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ABSTRACT-

Two candidate modulation techniqués, i.e:, 256-QAM (:Qu‘adrature'.
'A.mplituq!e Modulation) and 225-QF-’EIS (Quac‘.‘:r"ai-:ure Eartia-l—_Response Sig- |
nalling) are investigated in orger to achieve a _spec";ral efficiency_ ofﬂ
_ more than & b/s/Hz which is required for the fransnj:ission of a Ti car.‘v .

-

rier in a standard anmalog supergroup band and for many other applica-’

tions. - N ‘

A néwﬂdata,filtering stratégy (chopping technique) for PR-S/OE"RS
above the Nyquis? rate, which enables a hig.-,he:;:~ tra-nsm_ission. rate tha.n
feasibje with the conventional method, is introduced. It _is.‘t-iernon;_—t_rated
thét, with the use of our techniq‘ue for c!ass:-l 225-QPRS‘, an e.ffic.'ten"cyr
of 6.3 b/s/Hz can be achieved. The advantages of combinin§ our tech-
_nique with class-1V PRS are that a small bandwidth around dc can be
used for a'.service channel and that a higher increase in séectral e\éfi—
“ciency can be obtained in an FDM-SSB systen:n. However, to ac'ﬁié_ve an

effiﬁienc'y of more than 6.3 b/s/Hz, 256-0AM is recommended.

To investigate the hardware feasibility of the concept of ocur new
chopping technique, a T-IF:‘vel class-1V PRS. system operated above the
Nyqui;st rate is designed and implemented. Measured results are shown

to agree well with the simulated ones.

-
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.‘AAq‘gamtitative evaluation of the effect of linear channel distortions -

on .256-QAM and 225-QPRS is presented to compare the sensitivities of

" these schemes and the numerical results could show modem designers
and researchers how flat and how linear the filters’ amplitu&e and phase

responses should be.

To enable a rigorous comparison of the conventional method and our
new method for PRS above the Nyguist rate, a truncated peak distor-
tion is defined and a rew method is presented o evaluate the error

fioors of these systems. This method is more general and could be ab-

pl-ied_'alsc)'to the study of other transmission sysfems.

-

Since E:o-_channel interference (CCI) is one of the major scurces of
performance impairments, its.impact on the performance of 225-QPRS
and256-QAM is evaluated so that their potential for radio/‘systems could

be assessed.

Finally, in order to improve the performance of 256-0AM svstems

degraded by channel distortions, the use of an adaptive complex base-

band equalizer'is described and simulated.

——v—
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" Chapter |
INTRODUCTION

1.1 THE DEMAND FOR HIGHLY SPECTRUM EFFICIENT MODULATION
SCHEMES

The need to increase digital channel capacity over the past few
years has led to the deveiopment of spectrally efficient modulation sys-
tems, such as 8-PSK, 9-QPRS, 156-QAM, 49-QPRS, and 64-QAM _

[1]-[14]. Due to.the increasing need for more efficient utilization of

spectrum in the dfgital radio world and especially in hybrid analog and

digital channels, 6uch as Data-In-Voice (DIV), Data-Under Voice
(DUV); and Data-Above-Voice/Video (DAV) [1‘5]_, digital modulation
schemes which achieve an even higher spectral e.ffiéiency .are required.
Before going any further, let us briefly'mention thg ﬁ.eed for hybr}d

systems.

1.1.1 The Need ¥or Hybrid Systems - S

It is well known that, on all continents, there were high invest-
me;th in operational e.malog multiplex and radio systems, which were
originally designed to carry only frfequency-'division multiplexed (FDM’)
voice signals. During the _Ias{'two d.eca;des, .data traffic has been

growing rapidly. However, installarion of a new digital transcontinental

‘systemwould cost enormOuély in research, development, design, and installa-
. . Fa



. e

existing analog performance, and of course, efficient data transmission

th a low p'rot;abi!ity of error.

With the recent-developments of high capacity SSB analog microwave
systdms, the interest in h%/br*id microwave -systems, particularly in DIV
- systems \increases significantly [17]. SSb analog’ microwave systems
have a cap : of up to 6000 toll-grade telephone- voice channels. in a
30 MHz radio frequency (RF) Bendwidth. These SSB systems improve the
efficiency of FDM FM microwave systems from 2400 voice cl';-an'nels to

8000 channels in the same bandwidth. There is a strong dem®nd in ad-

dition to te!epl';ony voicZ transmission for data transmission on these

-~

long distance sys

In [17], the foIIoWing conclusion has been reache;{. For a number of
applications, if it is required to carry data at a rate from 56 kb/s up
to 8.448 Mb/s, it is more economical to modify an FDM J'iM, FDM SSB,

\
or FDM 'baseband cable system into a hybrid system than o install a

completely new, dedicated digital system. One specific DIV application
for -the transmission of a T1 carrier in a standard _analog supergroup

© (SG), call it T1/5G, is described in the following section.



1.1.2 . T1/SG.: The Required Spectral Efficiency and its -Advantages

According to the internationai Teleéraphy % Télephone Consultativ_e
Committee, (CCITT) modulation plan [16], 2 supergroup (SG) contains
five standard CCITT .groups, equivalent to 60 voice channels. Each
Voice :.:hanne! is a -nominal 4- kHz wvoice channel occupyiné the

300 to 3400 Hz spectrum. The standard SG before translation occuples .

" the frequency‘ band 312 fo 552 kHz. Consider the transmission of a T1

. carrier {1.544 Mb/s rate data } in a stanc\jard SG -baad (T1/8G) [17].

'm Fig.1.1, the power spectrum of a T1/SG DIV system is illustrated as
an exarr;ple, where one of the SG voice si'gna'ls has been replaced by
a digitally modulated T1, signal. It may be required to add bits for
forward error correction (FEC), system control/monitoring -and syn-
chronization purposes. [n this case, the transmission rate is 1.6 Mb/s.
In order to transmit.‘l.s Mb/s data in a 256 kHz SG band (including;
guard i:ands) a spectral efficiency of 1.6 Mb/s : 256 kHz=6.25 b/s/Hz
is requir-ed. Mo}eover, to fransmit 1.6 Mb/s data over CCITT standard
5G thréugh-connect 240 kHz fiiters requires a spectral_ efficiency of 1.6
Mb/s_: 240 kHz=6:67 b/s/Hz. 'I:hus it is apparent that a digital modem

having a spectral efficiency of more than 6 b/s/Hz is needed for DIV .

applications.

The description 'of DIV "approac':h would not b;.* compiete without a
comment on its advantages. Major advantage;s of the T1/SG" DIV ap-
proach_include {17]: '

1) An economical means to transmit one or more T1 rate data streams

over a single FM or SSB radio system. Up to 100 separate T1
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* p.g., 256-QAM,
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signals, having a total capacity of 154.'44‘Mb/s (100 ti;iles T1)

could be transmi'tted over a 30 MHz SSB system. K

ii) F.‘[exible operational require;ments - with this téchnique, it is sim-
ple to make changes. Data traffic qapacity can be added _té ex-

.- isting analog routes. i .

i1ii) BER performance of Ie.ss tha'n\'lO#8 ca-n be achieve_c_:i.

iv) Regenerative span over 1000 km - there is. no need for r:'egenera-
~tive modems for more th‘aﬁ 1000 km. This is in sharp contrast
with dedicated digital radio systems which require I"égenerafive
m;dems ‘typically spaced at every 60 km. - -

v) 5.Q°o more ‘efficient than 6.4-QAM digital rad-io - a spectral efficien-
cy -which s abpu't 50% higher than currently attainable with 4.5

/ b/s/Hz 64-QAM radio systems is achieved.

vi} No sele—g:tive fade problems -"due to the narrow (240kHz) band-

o

width of DIV modems, the selective fade caused problems are vir-
‘tually non-existent. Adaptive equalizers easily compensate for

transmission impairments.

1.1.3 . Candidate Modulation Techniques

The spect::al efficiency in terms of b/s/Hz and- required carrier-to-
noise ratio (C/N} at P, ='!0—8nof various modulated systems ar:summa;
rized in Fig.1.2 [14],[15]). A glance at Fig.1.2 has made M- aryi\PSK out -
of consideration for the aforement:oned application since it requires a

hlgher C/N as compared to QAM and QPRS systems in order to achieve

a spectral efficiency of more than 3 b/s/Hz.

~



. .6“‘ -
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b/s/Hz )
11 1 — , —

\ 1024-QAM
10 N . .

P, = 107
9 .
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' - R = log, (1 + C/N)

7 | (Shannon limit)
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s
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| ! | ] ni 1 ]
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C/¥ (dB)
-4
Fig.1l.2 Spectral efficiency (b/s/Hz) and C/N requirement at P, = lO-B

of various_modulation systems.

The average C/N is specified in‘the_ double-sided Nyquist bandwidth
uhicﬁ equals the symbol rate. Ideal o = G‘.‘filcéring has been
assumed. (AdopEéd from Ref. [141, [153], a;ird (171)
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. From Fig.1.2, ‘v've notg' that the theoretical spectral efficiency of
 256-QAM modems is 8 b/s/Hz. An ©¢=0.2 raised-cosine filtered “256-QAM
- could achieve a practical efficiency of 8 b/s/Hz : 1.226.67 b/s/Hz,

which is required for the above-mentioned T1/SG DIV application.

An alternative modu-lat‘ion techmique 225-QPRS ac.hieveé. a spectral
efficiency of 6 b/s/Hz assuming transmission at the Nyquist rate. It is
well known that- partial-response. signalling (PRS) systemslare speed
tolerant [18]-[21], i.e., that it is possi!.ale to transmit: data at a rate
Which ts higher than the Nyquist rate. It should be noted that .speed,
. tolerance of PRS sys’géms_, reported in the literature ['[8&-_[/2_1],‘ was
evaluvated for binary inputs, e.g., class-I PRS has a speed toleranc’g of
‘43%. In the above 1.6 Mb/s application example, can we use 225-QPRS
. to meet. the efficiency requirement? To achieve 6.25 b/s/Hz by means of 7'
225-QPRS requires an increased transmission rate of 6.25 : 6=1.042 that

is 4.2% higher than the Nyquist rate.

From Fig.1.2, we see that the required carrier-to-noise ratio {C/N)
for 225-QPRS at P,=10"° is 30.5 dB, whereas 34.5 dB for 256-QAM.
Thus, a potential advantage of 225—Ql;’RS'; above the Nyquist rate is that
an increase in carrier-to-noise .ratio (C/N) immunity might be obtained
as compared to 256~-QAM. The performance of PRS/QPRS above the
Nyquist rate” with m-ary inputs rather than binary was not available
before our investigatiqn ['22 . These Jed £o the motivation of investigat-

ing the.performance of multi-level PRS/QPRS above the Nyquist rate.
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1.1.4 Signalling Above the Nyquist Rate.

