/ PARA
AzCHAY
H=ARB/PARB .
WRITE({6,2) A,B
FORMAT(SX, "A=" F10.6,6X, 'B="',F10.6)
s1oP .
END
4#*“*%**&**“”““**#*HH*N“H*&N%**&*HHhNﬂNﬂHHN»“NNM»HN“NHNMNN**
FH1S PROGRAMME OPTIMIZES N UNKNOWN PARAMETERS OfF A
GIVEN FUNCTION (FOR THE LM-380,H-261 PREDISTORIER) )
ﬂ**““NN***”*N*“““ﬂﬂﬂk*ﬂ”ﬁN*Hﬂﬂkk”ﬂ“ﬂ***ﬂﬂN“HﬁﬂNHN“HNNNHN*N“N
EXTERNAL FUNCT
INTEGER 'N NSIG,MAXFN, 10P]1
REAL X(6),H(21),G(6).W(18).F

N=6 \
NSIG=3

MAXEN=500

10PT=D

X{(1)=3.3

X{2)=1.0

X{3)=-1,0

X(4)=1.5

X(5)==-2.0

X(6)=3.0

CALL ZXMIN{TUNCT, N, NSIG,MAXIN, [OPT X, H,G,F W, IER)
WRITE(G, DI X(N}.H=1,6)
FORMAT(3%,F11,0)

WRITE(G6,9) F

FORMAT{3X,F13.8)

$109

END

HHEBHHAEN CUBROUT INE FUNCT W0 a0 00 0030 H 5901030
SUBROUTINE FUNCT(N,X,F)

INTEGER N

REAL X{N),F,SUM

EP(Y =1, COIIB*Y “EXPL =0 3257134 (¥ D) Jn( 1 0% 250 (0,325 713%  ne)
Bl T 0L A SOEE R (0. 325713 Y 2 ) Al ) bGL 00NN (0, 325 7T 3" %2 [ *=h])

ZQ(Y]=I.85?N82“[|““3]/((l.+i.Ué385f”lY"”2))””2]
SUM=0.

R=0.0

DO 29 1=1,150 -

" R=R+0.101

CE-METIFREX(Z) R*#I+X( J*%AT ) )
GO:H(HJ“R"”3+X[5}*R”*5+?t6)*ﬂ"”?

LGP s egueny 3
B=SQRT{[) ok
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FILE:

2

22

33
32

[oEeReRp]

3

5
g

4
FITOPT FORTRAN A UKIV D'/OF OTTAWA

.1.35) GO TO 23 :

1.0E-09) G=0.0
.0E-09) U=0.0
P**E)*((U“*2+Q**2)/(U**2))

I-I_:DUJO

GPHM2 )M [O.D6HHD2+1, 384D ) /1 344D
INUE

D.GT. 35) GO TO 33 Ve

) u=0.
Q.LT.1.0E-09} Q=0.
2z= q»*a+u*~2

GO TO 32
ZZ=0.56%#2+1 3##2
CONTINUE

PZ=SQRT(ZZ) -
1F{R.GT.0.968) GO TO 10
SUM=SUM+(U=1,L4G3%R)##2

GO TO 20 B
SUM=SUM+( PZ=1.414)##2 ¥
CONT | NUE

F=SUM

RETURN

END

I PP H R AE R R RN B R
THIS PROGRAMME OPFIMIZES 'N UNKNOWN PARAMETERS OF A

GIVEN FUNCTION (LINEARIZATION OF THE LM-380 CHARACTERISTIC).

AARAR A RS LR s R Al L Y R R R T LY T T T R RIrgnss

EXTERNAL FUNCT

INTEGER N NSIG,MAXFN, IOPT
RE§L X(3),H{6},G{3),W(9),F
N=

NS1G=3 e
MAXEN=500

10PT=0 :
X{1)=3.3
X(2)=1.0" .
X(3}y=-1.0 -
CALL ZXMIN{ FUN
WRITE(6,5)1(X{N),N
FORMAT{3X,F11,6)
WRITE{6,9) F-
FORMAT( 3X,F13.8)

cr, N NS G, MAXFN, IO0PT, X, H,G, £, W, 1ER)
= 3

|
}

C”******”*"**“**SUBROUTINE FUMNGT [N #0010

SUBROUTINE FUNCT{N,X,F)

INTEGER N

REAL K(N),F St

ZP(Y)=3.5902620%EXP( 7, UE2*(YH*2))# (1. 0+0.25%((-T. 662" Y"42)

E*H2)40.015625%( (=7.UE2%Y#42 ) ##l ) +0 . 000L3NH( (7 BE2RYHHD ) HHE ) )
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<

01190
TO1200
101210
To1220
701230
T01240
T01250
101260
T01270
TD1280
T01290
T01300
ITD1310
FI1T01320
F1T01330
F1TO1340
FITO1350
FITO1360
FITO1370
FI1T01380
FITO1390
FITO1400
FETO1H10
FITO1420
FITO1430
FITO1440
Fi
Fl
Fl
Fl
Fl
Fi
Ft

MMM TTThETTTTT T T T TT T M M T T M

101450
TO 1460
101470
TO1480
TO1430
101500
701510
FITO1520
FIigi1530
FITOI1940
F1in1550
FITOI560
FITQIST0
FITQ1580
FITO1590
FITO1600
FITGO1610
FITOT1620
FITO1630
Firoteyo
TITO1650



FILE:

23
22.

H)
20

FITOPT FORTRAN A1 UNIV D'/OF OTTAWA

SUM=Q,

R0, 10

DO 20 1=1,150

R=R+0, 01 .
GP:K(l)*Q+K(2)*Q“*3+K(3)*Q*“5
IF(GP.GT, 1. 414 GO 10 23
U:22(6P)

GO TO 22

U=1.%1h

CONTINUE )
IF(R.GT.0.968) GO TO 1
SUM=SUM+([ZZ-1,483#R ) ##2
GO 10 20 -
SUM=SUM+{ZZ-1 L1u)##g
CONT INUE

F=SUM

RETURN

END
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101660
1670
T01680
T01690
Tn17ng
mi/n
tnr/en
01730
TO170L0
TO17%50
01760
iy
rn17en
101790
To1800
1018170
01820

!
|
|
|
|
1
1
1
|
|
|
1
I
1
i
|
|
1T01830

P
F
F
F
f
r
I.
f
F
F
F
F
F
F
F
F
F
F