J Signalliné above ’the Nyquist rate was originally di.scussed for PRS
systems for binary inputs [18]-[21]; Recently, a few schemes concern-
ing faster-than-Nyquist signalling. were ad'dresEéd [23]-[25]. These
schemes exploit other pulse shapes also, such a;s Nyquist pulses, not

'-‘Iimiéed only to PRS pulses, However, there is a common feature in all
the schemes 'mentioned so far._ That is, signalling above the Nyquist
rate i.s achiéved by simply increasing the sigralling.rate with the c;rigi—
nally designed transmission characteristic being’kept fixed . As such,
it introduq?s too m‘uch “undesired” intersymbol interference (IS1) which
causes significant performance degradation by simple symbol-by-symbol

: d-etection. ‘Maximum Likelihood Sequencle Detection (MLSD) may be‘ém-
ployed to overcome th_e consequent IS! in the best way possible [27].
However, the difficulty lies in the fact that the complexity of implemen-
tation may be beyoﬁd the capability of the present technology. For ex-.
ample, a number like 'IO8 has been chosen as the number‘ of states ;'e_’-
quired by the Viterbi algorithm fo°r decoding the Faster Binary

Signalling (FBS) signal [24].

In this thesis, we do not insist on optimum receivers ‘[26]. and oth-
er advanced r_xonlinea‘r'receivers, such as MLSD and decision feedback
equalizers (DFE) [27]-[32] fer PRS/QPRS above the Nygquist rate be-

cause of the gomplexity involved in implementation. Instead, a symbol-

by-symbol detection procedure is asstmed because of eas{z implementa-

tion. We introduce a new method for PRS/Q above.the Nyquisti‘rate

which allows the use of symbol-by-symbol detectioh and achieves a bet-

ter performancé than the conventional meth_ocﬁ.
y



1.2 THESIS ORGANIZATION

-
>

~

Following this introductory ch_apter'-, in Chagter 2 we discuss multi-
level PRS/QPRS above the Nyquist ‘rate.- It is sh.own that the conven-'_
tionél method is not practical for 225-QPP;S systems operated above the
Nyquist rate. An improved efficiency PRS/QPRS data filtering strategy,
which enables -a higher t_rénsmissiori rate {more symbols/s/Hz in ak\gor-
) malized bandwidth) than feasible with conventional PRS/QPRS systems,
is then introduced. Though the discussion in. Chapter‘l 2 emphasizes

“class-1 (duocbinary) PRS, it preserves sufficient génerality to accommo-

date other classes of PRS.

In some systems, such as transformer coupled circuits, SSB mo-

dems, and carrier systems with carrier pilot tones, where reduced low-

3

frequen' /| components in the spectrum are required, class—lv (modified
duobinaj) PRS is more suitable than class-t. Thus, the stud\;/ on the -
possibility of increasing the spectral efficiency above the Nyguist rate
using class-1V PRS with multi-level ihputs is presented in*Chapter 3.
We show that, by using our new techniq.;.'ze,rthe performance of a class-
IV 225-QPRS above the Nyguist rate is ﬁea?-[y as good as that of using
class-1 PRS. Additional advantages of class-1V PRS above the Nyquist
rate using 6ur new iech.'nique are that a service channel can‘ be inserted

and that a higher percentage increase in spectral efficiency can be ob-

tained in an FDM SSB system.

’

in Chapter 4, we present the implementation of an. experimental
7-level class-IV PRS system operated above the Nyquist rate using our
new method. The performaﬁce is.measured to confirm the concept and

simulation accuracy. ®
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The effect of channel and/or hardv:are imperfections on a 256-QAM
modem is investigated in Chapter g The next chapter] Chapter 6, com-
pares t.he performance of 256‘-QAM and improved efficiency 225-QPRS in
distorted channels, based on the _'same séectral efficiency of 6.3 b/s/Hz.
The effects of group delay and amplitude distortions with linear, -par'a-

bolic, and sinusoidal characteristics on these two schemes are evaluated

and compared.
‘ 1

In Chapter 7 we introduce and study error floors in digital trans- -
mission systems. Error fioors are known in i;ndustry as one of the most
severe problems c_>f trangmission systems. We first describe a new meth-
od to e*-Jaluate and compare the error floors of PRS systems operated
above the Nyquist rate using the conventional and our new models. The

concept is extended to evaluate error floors of PAM systems under

severe distortions.

The discussion of co-channel interferén’ce {CC!) caused per%ormance
degradations on 64-QAM, 225-QPRS and 256-QAM is presented in Chap-

ter 8.

Chapter 9 discusses the use of an adaptive baseband transversal
equalizer for 256-QA'M to combat channel distortions. Finally, Chapter

10- summarizes the results of the thesis and suggestions for further re-

search.
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Chapter |1 .
MULTI-LEVEL PRS/QPRS ABOVE THE NYQUIST RATE L

N
It is well known that pa?tial-rgsponse signalling (PRS) systems are
spéed tolerant [18]-[21], i.e., that it is possible to transmit data at a
'fate which is higher than the Nyquist rate. Speed tolerance was defined
[18]-[20] as the percentage increase :avér the Nyquist rate at which the
smallest eye opening is zero with th‘e‘ transmission characteristi.c being

kep#t- fixed for binary inputs. Due to inherently higher intersymbol-in-

terference- (ISI) in multi-level systems, speed tolerance is expected to

decrease as the numtg_elr“_of input levels increases. However, it is not
clear yet from the literature how speed tolerance would be cham_:;ed for
PRS systems with m-ary inputs rather than' Einary. And, as mentioned
in Chapter 1, there is a need for highly spectrum-efficient modulation
schemes. Therefore,. it is important to S‘tl‘de. the performance of
PRS/QPRS above the Nyquist rate in order'thaf the %easibiiity of in-
creasing the spectral efficiencyrfor PRS/QPRS systems can be assessed.
Since duobinary (class-1) PRS “witi"a binary irjputs Vhas a speed tolerance
of 43% [18]-[20]. which .is the largest among various classes, it is Ioé-
ical to choose it as a starting point for studyirjg PRS sysltems signalling

above the Nyquist rate with m-ary inpu‘eg

In Section 2.1 two models for duobinary PRS systems above the

Nyquist rate with m-ary inputs are described, with Model-A represent-
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ing the conventional method as speed tolerance v;rasl discuss:ad (18]-[20]
and Modal-B stand‘ing for the new chbpping mefhod we propose. Based
on a comparison from both the frequency and' time. domains, we show
- that Model-B is superior to Model-A. A few sellected eye diagrams pre-
sented in Section 2.2, manifesfc the superiority; of our new technique
'ov.er the conventional metho;i-. In Section 2.3 experimental results are
N
demonstrated to confirm that predicted by computer simt.;l'ations. Ev;Iu-
ation of. the probability of error for 225-QPRS above the Nyquist rate is
éiven in Section 2.4. Res'ﬁlts show thét, by symbol-by-symbol detec-
tion, it is not practi'¢§l_to use the conventional method for 225-QPRS

B

f.té_zc:hnique (Mod-

I

above Nyquist rate. However, with the use of our new
el-B) for 225-QPRS, an jincrease of 5% above the Nyqﬁist rate can be

achieved with a small degradation. This incréase is signﬁficént in some

applications.

2.1 SYSTEM MODELS

Multi-level PRS and QPRS system block diagrams are shown in
Fig.2.7(a) and (b). An illustrative example would be the transmission
of an £,=800 kb/s rate data with a 15-level PRS system filtered at the
Nyquist frequency of 133 kHz that is 6 b/s/Hz. In the QPRS Modem
case the source rate at 1600 kb/s is serial-to-:parallel converted and fed
into the "inphase” and "quadrafure" 800 kb/s channels of the modula-
tor. In Fig.2.1(b), the transmit filter/processors and receive filters are

identical with the ones illustrated in Fig. 2.1(a).
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Transmission abc;"ve the Nyquist rate by PRS can be achieved by in-
creasiﬁg the signalling rate with the transmission characteristic beiﬁg
kept fixed, as is the case in which speed;t@';'nce was evaluated in the
published literature [18]-[20]. This conventional method” will be called
Model-A, as depicted in-Fig.2.2. With Modeil-A, one tr‘ansmi'gs data at a
rate of f.=(1+a)/T symbols/s over a bandwidth of 1/2T Hz, resulting in
an efficiency of 2(1*a) symbols/s/Hz where 100a represents the percent-
age increase above the Nyquist rate. |n fact, Model-A consists of fore- -
ing a symbc;l rate through a duobinary filter that is higher than the
rate for which the filter is designed. As. such, it will introduce serious
"undesired” IS and'[—esult in very significant perfori‘nan'ce degrada-

tions.

- ]

It will soon be clear that Model-A does not give good results con?-_
- cerning the probability of error, especially ‘when multi-level inputs.ére
used. Hence, we propose a new scheme called Model-B, as illds‘trated
in Fig.2.3. Our Model-B consists essentially of defining a néw‘(infinite)

partial-response system in_ the following manner:

i) Define an ideal ducbinary response for the new hiéher symbol

rate.

i1) Truncate this response to achieve the desired spectral effi-
ciency using an ideal brickwall filter ("chopping”) which has a

Icutoff frequency at f,q/('l*a) below the Nyquist frequency.

In Figs.2.1-2.3, we did not include the digitai processing parts, such

as precoding to avoid error propagation, Gray coding, etc. These pro-

-
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cessors were described in sufficient detail in [19]-[21], $53]. We shall

. °
- first compare these two models from the frequency and time domains.
* -+

4

2.2 WHY IS OUR NEW MODEL-B BETTER THAN THE CONVENTIONAL
MODEL-A?

L
e

In this section, we investigate the reason why our new Model-B is
better than the conventiona! model-A for multi-level PRS/QPRS above

the Nyquist rate.

2.2.1 Frequency-Domain Comparison

An'equivalent way of comparing operation above the Nyquist rate by
PRS for the two models is to keep the signalling rate,. fg, the same but
to reduce the bandwidth to less than f . Using this vnewpomt, opera-
tion above the Nyquist rate in the Model-A scheme is |Ilustrated in
Fig.2.4(a) in which 2 scaled cosine shape is retained. Thus, only the

frequency scale is changed, resulting in that all the frequency compo-

nents suffer distortion. Qn the other hand, in our ModeI-B'scherﬁ\e_,

shown in Fig.2.4(b), the old frequency response is simply “chopped
off" at EN/('I’a). Most of the original frequency components are thus
retained and the only frequency components that suffer distortion are

the cnes that have been cut off.

From this frequency-domain comparison, we would expect Model-B
performs better, especially for multi-level inputs. The superiority of

. Model-B over Model-A can also be observed in the time domain.



Ideal‘duobinary PRS spéctrum '

o
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-~ P -
H(£)
Ideal ducbinary PRS spectrum -
ST | - £
i - ' l+a
o - - (b) Oir new Model-B L~

N e - - v

_ Fig.2.4 A frequency-domain comparison for the

’— e

. ) . .
two models for duobinary PRS above the

Nyguist rate. ' : .
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2.2.2 . Fime-Domain Comparison ~

" PRS systems operate by introducing a “controlled” or “desired"
. . ) "
amount of ISI. When operated above the Nyquist rate, in addition to the

“desired” 1S1, there s introduced "undesired” [S1, which is respon.sible
i N

for the eventual deteri_oration 'orf performance to below an acceptable
level. We would expect ModeI;B to have less "undesired” ISI' simply
due to the fact that in Model-B most of the original frequency compo-
nents are retained, as discussed earlier. To examine this IS more rig-

.

orously, we shall consider the time domain behavior.

—

" As a first step, expressions for impulse sesponses of ‘Model-A and
Modei-B will be derived. Referring to Fig.2.2, the overall frequency

ré'sp'onse H(£) of conventional Model-A is expressed as follows.

2T cos(nfT), |f]| < 1/2T

H(E) = { (2D
elsewhere.
The signaling rate fg is related to T by (2.2).
= = / ' . 2.
fs l/Ts (1.+a)/'I‘ . (2.2)

' s
The corresponding impulse response h(t) can be obtained by taking 'the

inverse Fourier transform of (2.1), i.e. I e

’

[==]

h{t)

1
=}
s
—h
S
T

-0

1/21 _
4Tf cos(7fT) cos(2rfc) df
0 .

ine(Zely o gine(f. L . . TS
smc(,r 2) sinc( -

where : -

—— ~

sinc(x) = sin(:.'.wi)/rri
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For our Model-B case (see Fig.2.3) the_overall frequency response

H(f) can bewritten as (2.4).

By =1 ZOTscos(was-?, [£] < f;J/(l...a).

s elsewhere. -

-

where

fy = 1/T4 is the Nyquist frequency of the signal.

Following the similar steps, the impulse response  h(t) of Model-B

can be derived as follows.

=] ) Ve
h(r) = [ () eI’ tqs
- - £/ (1+a)
A = 4Tsfcos(wf]:9_],.ccs{2ﬂft) df
. 0
; =L foine[ ¢t +1y) ~ gineflf £ 1 }
_ E 1+a{smc[l+a( - 2)] smc[l+a( = 2)] . (2.5),

~Note that in the above derivations, the center of the impulse response
has been ¢hosen as the time origin. Thus for the ideal duobinary PRS,
i.e., a =0 for ei}her. Model-A or Model-B, the only two nonzero samples

are at t = xTg/2, respectively.

The discrete-time impulse response |h(t)']1:=nTs is of interest since
it provides insight into the behavior of the undesired 1Sl. We comput-
ed |h(t)|t=nTs by usin.g the‘ equelutions (2-:.’:)Iand (2.5) for the two
models. For illustrative purgofes, we plot (8 | coqp_ of Model-A and
Model-.B in F'igs.2.5 and‘2.6 for _the same percéntage increases of.5%

and 10% respectively. It is easily seen that‘, the undesired ISl's in our:

new Modei-B case are much smaller than those of Model-A, especially

-

<
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for those near the two desired 1S! samples.- This confirms our coﬁjec-
ture from the frequency-uomain comparison. A more rigorous compari-
son of the two models which leads to concepts, such . as truncated peak

distortion and system error floor [22], will be treatéd in Chapter 7.

2.3 COMPARISON OF EYE DIAGRAMS'

Since e*e diagrams show a good indication of system performance,
we shall first compare a few typical eye diagrams, generated by com‘-
puter simulations. The attention will be focused on the vertical jeye
opening because it gives the noise maréin at 'the optimum sampling in-
stants. The eye diagrams, displayed in Figs.2.7-2.9, representsg-, 49-,

and 225-QPRS, whdich consist of modulating in quadrature two baseband‘
3-, 7-, and 15-level PRS syétems, respectivély, using Model-A or Mod-
el-B. The choice of these eye diagrams i;, of course, arbitrary but
proper for comparison. Fig.2.7(a) and(b) show the_ eye ;;!iagrams.of
8-QPRS for Model-A and Model-B with an increase of 20% above the
Nyquist rate. .B‘oth showrthat the eye 'is open. However, the eye open-
ing in Fig.2.7(b) is much [ar%;_er than that of 'Fig.Z.'i(a), indicating

clearly that a larg;{r‘- noise margin exists by using our Model-B.

-

In the case of 49-QPRS with an increase of 10% above the Nyquist
rate, Fig.2.8(b) (Model-B) gives a robust eye opening ‘whereas -in.
Fig.2.8(a) the eye is seen about to close. It shows that Model-B is bet;
ter thén ‘Model-A as the numEer‘of input ‘levels increases: This trend

becomes clearer as we look into 225-QPRS with an increase of 4.2%

above the Nyguist rate. While Fig.2.9(b) shows a reasonably good eye



{b) Using our new Model-B.

Fig.2.7 Eye diagrams of 3-level PRS/9-QPRS with a 207 increase
above the Nyquist rate. Spectral efficiency: 2.4 b/s/Hz.
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(b) Using our new Model-B.

Fig.2.9 Eye diagrams of 15-level PRS/225-QPRS with a 4.2% increase

-~

above the Nyquist rdte. Spectral efficiencv: 6.25 b/s/Hz.
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opening, in Fig.2.9(a) .the eye is completely closed, meaning that in

_this case symool-by-symbol detection fails to decode the signal for the

' conventional Model-A.

From the study of eye diagrams, we foi:‘nd that speed tolerance of
duobinary PRS has reduced from 43% for binary inputs to abo‘ut 4% for
8-level inputs by using the conventional Model-A. On the other hand,
with the. use. of our new Model-B it is possible to achieve a higher

spectral efficienéy for PRS/QPRS systems.

-

2.4  EXPERIMENTAL RESULTS FOR A 15-LEVEL PRS USING OUR
NEW MODEL-B

We implémen‘.ced an above-the-Nyquist-rate transmission system using
our Mod;eI-B for a 15-level PRS sysfem [33] according to Fig.2.10. The
circuit of Fig.2.10 operates as follows. The incoming binary data, a.t a
bit rate of £ = 800 kb/s, is converted in;co an eight state symbol at a
symbol ra‘;:a of £, = £,,/3 = 266.66 kBaud by the serial-to-par:allél (5/P)
converter. The symbol is time aligned by the first set of three "D
type flip-flops. The second sét of three "D" type flip-flops .prqv.ides a
unit symbol delay between two successive symbols. These two succes-
" sive 8 state symbo]s'-are then added to provide one 15-state PRS symbol
at the symboi rate. -Note that the "D” type flip-flops and the binary
adder form a digital cosine filter as H;(f) in Fig.2.3, which can be ex-

pressed explicitly as (2.5).

|8y (5= 2]eos(mng) | gl < " (2.8)
where ’ _ ) ) :
T, = 1/£5 is the signaling symbol interval.
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The 15-state digital symbol is then converted into a 15-level analog

symbol by the D/A converter. The amplifier serves as a buffer for the

filter and volt'age offset for the 6/){\ cponverter,
. . -’n\\

The wideband 15-level PRS signal is then 'sent through a steep filter
which-has a 50 dB attenuation at fo. = £y /(1%a) = 1281;HZ, where fy =

£5/2 = 133.33 kHz. It is to be noted that, in practice, non-return to

-

zero (NRZ) rectangular [:Sulses are used instead of impulses. And for a

rectangular pulse p(t) defined by

A el < 14/2,
p(e) = { “ Lo (2.7)
0 elsewhere. '

The Fourier transform of p(t) is_

sin(TfTg)

P(£) = Fip(o)} = a7y —— (2.8)

5

-

where. T3 = 1/fg is the symbol ‘interval.

. Thus, the final transmit filter contains a compensating factor &f -x/

sin(x) to account for the nonreturn-to-zero (NRZ) Eectangula‘r. pulse
(instead of ir'n;:‘aulse) induceg:! sin(x)/x shaping of the spectrum. The
measured eye diagram and cor‘respondi_ng power_spectral density for fy
= 800 kb/s and £.= 128 kHz are shown in Fig.2.11. In this case tiwe
spéctral efficiency is 800:128 = 6.25 b/s/Hz, i.2., an increase of 4.2%
7abo've the\Nygiist rate. We note that the meésured eye diagram is ogen

as predicted in the simulation.result of Fig.2.9(b).
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Fig.2.11 Measured baseband eye diagram and corresponding power

spectral density of a 15-level PRS signal using our new Model-B.

This
.a 225

eye dlagram corresponds to that of the I (or Q) channel of

-QPRS modem operated at fb ="1.6 Mb/s. The spectral efficiency

of the baseband system and of. the quadrature modem is 800 kb/s g

128 kHz = 6.25 b/s/Hz, i.e., a 4.2% increase above the Nyquist rate

of 6

point.

O =

b/s/Hz. This efficiency is defined at the 50 4B atteauation

In this measurement, a Karkar Electronics, Inc. patented

.0l filter was used (Ref. U.S. Patent 3271705).
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2.5 PROBABILITY OF ERROR OF 225-QPR$_ ABOVE.THE NYQUIST
RATE o : : v

.-

Essentially 225-QPRS above the Nyquist rate can. be generated by
modulating in quadrature two baseband 15-level PRS systems using

. Model-A or Model-B. A FORTRAN program was written to evaluate the

performance. - . The simulation method is very similar to that used in-

evaluating the performance of high-level QAM systems [8], {36].

Two -baseband TS-IeV-gI -P__BS signals are ‘represented in .a complex
form. We assume the duobinary PRS filter shaping is fully at the trans-
mitter whereas the receive' filter merely bandlimits the chann'el. noise
which is iassumed to be additive, white and Gaussian. In Appendix A,
we show thgt this results in about a 1 dB degra.datiron in C/N with re-
sp:éct to the case in which the; filter shaping is optimall;r divided be-
tween the transmitter and. the receiver. The well-known method for
precoding [19]-[21] has been used to prevent error propagation.. A
perfect synchronizatior; is assumed and symbol-by-symbol ‘decision is

used in the simulation.

Results are plotted in Fig.2.11. The ideal curve in Fig.2.11 repre-
sents the P, performance corresponding to the optimum distribution of

filters and is plotted according to the following equation.

63 1 ,m.2¢C
Pe T 4 erf"(_/az (7%

- ) L

Eq. (2.9) is obtained by substituting M = 8 into (A.22) and replacing

S/N by C/N, since 225-QPRS is equivalent to a 15-level PRS signalin

) o (2.9

‘e
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TABLE 2.1 - Require@ C/N (dB) at P = 1072
- for 225-QPRS above the Nyguist
rate..
% above Spectral Model-a Model-B
Nyguist rate efficiency ., {(conventional) (new scheme)
(b/s/Hz) C/N (dB) C/N (dB)
0 6 - 32 32
3 6.18 43.3 32.4
4 6.24 Not possible 34.
5 6.3 Not possible 34.9
6 6.36 Not possible 35.3
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' baseband. Table 2.2 summarizes  the required‘C/N'" at P, =10 for _

225-QPRS for various percentage increases above the‘Nyquis_.t rate }Jsing

‘Model-A, or Model-B. The significant advantage of our Model-B is evi-

dent from FiQ.Z.H'_and Table 2.2. For example, for 225-QPRS trans-

mission, 3% =2bove the Nyquist ra“ce with convenxfi‘ona_] MofeI-A 11-dB
: \ )

degradation, while with our {new Model-B only a 0.4 dB degradation is

- ~

observed,
LN

-

2.6 QC;)NCLUSIONS

We conclude that, by simple sy@mbol-by-symbol receiver structures .

without MLSD or other advanced nonlinear equalizers, the conventionql

Model-A is idappropriate for multi-level PRS/QPRS systems, such  as

225-QPRS, operated above the Nyquist rate. However, with our n@&

Model-B for 225-QPRS, an increase of up to 5% above the Nyquist rate
can be achieved by simple sfyrr_tbol-by-symbol detectio_r'r with a small deg-

radation. This increase ‘has very significant applications, such as the
oL >

transmission of a T1 carrier in one standard analog supergroup band,

b

as previously mentioned in Chapter. 1.

<3



o~ * Chapter 11

IMPROVED EFFICIENCY 15-LEVEL MODIFIED DUOBINARY
: PRS ABOVE THE NYQUIST RATE

An improved efficiency technique for duobinary (class-1) PRS above

-

the Nyquist. rate with multi-level inputs ha.é been described in Chapter
2 and [22],[33]. However, duobinary PRS is not suitable for use in
some systems, such as tr’ansformer. coypled clircuits, SS8 modems‘,_arjd
carrier.syste;ns with ca_rrier‘ ;Silot tores, where reduced Iow-fre'quency
'components in the spe‘ctr.u.m at;-e required. On the other hanéi, modified
duobinary (élass-'IV) PRS/is _idea[l.y suited for the above-mentioned ap-
plications [34_J since it has no energy at dc and a small amount at low
frequencues ﬂus the objective of this chapter is to study the possi-

bility of increasing the spectral efficiency above the Nyquist rate using

“class-1V PRS with multi-level inputs.

3.1 SPEED TOLERANCE OF CLASS- -1V _PRS WITH MULTI -LEVEL
INPUTS

*

The conventional method fo'r c!as._s-IV PRS abc‘w‘_e th.e Nyquist rate
transmission is illustrated in Fig.3.1 and will be called Model-A. . Re-
ferring to Fig.3.1, the orjigiﬁal system is designed to transmit 1/T sym-
bols/s ower a bandwidth of 2T Hz, resulting in a spectral efficiency

of 2 .syrpbols/_s/Hz, i.e., the s&-called Nyquist rate. Transmission above

the  Nyquist rate is conventionaily achieved by simply increasing the
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-si:o‘,nalling rate to (1+a)/T symbols/s while keepin.g the tran's;nissior;
characteristic tixed, as is the'case in which speed—_tol'erance was evalu-
ated [18]-[20]. .Thué, the spectral efficiency of Model-A is '(1+a)/T
1/2T=2(1+a) symbol/s/Hz, wﬁere the parameter,”a” represents the pet-

centige increase above the Nyquist rate.

The speel! ;co[lerance for binary inpu“cs i_s defined as the percentége
incrgase over the Nyquist rate which will j_l..lstrcause overlap bet;'veen-
adjacent levels ("eye closure™) [19]. “In ti:e case of m-ary inputs, the .
speed tolerance can be defined as the percentage increase over the
Nyguist ratel__which will just cause at least one of the multi-level eves to

be ciosed. Based on this definition we eva[uated the speed tolerance of

class v PRS with m- ary @puts by computer snmulatxon using "worst

. 4
p0351ble' data sequences [18].[19]. The results are summarized in Ta-

“"ble 3.1 where the well-known 16% speed tolerance of class-1V PRS for

binary inputs is confirmed and the results for 4- and 8- level inputs.

are new.

» We notice thét the spees! tolerance of class-1V PRS has dramatically
reduced to about 13 for 8-level inputs. This is mainly due to inherently
higher 1SI in multi-level/sy;t.ems. Hence, by simple symbol-by-symbol

receiver structures, it is nearly :mpossnb[e for usmg class-IV PRS to

increase the spectral eff:c:ency above the Nyqu:st rate by the conven-

~. tional method.
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TABLE 3.1 SPEED TOLERANCE OF CLASS-IV (MODIFIED

- DUoslNARY) PRS FOR MULTI-LEVEL INPUTS.
Number of input levels Spéed tolerance
’ 2 167
4 3%
8 1%

' Noce:_The speed tolerance of 167 for binary inputs

is confirmed to agree with that ia the published
literature [19],- [20].

Speed tolerances for 4- and 8-level inputs are

v
our new results. ' N
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3.2 - A NEW TECHNIQUE FOR CLASS-1V PRS ABOVE THE NYQUIST
RATE S |

An improved efficiency technique for multi-level duobinary (class-1)

PRS above the Nyquist rate has been proposed in Chapter 2. The merit .

of thi_;. technique lies in the fé:[lowing fact. For the duobjnary sys'te'rr{i,
there ‘:‘s only & small amount of energy at f.requencie,s near the Nygquist
frequency (which is defined as half the'sign.aling symbol rate) so that
part of it can be chopped off without causing too much perforllnance
degraciation. Since the class-1V PRS system has a-‘spectral characteristic
near the Nyquist frequency v<'=.-ry similar to that of duobinary, we ex-

pect the chopping technique can be applied.

Fig.3.2 shows a new system model [35], called Model-B, using thHe
chopping technique for class-IV PRS abovel the Nyc;‘uist rate. It repre-
§ents a s;heme in which the .original class-l\_/ PRS filter is followed by
an ideal brickwail- filter with 2 cutoff freduency .at EN7(1'§), where
fN'=T/2Ts is the Nyquist frequency of the signal. The spectral efficiency
of Pthis new model is /T, : fﬁ/(1*a)=2(1*‘§). symbols/s/Hz, i.e., the
same as that of the convention.al Meel-A. We shall concentrate on a
15-level system, i.e., w}th 8-level inputs since it has a potential to

achieve a spectrél efficiency of more than® b/s/Hz.

From Fig.3.2, the overall frequency response of the new Model B
for class‘-‘IV PRS above the Nyguist rate can be expressed as follows.

j2Tg sin(27£Tg) [£] < £y/(1+a),

0 ‘ elsewhere.

E(f) = { (3.1)

Y
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Anc} the corr;eéponding impulse response can be easily ,obtained by a
straightforward manipulation, i.el,

he e

[=-]

:[HG) E_]2.Trft 4 -
-] . =

h{t)
fN/(l+a) ’ R ) .
- 2T sin(27fTg) sin(27mfc) df ‘ (3.2)
-£y/ (1+a) '

¥
1_.'}'—3- gsinC(( %Sﬂ.)_/(l-i-a)) = sinc(( %s-i- 1)/ (1+a))

Before proceeaing' to deal with the probability .of error, we shall
présent a few typical eye diagrams, plotted by computer _sim.ulations. .An
ideal _eye' diagram, gf a 15-level class-IV PRS signral at the r\llyquist rate
is shown-in Fig.3.3 for referénce. The eye diagram for the new
Model-B with 8-level .inputs‘ and a=4%, i.e., wi.th ‘alspectratae’fficiency of
6.24 b/s/Hz is denﬁonst'rﬁted in Fig.3.4.- Though IS| exists at the opti-
mum sampling instants, the quality of this eye pattern is excellent.” For
c'bmparisoﬁ, the eye diagram. presented ‘in Fig;3.5, with the safrs_e e-f.fi-
cien‘cy of 6.24 rb/s/Hz using the conventional Model-A, is com',:;letely

closed,

It is also important, ,at this moment, to compare the eye d-iagram
shown in Fig.3.4 for class-IV PRS with that in Fig.2.9 (b} for glass-i
PRS. We observe that the verti'cal eye openings in Soth cases are qu.ite
.comparable. This‘implalies that, when' signalliri'g ‘above the Ny;quist-rate
using our new chopping technique, class-!1 and class-1vV PRS ‘will have

similar performance in terms of the probability of error.
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Fig.3.3 Eye diagram of an ideal 15-level class-IV (modified duobinary).
PRS signal. Spectral efficiency : 6 b/s/Hz.
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i

Eye diagram of an improved efficiency class~IV 15-level PRS/
225-QPRS with a 4% increase above the Nygquist rate.
Spectral efficiency : 6.24 b/s/Hz. -

- ~

Eye diagram of a conventional class-IV 15-level PRS/225-QPRS

with a 4% Increase above the Nyquist rate.

Spectral efficiency : 6.24 b/s/Hz.
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3.3 PERFORMANCE OF iMPROVED EFFICIENCY CLASS 1V .15- LEVEL
PRS/225-QPRS ABOVE THE NYQUIST RATE

-~

-

In this section, we e:))aluate the pekrmance.dﬁ an improved effi-
cuency class-IV 15-level baseband and of modu?ated 225- QPRS usmg the
new technique' déscribed in Section 3.2.. Essentnally, a class-lV.
?.25-QPRS above the Nyquisf rate can be ge.nerated by modulating ‘in‘
quadrature two baseband 15-level systems us‘in,g Model-B in Fig.3.2. A-
FORTRAN program was written to evaluate the probability of error. As
an i[l-u;:trative example, a bit rate of 'I.S;_M_;; is used in t'iﬁe simu'lation,'
ire.,. with 800 kb/s in both in-p};ase and qdadrature cha.n'nels. The
si/nu[atfon is performed in a way very similar to that described in-
Chapters 2 and 5. Again, a perfect synchronization is assumed 'and
symbol—b‘y-syn’ibc!.detéction is used. Results are plotted iﬁ Fig.3.6.
Table 3.2 summarizes the requ-iréd C/N at Pe='10—9 for va;-ious percent-

age increases above the Nyquist rate using the improved efficiency .

h]

class-IV PRS.

The significant advantage of the new technique is evident from Ta-
ble 3.2. For example, for class-IV 225-QPRS with a 3% increase above
the Nygquist rate using our ne;v Model-B, only a 0.6 dB degradation is
observed. Aiso listed in* Table 3.2 is the corresponding result of im-

proved class-1 225-QRRS_ it Chapter 2 for comparison.

4

We notice that, with our new Model-B for 225-QPRS above the Nyg-
uist rate for an increase of up to 5%, the p-erformance of using class-1V
PRS is nearly as good as that of using class-I PRS. For example, for

the same 4% increase using class-1V PRS, there is only a 0.2 dB loss in

V .
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Fig.3.6 Probab;ﬂity of error of our improved efficiency class-IV

lS-levél BRS /225-QPRS above the Nygquist rate versus

carrier-to-noise ratio (C/N}, using our Mcdel-EBE.
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yTABLE 3.2 REQUTRED C/N AT P, = 10 ° for 225-QPRS ABOVE THE
NYQUIST RATE USING OUR NEW METEOD. :

f

- .. - ~ .
% above the Spectral Class-IV - Class-I *
Nyquist rate Efficiency 225-QPRS 225-QPRS
(b/s/Ez) C/N (&B) C/N (@B)
) 0 6 32 32
3 6.18 32.6 32.4
‘4 6.24 34.2 34
g 5. 6.3 35.6 34.9 ~
} = .
&6 7 6.36 3%.1 35.3
* Froml Table 2.1.
<
Dty
-
_ _
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C/N at Pa =10_ with respect to that of using class-1 PRS. This is sur-
prising ‘since it mlght be tempting to bay that for transmts% above
the Nyquist rate, duoblnary is’ better than modnf:ed duobinary for the
following fact. The speed tolerance of duobiéary is 43% fo‘r binary in-
" puts whe'réas it is only 16% for modified duobinary. It is true when the
conventional m'ethod is used. However, it is not true, especiali_y for m-
ary inputs, -by using the choppin‘g technique de’scriSed in sectio;w 3.2.’
In addition, modified duobinary‘ has some other ad\}antagg‘s. For exam-
ple, it has mo energy at de, thus a carrier pilot can bei“ins’er-ted for
easy carrier synchronization. Also, it ha‘s a very small amount of en-
ergy at low .frequenci'es ;1ear dc so that a service chann? can be add-

ed: this will ‘be described in the next section. %

3.4 AN EFFICIENT METHOD FOR SERVICE CHANNEL TRANSMISSION

T—

An unusual and interesting aspect of class-IV PRS is that there is .
no energy at dc and a relatlvely sma[l amount at<low frequenmes Thus,
lq addition to mcreasmg the spectral efficiency by chopping at the
high;frequency end, a small bandwidth at the Iow-f*requency end of the
modified duobinary spectrum can be carved out for accommodating a
service channel [21]. |In this case, the advantage is having 2 service
channe1.c0mpletely independent of .the main traffic bit stream. That is,
éhould the aata stream be Iosf, the serﬁice (order) channel may still
exist. It shou.ld be mentioned that a service cﬁannel is very important

in control, supervision and servicing of a system

. Pl . ‘ =
O —
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. This particular application is illustratéa in Fig.3.7, in which “the
modified duobinary. filter is followed by an ideal bandpass fiiter with

fL(=bfy ) and fy(=£y/(1+a)) rep senting thg cutoff frequencies at the

. ad
low end and at the high-frequency respectively. A service channel

-can then be inserted between dec and £r.

We studied the effect of the loc3tion of f; on the performance of 2
15-Iev;a1 PRS/225-QPR‘S with fH=fN/('l’a),' a=0.04, i.e., with a 4% in-
. crease above the Nyquist rate. The simulation result is shown in
Fig.3.8. It is seen that, as Iong‘as b<0.03, the degradation is in fact
negl’igible: This indicates that, under the condition of a 4% increase,
above the Nyquiét rate for the improved‘ efficiency class-1V 225-QPRS,
a bandwidth of 3% fN at fche low-frequency end can .be uced for service

channel transmission, which is not achievabie by duobinary PRS.

) . It should be particularly noted that at the low-frequency end of the
clasé-lV PRS spectrum not only a service channel can be uséd by usi_ng
our chopping technique but also an increase in spectr:al efficiency is
obtained in an FDM SSB system. For example, from the results shown

- .

in Fig.3.8, a 7% (i.e., with 3‘{, of fN‘cuf at the low-freguency end and
% at the high-frequency end) increase in spectral efficiency with re-
spect to the ‘Nyquist' rate can be obtained by SSB modulation with: a

small degradation.
b Y



-2 -3
I|0 Lt numEo 1

L L L1l

107

L1 Lllllll

0“

I‘
L1

-5
10

1o

PROBABILITY OF ERROR
L1 i

1 4ty

.y
ﬂO

L L L 11e]ll

51

Note: éeferring to Fig.3.7,
these results are
evaluated for _

= - =
fH fN/(l a), a=4%, and

-fi=be, for b = 0,
2%,

T 3%,
3.5%,
43.

=.O
= -
E La"
-
-
o 4
'©
o R
. 2290 24.00  26.00  28.00  30.00  32.00 _ 34.00  35.00  38.00  40.00  42.C
C/N IN dB
Fig.3.8 Performance of “an improved efficiency class-IV

15-level PRS/225—QPRS with a 4% increase above the .
Nygquist rate and with vaPious bandwidths carved out
for a serv;pe channel.
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3.5  CONCLUSIONS

Ar improved)fﬁciency technique for modified Huobinary (c.Iass-IV)'

PRS above the Nyquist rate transmission has been descr_i?ed. By using
this technique,. aﬁ' increase of 4% or more above the Nquis_t rate with
class-1V 225-QPRS, i.e., a spectral efficiency of 6.24 b/s/Hz or more
can be achieved by simple symbol-by-symbol detectiqn and the perform-
ance is nearly comparable to thét of duobinary v(ciass-l)‘" PRS. .Furthert
more, it is shown that with a 4% increase- above the Nngist rate for
the improved class-IV 225-QPRS, an additional 3% of the 'Nyqui,st‘ band-
width can be car\;ed out for service channel transmission with a .neg -

gible degradation. In particular, a 7% increase in spectral efficiency

can be obtained by SSB-modulated class-1V 15-level PRS dsing our

-
-

techr!ique.

¥
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Chapter IV ‘
IMPLEMENTATION AND PERFORMANCE EVALUATION OF

AN- IMPROVED EFFICIENCY 7-LEVEL CLASS-IV PRS
N - SYSTEM

r

In orde;r to perform practical research and investigate practical
hardware feasibi[ity of the ‘new concepf' i:i-evié'usl'y‘ presented for®
. PRS/QPRS above the Nyquist rate, we desigl"ted, by using our new
Model-B, a 7-level class-IV PRS system which -is the equivalent base-
band of a 49-QPRS modem. Detailed description <;f the.hardware design
"is presented.. Seveéral measured eye diagrams aﬁd corresponding §9wer
spéctral densities are compared for various percentage increases of sig-.
naling rate above the Nyquist rate. Measured bit error rate (BéR)
plerformance versis signal-to-noise ratio (S/N) shows a good agreement

with that predicted by computer simulations.

4.1 SYSTEM MODEL , '- -

Referréng to Fig.4.1, whit':il'l"is ré;ﬂrawn here from Fig.3.2 for con-
venience, it is"easy to see that- the fuhction of increasing the signalling
rate while keeping the baqdiimi-ting filtér _Hz'(f) unchanged is equivalent
to that of keeping the si'gnallin.g rate fixed while changing the cutof'f-
'freq'uency of Ho(f). We adopted the former approach because of hard-
"ware simplicity. . It shouivd be noted that the ideal brickwall filter !:Iz(f)

in Fig.3.2 is practically replaced by a steep filter which approximates
A , .

)
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£
Hy(£) ‘ Hy(£)
l“—-"""—"----'."--'-"‘,""'I
.I I
| H X 5
L=-level PAM ! + ! ;
. t _11;:\. ! sin x
! : 08 raised
-1 - 1 o= . raise
(Re;tan§ular ' : " cosine filter
pulses | , : 0 - 126.6 KHz
; ZTS ‘ E -
1
JI.. ________________________ ..: l Hz(f)
fs = l/TS is the signaling symbol rate.
= ")
fb/_
£ is the signaling bit rate. ) rr £ (kHz)
) PN
117.2] [126.6
Illustrative bit rates relative to the nominal one:
fy, = 468.8 kHz --- the norminal bit rate for which the filcer Hz(f) is designed.
= 468.8 x 1.05 = 492.2 kHz --—- a 5% increase relative to the nominal bit rate.
= 468.8 x 1.1 = 515.7 kHz ~—— a 10% incerase relative to the nominal bit rate.

Fig.4.1 System model for the experimental 7-level class-IV DRS sys:em_

operated above the Nyquist rate using our Wodel B.
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an « = 0.08 raised-cosine filter in Fig.4.1. The choice of this practical
filter will be explained in section 4.2.3, where the measured filter

characteristics will be presented as well.

4.2 DESCRIPTION OF HARDWARE IMPLEMENTATION

A system block diagram of our experi'mental 7-level class-1V PRS
above the Nyquist rate using our new Model-B is depicted in Fig.4.2.
3 \ ¢
We elaborate the system operation in the following paragraphs.

4.2.1 Encoder Opera'tion :
~ . ; N

Referring to Fig.4.2, the-input to the system with a bit rate fy is a
usual s.;erial binary data. stream consisting of-'l and .0. A serial-to-paral-
lel (S/P) converter is used to group evéry two serial bits into a four-
state symbol (i.e., one of the numbers 0, 1, 2, 3) represent’e-d by t\~;o
paraliel bits at a symbol rate fs = fb/2. In.order to ensure that an er-
ror in an adjacent level of the received signal results in only a bit er-
ror, the output of the S/Mc;nverter is Gray-coded. The precoding
operation for preventing error.proﬁagatioh [21],[533] is then performed
on the Gray-coded data stream, X{, which ‘consists of elements from the,
four numbers G, T, 2, 3. Let Yy denote the output data sequeﬁce of

»

the precoder. The relationship between \,rianc!‘xi is described by (4.1).

¥y =-(xi +,3f'i-2)'M°d 4 : (4.1
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Ti:1e next two .blocks labelled class-1V PRS encoder and D/A converter
convert the biﬁary form (Vi-) into a 7-level waveform in ‘a digital man-
ner. The function of the class-1V PRS encoder is -tp process the paraile]l -

binary- signals as follows.

23 TV T Yy . (4.2)

where Yo indicates a 2-symbol-interval-delayed version of ¥io

.-

In’ effect, this is a combinational logic type digital filter that can con-

: ceptually be represented in the fréequency domain as’

-

s

IHl(f),= 2[sin(27rf'l‘s) for mw< £< o (4.3)

To limit the .bandwidth of the digital filter'*, a steep filter was em-
-ployed as Hz(f) in Fig:-“r.'l. The filter chéracteristics will be described
in Sec.4.2.3. In the next section, we describe in det-ai_l the operation of
the encoder circuit. -

: ~
4.2.2 Detailed Description of the Encoder Circuit

The followir{g 'description reférs to the circuit diagram of a 7-level
cI:ss-IV PRS encoder depicted in Fig.4.3(a) and (b). The symbol-rate
clock is_de_nis;ved through U5 by dividing the bit-rate clock by 2. The
incoming binary .dat.a stream consisting of 1 and' 0 which are represent-
ed by *5V én'd.OV, respectively, is S/P converted By UT and the first

two D flip-flops of U2 which are time aligned by the symbol-rate clock.
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U3 performs the gray-code operation on the aligned 2 parallel bits. Ta-

[ 4
ble 4.1 illustretes the gray-coding in deta,il.

After the gray codmg, U4 and the remam:ng four D flip-flops of U2
carry out the precodlng operation to prevent error propagation (see’
also Fig.4.2). In th:s case U4 is used as a 2-bit adder and becduse of
the Mod 4 operation we =imply discard the MSB of the result, i.e., the .

output is still 2 bits.

The class-1VV PRS encoder is digitally fulfiled by US8, whére the 2's”
comp1ément subtraction is used. Due to different delays introduced i:
'digital logic circui.ts, the output of U8 hay have glitches, There.fore,
three D flip-flops of U9 hgé.te-\\been used to clock the output of U8 in
" order to ensute 2 glitch—F@E sigaal. Note that due to the specific cor-
- relation introduced by class-IV PRS, the 3 parallel bits at the output of
U8, and of course U9, hé've only 7 d:fferent comblnatlons. As a result,

[y

Table 4.2 summarizes the number mapping.

Due to the inherent structure, U0 maps a laréest binary number
(i.e., 111 .in the pl;-esent case) at its input into a most negative level.
However,_ with the éaid of the .inverted amplifier {(U11), finally a most
positive |evel corresponds to the Iarg.est binary number, which is also :

illustrated in Table 4.2
7

A dc balancing adjustment is provided by a 100 k multi-turn (M/T)
potentiometer located at pi}w—ﬁ\e&lﬂ-}./ A current amplifier (U12) is re-
quired to drive a 75 7 load, which is the ipfut impedance of the = =

0.08 raised-cosine filter .with” x/sin{x) equalization. Thus the wideband

-
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TABLE 4.1 GRAY-CODE OPERATION WITH REFERENCE TO Fig.4.3(a).

U1 ' '/sg:" U4
\E\,
Q Q, L Ag 4
0 0 ' 0 N 0/'\ T,
o - Sy,
0 1 0 1 )
1 -1 1 0
1 0 1 1
-l

-—

« TABLE 4.2 'THE NUMBER MAPPING WITH REFERENCE TO'Fig.4.3(a) & (b).

A

+

v LU0 ol ®
53 52 ) Sl Bl 32 53 ; pin 6
3 EP 1 1 1 1 s | e
: 0 1 0 | 1 1 0o | @ ———— positive
b- o voltage:
. 1 0 "0 1 ’ 1 o T P
. . |
0 0 0 g 1 0 o
-1 U S S -
. _-2 1 1 0] 0 1 0
=3 1 0 1 o o 1 | . X
2 '5:'_ Compleaenc}
{representa:ion -~ &
“ [ ]
’ ] o



4.2.3 Filter Characteristics and Signalling Above the Nyquist Rate

62
signal will be bandlimited by the steep filter to achieve the desired

spectral efficiency. ' Py "

. The symbol-rate clock triggers a set of two one-shots to generate
the.'r;quired sampling clock,‘Which will be hard-wired to tI;1e decoder.
The first one-shot provides a delay which can be adjusted by the 5 k
M/T potentiometer. ' P -

- 5

s

~In the analysis of our new Model-B fo-r PRS above the Nyquist rate ’
(see Figs.2.3 and 3.2), a brickw;ﬂhl filter (i.e., a=. 6), was used. A
question may arise as to how an ideal brickwali filter can be realized.
ThlS can be solved by notlng that the idea of using a brickwall filter is’
to cut off part of the energy below the Nyqutst frequency of the sngnall
so as. to achieve 2 .higher spectral ref‘ficiency. Thus_, what we really

need is a steep fil‘ceri which has a cutoff frequency below the Nyquist

frequency. In our experiment, a practical steep filter was employed,

‘which approximates anx = 0.08 raised-cosine filter and was designed by

Karkar Electronics, Inc., San Francisco. First, let us clarify some pa-

rameters which are related to "the filter characteristics. The measured

- amp]itud'e'characterisﬁcs of the o = .08 raised-cosine filter without and

with x/sin(x) equalization are shown in Figs.4.4 and 4.5, respectively.

The x/sin{x) equalizer is to compensate for the rectangular input pulse
<

induced sin(x)/x sh:;p?g of the spectrum. This filter has at least 25

dB attenuatlon at znd beyond 1"6 6 kHz. Th2 3 dB cutoff freguency

is -

- 12 ) = = 117 kHz. fiia
f}dB 126.6/(14a} 126.6,1.08 17 % o )

&



0 100 kEz

Fig.4.4 Measured amplitude characteristic of an

approximate ¢ = .08 raised-cosine filter.

0 ' _ 100 kHz .

rd

Fig.4.5 Measured amplitude characteristic of an
approximate g = .08 ‘raised-cosine filter

with x/sid(x) equalizacion.
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T V: 10 dB/div

—

H: 20 kHz/div

V: 10 dB/div

H: 20 kHz/div
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Thus, the filter was orig*ually designed for transmitting data at a3 nomi-

nal symbol rate of

£ = 2f. = 234.4 kBaud. - (4.5)

sn " 73dB

For 4-level PAM signalling (or equivalently 7-level PRS), the nominal

bit rate is - . ’ - .

g_ . B -

fbn = 2fsn = 468.8 kb/s. ' (3-53)

Lo-

) : :

To investigate the performance of signalling above the Nyquist rate,

we simply increase the input signalling rate higher than the nominal.

rate. Due 'tc_:o the nature of our hardware design, the delay element.s
{i.e., U4 in Fig.4.3(a)) vyield a delay which is exactly equal to the
symbol interval of the new signalling rate. Since' the filter is fixed, as
we increase the input‘ signalling rate, .the frequency compo'nents near
the Nyquist frequency of the signal'will be cut. Higher the iqcrease in
signalling ra_te, the more frequencyﬂcomponent.s_. below the\Nyq'uist fre-

quency will be cut, resulting in a higher spectral efficiency. This ex-

plains that the function of the experimental system is equivalent to that

of ‘Fig.4.1.

4.2.4 . Decoder Dperation )

-

L 4

With reference to Fig.4.2, the receiver employs, in a straightfor--

. N - .
ward manner, 6 siicer:s (threshold"-.detectors) to{c;uantizg the received
-, P ‘ .

signal into one of the 7 levels, 2. In the absence of noise, 2, is iden-

tical to zy” The paralliel binary outputs of_the'.slicer;', are combined by

3 -
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using -standard logic gates which perform-the modulo-4 operation and
Gréy code decoding to' yELeld the original parallel bits. Finally, a paral-
lel-to-serial (P/S) converswn takes place at the last stage to generate a

replica of the transm:tted binary mput data.

] : . -

An -example of the precoding and decoding—operations for class-1V

PRS is ilfustrated in Table 4.1 for 4-ievel signalling. Detailed descrip-
tion of the decoder circuit follows. |

L 4

4:2.5  Detailed Description ‘of the Decoder Gircuit

Referring to Fi§.4.6, the received signal, r(t), is passed th‘rough a
7-level quantizer consisting of six voltage comparators and six D flip-
flops' The fhreshold*voltages Vi.Va.,....Vg are set properly in the
middle of each_eye of the eye diagram. Denote by rk the sampled value

ofr(t)att kT"r,:e, : ' -
Id

|

(4)7)

r, = r(c)|

k t=%kT +zx
S

o

where
k is an integer, -

.'r is the sampler's phase, which is to be adjusted
to the optimum sampling instants.

. . * . ) '
" The output ol’ 741Q<l:iepends_on‘ the logation‘ of T, . as illustrated by

Table 4.4. . ~ ) . -
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TABLE 4.3 Four-level signal transmission.with class-IV PRS.

~

112 3 4 5 8

7 8 9710 11 12,13
x| 0212303321 1 2 1
¥y4102 100 0 3 3 10 2 2 3
in 02 le2 -1 0 3.3-2"-3 1 2 1
solo 2123 0 3

>

yi = (x4 +y5-2) Mod 4, zj=y; - yi_2

Xy = Ei Med

TABLE 4.4

—~ ?
~

4=z

'DECODING TABLE WITH REFERENCE TO Fig.4.6.

iMOda“

Xy {assume no noise)

%5

7417&‘ Decoded 742

q B W U G SY?EOI BoMod 4| QO

v, <r, 1 1 1 1 1.1 3 | 3an L0
vy<ro<v, b0 1 1 1 1 2 2 (1 0) L1
Vy<xr <V, 1 0 0 111 1 L (0 1) oi !

V< <vVy 0 0 0 1 1 1 .:0 f (0 0) 00

Vgem <V, 10 0 0 0 1 1| 3 |1 @

‘ < 66'< T, <V o 0 0.0 -o 1 -2 2 (1 Q) 1
rk.< Vve| 0 0 o o oo 3 L €0 1) S

-
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Following 74174, the combinational logic gatés 7404, 7400, and 7420

-

are combinea to yield the desired output 51 and 6.,_ by performing the

+

b}

nections among 7420, 7400, and 74174 are very straightforward. /

Fiﬁally, 74153 converts the 2 parallel bits into a serial bit stream
through the correct timing provided by the sampling clock. Again ?@%4
.is‘ employed to yield a clean recovered data gtream and 74128 is used to
drive a 50 Qload, which may be the input impedance of an error analyz-

er This completes the description of the circuit ‘operation.

4.3 EXPERIMENTAL RESULTS AND DISCUSSIONS

-

~

A t\Q‘ical measured eye diagram and the sampling clock are shown in
Fig.4.7 for the 7-level class-IV PRS at the ‘Nyquis;t rate. It is worth
noting- that the optimum sampling ins{t}ant seems not to be at the miadle

. of th_e‘-eye, ~as observed from Fig.4.7. -According to our experience

-~ from the experimental evaluation of the BER performance, we found that
-.Q g tl;e optimum sampling instaqt which results in minimum BER is indeed
Ioééfed at a point which is tc-::ithe right of where the maximum eye

opening is. This is be%ause that the commercially available comparator

'__‘.__J: - - “1C's _‘whish are used in our circuit (311 in Fig.4.6) have a certain

, amount of response time (fypipaily 300 ns from the data manual) which

-

causes a delay for a stable output.. The precise positibn of t\be optimum
- ¥ .- .

. . . - . ) o
sampling instant can be located by adjusting the sampling clock while

-Iodking at an error analyzer .until it g}ves a minimum reading of BER.

. 68

déc ding procedure which includes. Mod 4 oper'atiop ana gray-code de- -

bding (see also Fig.4.2). With the aid of Table 4.4, ‘the circuit con-



Fig.4.7 Measured eye diagram of the 7-level class-IV
' PRS signal and the sampling clock. )

-
.

3

7

boi?
e

-~

‘5
3.

T

)
v 4

A

¢ .

Fig.4.8 Close-up of the \inner two eyes of the’'7-lewel
" class-IV PRS sigmal. : .

~

e
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Vs
Upper trace:
200 oV/div

Lower trace:
2 v/div

H: 283 ns/div

V: 50 mV/div

{
H: 283 ns/div

fh = 473.6 kb/s."
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Transmitted
data
E: 5 us/div )
fb:
473.6 kb/s Decoded
data

\

-

Fig.4.9 Illustratfve transmitted and decoded data
_ﬂw\\ for a PRBS pattern of 1110010.

. H: 10 g/div-. Transmitted

-—
data
- - -
£ : ~
b
. / -‘5&?73.6' kp/s ' . G O I EEEE O A O PRI e AN O SREEY - Decoded
' ' data
—— s e oubegy = - ww e
»
- “'-
| . \
SR A Lo - -\
o . The S c-
Fig/4.10 1lluStzative transmitted and decoded data
- "'+ for 'a PRBS pattern of 100110101111000. ‘8
. ,\ . . Lo ‘. .‘ '
. . -' -I i . / - .’ . ) a..' ‘ g -
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Fig.4.8 shows the close-up of the inner two eyes. Two decoded data

o . N . .
patterns are illustrated in Fig.4.9 and 4.10 for PRBS iengths of 7 and

15 bits, respectively.

P

The BER performances versus -‘S/:N-' were measured for various per-'
centage increases above the Nyquist rate. 'Tﬁe signal and nof;e powers
were measured at the output.of, the lowpass filter just bgafc{re the
threskiold detectors. The measured Fesults are shown in dotted 'i:u'rv.es
in Fig.4.11. To confirm the accuracy of our simulation method, we-"sim-.
ulated the experimental 7-level class-1V PRS system.and the simulated
results. are also given ir.a \Fig.4.'|'1 by the ;olid curves for comparison.

We found that the measured results are basically in good agreement with

the simulated ones.

A comparison at the 'IO_6 error rate indicates the experimental result
is 1.5 dB away from-the theory for the 7-level class-IV PRS at the

Nyquist rate. Th'e 1.5 dB degradation is mainly due to practical imper-

fections in filters and circuit layout since the experimental hardware is

in breadboar:d rather than printed Circluit form. As observed from
Fig.4.17, fc‘ar the rincrease of up.-to'g% above the:' Nyquist rate, the
measured results are sli.ghtly_ wdrsg than, those by éimulat' "~ ~This is
in general due to hardware imperfections. However, the situation is re-
verse when the increase is i.wigher than 9.%. This can be explai:wed- as
follows. In the hardware measuréments, the threshold vo!tage-s were al-
way-s édjusted to the middie of~ each .co‘ﬁrespondi'ng eye’,' whereas they
were fixed and evenly spaced in th;e simulateion. As the signaling rate

: <
is increased’ higher, the 6 eyes become uneven as can be seen from the

-



:'_Fi--g'.:ﬁ.ll Vﬁeasure-d- .BER-ﬁerfonﬁance of impr_o;red
- _efficiency 7-level class-IV PRS above

the Nyquist rate.
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Y ‘ . .
" eye diagrams. The original threshold voltages are no longer at’ the op-

timum positions. Thus the measured results are found better than the
simulated ones when the increase is highe:~ than 9%. ,T\
. . ' - )

We also.notice from Fig.4.11 that for an increase of up to 9% abo.ve

the Nyquist rate for the 7-levél class-1V PRS us:ng our new chopptng‘ .

)

technique, the degradation is redsonably small. IIlustratwe examples of
the r;leasured ‘eye diagrams 'and.c_:orresponding PSD's are presented. m
Figs.4.12-4.14 ‘for 0%, 8%, and 12% incrjeases. above the. Nyquist rate,
respectively. Note thaf all of the PSD's measured. before the lowpass
filter show nulls at de and the Nyquist frequency of the signal. This
confirms the freqﬁéncy-domain behavior of the class-1V PRS.

;

II - M . ’ . . i .
As ppinted out previously, the wideband spectr'um 60%{1& signal is

banc;hmlted by the lowpass filter whose charactemstlcs ar; ed. As the ’
sngnallmg rate - |s Ln;reased higher, the more frequency components be-(-’.’
'Iow the Nyquust frequency will be cut This can be observed from the
PSD's meafured after the LPF in Figs.4.12-14. As .seen from the meas-
ured eye dlagrams in F:gs.4.12—4.14, the "undesired” ISI increaseé'as

the percentage increase above the Nyguist rate increases, whicH even-

tuallyfcauses.performance ‘degradation to an unacceptable Ie_ve!.

Fig.4.15 shows the pho:o of the experimental set-up m the Digital
Comunicatimow, Department of ?érical Engineering, Univer- -

- sity of Ottawa. \

-
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(a) PSD before the lowpa #ilter.
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_ (c) The received eye diagram.,

k3

117.6 kHz

(b) PSD after the lowpass filter.u

&

fig.h.lZ' Measured PSD's and corresponding qye-diagram of

-3

. ' our 7-level class-IV PRS gignal with

[

£y, = 470.3 kb/s.

V: 200 nV/div

"H: 679 ns/dly



"

V: 10 dB/div —
H: 20 kHz/div

]
-

126.5 kHz.

(a) PSD before the lowpass filter. (b) PSD after the lowpass filter.

e

V: 200 av/div

H: 685 ns/div

(¢) The received eye diagram.

-

Fig.4.13 Measured PSD's and corresponding .eye diagraz of our.
7-level class-IV PRS signal with fy, = 506.2 kb/s (an 8%

increase above the Nyquist rate).
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V: 10 dB/div
H: 20 kHz/div,

S 131 Kz

(a) PSD before the lowpass filrcer. (b) PSD after the lowpass filrer.

e

V: 200 mV/div .

H: 673 ns/div

(¢) The received eye diagram.

Fig.4.14 Measured PSD's and corresponding eye diagram of our

7-level class-IV PRS signal with £y, = 524 kb/s (a 122

increase above the Nyquist rate).

o
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Fig.4.15 Photograph of the exgerimeﬂcal set-up in the Digital
Communications Laboratory, Department of Electrical

Engineering, Universitv of Ottawa.
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4.4, CONCLUSIONS :

.
|
LI

To vel':ify the new concept previously present;a:d for multi-level PRS
above the Nyquist rate, é 7-level class- I\V PRS baseband sy;stem has
bes}\deagned and implemented. System design principles were hlgh-
lighted and detailed circuit operation was described. Practical problems
encountered during the experiment and the valuable experience learned
from the measuremeﬁt were also discussed, Th‘e measured BER perform-

ance of the improved efficiency 7-level PRS was confirmed to agree well

with the similated results.

¥
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‘ Chapter V
256-QAM MODEM PERFORMANCE IN DISTORTED
‘ CHANNELS

In Ch'apter 1, after introducing the demand for highly spectru.m-ef-
ficient modulation schemes, it was cbnciuded that 256-QAM is one of the
candidates. Essentially, 256-QAM is equivalent to a 16-level pulse-am-
plitude-modulation (PAM} in baseband. Multi-level\signals are more sen-
sitive to various impairments because the same impairment l(e.'g., filter
imperfecti'c}n) yiel‘ds 'higher IS1 in multi-level systems than in a binary
-system. As a result, fil_ters_specificatiogs which are suitable for a bina-
r-'y system do not necessarily -guarantee a satisfact6ry perforrnan.ce for a
16-level system. 'I;hus it is important to investigate the effect of chan-

nel distortions [37], [38] and/or hardware imperfections on 256-QAM.

The objective of this chapter is to quantitaFiver evaluate' the effects
of group delay -and amplitude distc_mrtions with linear, parz;bolic, or ,Si-
nusoidal characteristic on thi' performance of a 256-QAM modem. The
first part of th'is‘chapter willibe devoted to a brief description of our
simulation method/ éimuiated results for a 120 Mb/s sys;tem will then be
presented. -Fina[ly, in order to efficiently apply the simuilated results to

systems with different bit rates, a simple scaling procedure will be de-

scribed.,
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5.1 | .DESCRIPTION OF COMPUTER SIMULATIONS

Y
-

Fig.5.1 shows the block di;gram of a 256-QAM system. The modu-

~

lated 256-QAM signal can be represented by (5.1).

= : : - j2nfot X
s(t) = Re{ Z(I_+jQy) glt-nT) e’ °%) (5.1)
n=0 :

- where

Re{ } denotes real part of the complex-valued quan'tity in the
brackets,.

. 1 i\s the carrier frequency, _
1/Ts is the symbol rate; for ?:56-QAM Tg = 8Ty
/Ty -is the bit rate,

«g(t) is a pulse‘ defingd by

1 for 0 <t < TIg

g(t) = {

0 elsewhere.
Lo,

Inand Qn=:‘l, #3,..., =15 are the sémpled values of the in-
D . Q
phase and quadrature symbols.
-

The simulation isrperformed entirely in the complex baseband form
as shown in Fig.‘S.-?. for a system with a bit rate of 120 Mb/s| i.e.,
with a symbol rate of 15 MBaud. The choice of this Baud rate is for an
eésy compariso-n with the performaﬁce of 80 Mb/s 64-QAM systems which
have the same Baud rate and were used in [8]. The results can be
applied to ano_ther bit rate by appropriate sca!ing. in the simulation a
perfect .carrier and symbol-timing is assumed. For filtering we use FFT
techniques to alternate between the frequency and time domains. The

assumed pseudo-random-bin}ary-sequence (PRBS) sequence length is

16,384 bits and the number of samples per syrribol is 32.

-
-
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_The transmit and receive filters are assumed as ideal square root of -
raised-cosine filters with x/sin(x) eqv.-:alizat.i-on in the transmitter so that
the whole system satisfies the-Nyquist 1st criterion [14]. The .r'esu!‘ting

eye diagrams for o = O.T‘and‘0.4 are shown in Fig.5.3(a) and (b),

where o denotes the roll-off factor, that is the ratio of the excess

bandwidth to the Nyquist band. The eye diagram of an x = 0.2 un-
equalized channel, having a sinusoidal group delay distortion, is illus-

trated in Fig.5.3(e). Iilustrative measurement results are shown in

.

Fig.5.4.

v

-

Note that for ideal filters there is no ISI at the optimum samBIing
instants. Howe\;fer, data transition jitter is very significant, particuiarly
in the o = 0.1 case. This indicates a high-precision sampling clock

would be required.

For a specified power of white Gaussian .noise at the threshold de-
tector inbut, the error probability of the i-th symbol with respect to

the in-phase channel is calculated as follows:

|S; - THRI,!
% erfe( ————— ), for I = 215
7
oI V25 1 (5.2)
si ¥
IS4 - THR1;! ITHR2§ - §i]
% erfe( - Y + x erfc( —m—— ),
- Ve /2c :

for Ij = =1, *3,..., =13.
where ‘ ,

I, is the i-th transmitted symbol of the in-phase channel,
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F gﬁlw N TENT
“:r“l'm
I PO MR (el ¢y
|
(a) = (b)
: 500 ns/div e oy " not calibratéﬁ.
. mot | @ | N ¢
calibrated. | 4 T ‘_‘
I
G S
—— e o -
Cw ] .. e He 1 us/div ]
!-I-—"-.| * I _“ * V: not calibrated.

Fig.5.4 Measured l6-level and 8-level PAM eye diagrams, which are the

equivalent baseband signals of 256-QAM and 64-QAM, respectively.

" The symbol rate is 200 kBaud, which corresponds to bit rates of

800 kb/s (16-level PAM) ,and 600 kb/s (8-level PAM). Raised-cosine
Xyquist channel filters (fN = 100 %cHz) having a roll-off factor
@ = 0.2 and a 55 dB attenuation beyond 12-0 kHz, designed b%
Karkar Electronics, Inc., are used in this ex‘pe.;inient-.

Photographs: (a) and (b) for l6-level PAM, (c) 6T B= PAM.
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-

giis the *n‘ia'gnitude of the_‘_i-,t'h__ received sample of the in;'phase

channel,

A
.

THR1y = [I3]- 1; THR2y =[14]+ 1;

, ' 2 = 2 ' ) .
erfc(x) = —'-f et dt, .
o Ex _ ol
czis the recei\}éﬁ’ noise power at the threshold’ detector input.-

The errorf probability Ps?l with respect to the quadrature channel is
. ‘ & ’ .
obtained similarly from (5.2) and for a sequence of N symbols in each \

channel the average symbol error rate Ps'is calculated as follows :

v
< N P
— I ¢ : -
Py = (1/N) I (PL.+pQ) . | . (5.3)
: =1
5.2- ' GROUP DELAY DISTORTIONS .

'To investig:;ate the effects of selective fading and/or radio system

hardware imperfections, we insert between the transmit and the receive
filters a linear filter with the equivalent baseband transfer function

C(f), as shown in Fig.5.2. We may express the frequency response

C(f) as

™

C(f) = ictf)lejs(f) : | (5.4)
and
. Tam
A(f) =-|C(f) | - (5.5)
D(f) = (-1/2m 38D (5.6)

df
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P

To simulate the group delay distortion we assume there is no ampli-
tude distortion, i.e., A{f) = 1. The group delay distortions are defined

as follows :
Ly f - for linear group delay,

. D(£) = Pp £ ' for paraboiic group delay, (5.7)
' : b

SD sin(ZTTKf/ZfBW) for sinusoidal gr"oup delay.

where

fpy = (1+a)fy and Fy is the baseband Nygquist bandwidth.

This (1~ fy bandw:dth definition is more approprtate than fy» as it'in-
cludes the‘ cr:tlcal effect of the group de]ay at the edge _of the filter
attenuation band. In the case of sinusoidal group “delay, we present
only the results for K = 4. The symbol error rate Ps versus average

C/N is computed. Typical resuits are shown in Fig.5.5. We define a

maximum group delay, Tm, in the filter bandwidth (ZEBN) as follows :
LD(?.'FBW) ns for linear group delay, |
. 2 . .
Ty = Pp(fay} ns for parabolic group delay, {5.8)
Sy ‘ns for sinusoidal group delay. N

The degradation of C/N as a function of T relative to the case
with no distortion, for a B of 10—ais shown in Fig.5.6. Note that here
we snimulate a 120 Mb/s system with @ = 0.4. We also include the per-
formancé c_>f 2 90 Mb/s 64 QkM system .:.vith a = 0.4 in Fig.5.6, which is

confirmed to be the same as in.[8]. Again we nbtice that for a given
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GROUP DELAY DISTORTION

Lo

D(f) = LD £ (linear)
o D(f) = Py £2 . (parabolic)
3 D(f) = 8, sin(27K£/2£,.) (sinusoidal)
41 K = 4
A —
8.00 12.00  16.00  20.00  24.00  2B. ﬁo 32.00  36.00  40.00

C/N IN 4B

Fig.5.5 P4 versus C/N for linear, parabolic, and sinusoidal group delay
distortions for 256-QAM with a bit rate of 120 Mb/s and & = 0.4.
——————Noise is defined in the double-sided Nyquist bandwzdth i.e. » the

equivalent noise bandwidth is 15 MHz.

N-." 4 £
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256 QAM (120 Mb/s)
————— 64 QAM ( 90 Mb/s)

Parabolic

fay = (L+a)fy = 1.4fy = 10.5 MHz

//
~ -
B v -
-
f,’
Sinusgiéﬁi -
_--"""parabolic
—————— ’ , Linear & Sinuseidal (ns) ,
1 i L L]
4 8 12 16
‘ : Parabolic (ns)
A 1 t } 1 t -
0 12 24 36 48 60
Tm in ns’
Fig.5.6 Degradation of C/N wversus T for linear, paraboli¢, and =~
sinusoidal group delay distortions for 256-QAM:and 64-QAM
with a symbol race\pf 15 MBaud and a = 0.4 raised-cosine
filters, where
o = LD(Zwa) ®  (linear)
= PD(fBW)z ns (parabolic)
= Sp ns (sinusoidal)
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' ;al.u:e of maximum.gro.gp delay t_ in the fiitgr -_b_ar?dwi'dth, Iin.ea'r group
déléy distortion causes fhel,most_;;evere degradation- to the system's
_performance as compared to parabolic or.SinuSoidﬁll ‘group delay distor-

tions - {8].

5.3 AMPLITUDE DISTORTIONS

For the simulatifn of the amplitude distortion, we assume the group
b}

delay distortion is equalized, i.e., D(f) is equal to a constant. Three
different characteristics for the amplitude distortion are defined as fol-

o

lows.

La f . for linear amplitude distortion,

) , . I
A(f) = Py f for parabolic amplitude distortion, (S.9)¢_
|
!

Sa sin(Zﬁkf/ZfBW) for sinusoidal amplitude distortion.

The symbol error rate Ps versus C/N is computed. A typical result

'y -

is shown in Fig.5.7. Degradations of C/N for 256-QAM and 64-QAM with

15 MBaud and ¢ = 0.4, versus maximum arnp]ityde distortion, Ag. in the
filter bandwidth, .are plotted in Fig.5.8, where
o
LA(Zfaw) . for linear amplitudg distortion, .
) . . .
A= PA(wa)" for parabolic amplitude distortion, (5.10)

Sy for sinusoidal amplitude distortion.

L]

O
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) : C/N IN d8
Fig.5.7 P4 versus C/N for linear, pafabo{ic, and sinusoidal amblitpde

distortions for 256-QaM with a bit rate of 120 Mb/s, i.e., lS_MBaud
and o = 0.4, ) ,
Noise is defined in the double-sided Nyquist bandwidth, i.e., the

equivalent nolse bandwidth is 15 MHz.
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Fig.5.8 Degradation of C/N versus A, for linear, parabolic, and
sinusoidal amplicude distortions for 256-QAM and 64-QaM
with a symbol ?ate of 15 MBaud and ¢ = 0.4 raised-cosine
filters, where
Ap = Ly(2fgy) dB (linear)
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We note that for a given value of maximum- amplitude distortion, Ag.

linear amplitude distortion causes the feast ciegr'-adatibn, followed 1n or-

“der of increaéing degradation by parabolic and sinusoidal amplitude dis-

tortions. .

5.4 APPLYING THE SIMULATED RESULTS TO SYSTEMS WITH
DIFFERENT BIT RATES
After presenting the simulated results for a 120 Mb/s system, '\"ve
now want tq show how these res'ults can be applied to systems with dif-
ferent bit ratses. This is important since in a number of applications
whe‘re we might want to lir{:o'w the perjfor'man.ce of a system.in distorted
channels which uses the same o = 0.4 256-QAM modulation forma.t but
has another bit rate. A simple scaling procedure to be described in this
section will allow us to efficiently obtain the corresponding results
without repeating simifar computer simulation procedures, thereby sav-
ing a lot of computing time and efforts. .~
A ' f o
" "The key point'lies\n the fac‘.t that, in our computer simulation, all
;f the filtering processes are exactly related to the bit -r‘z;tl:a‘c.:; a system
and the modulatioﬁ format. That is, assuming 2 fixed modulation format,
once the bite is Specified,' the charactéristics of filters are theoretically
well defined. Consider two systems with bit rates £, and £, suffer-
ing linear group delay distortions which are characterized by two pa-

ramelers LDl and LDZ , re:.;pectively. Let us “define T, to be the nor-

malized maximum group delay with respect to symbol interval TS, i.e.,
.= 7, /T. = 1_.f (5.11)

where

’5“.
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Y e,
; Tp is the maximum group delay in the filter bandwidth, as
defined in (5.8), - : Ce
T

s 15 the symbol interval,

Ts = 1/fg = 8%, = 8/f, for 256-QAM. -
~/ :

L}t{obviohs that, for systems having different bit rates, the group

delay distortions Wwhich have the same characteristic and the same %m

will cause the .same performance degradation. Thus for two linear group
delay distortions causing the same degradation to the respective system

-

3 simple relation can easily be obtained from (5.11), i.e.,

-

a1 fb1 T Tma 2 (5.12)
e or equivalently,

-

‘ 2 2
Lp; fy1 = Lpa fi2 : | (5.13)

where (5.7) and (5.8) have been used. The following exdample will il-
lustrate how (5.12) and (5.13) .afid thé previous results for a 120 Mb/s
system can be employed to predict 'tﬁe corresponding results for a 80

Mb/s system.

From Fi§;5.6, it is noted that in the case of linear group dela{r dis- ‘
tortions, a 7T of 2.5 ns causes a 1 dB 'd'egradation in C/N for a 120
Mb/s system. Substituting fp1 = 120 Mb/s, £, = 90 Mb/s, and Tl = -
2.5 ns into (5.12),

T =25 — =31 ns
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This indicates that a Tp ©f 3.1 ns will cause the same 1 dB degradation

in C/N for a .90 Mb/s system. Furthermore, substituting Ly, = 0.095
ns/MHz, f,; = 120 Mb/s, £, = 80 Mb/s, we find

—

. 2
Lpy = 0.095 - (% = 0.126 ns/MHz

This means that the P, curve corresponding to Lp = 0.095 ns/MHz for a

120 Mb/s system also - represents the P, performance corresponding to

Ly = 0.126 ns/MHz for a3 90 Mb/s system.

On the other hahd, consider the amplitude distortions case. [t is
obvious “that the amplitude distortions which have the same characteris-
tic and the same maximum amplitude distortion in the filter bandwidth.

B
will cause the same performance degradation to systems with different

bit rates. Thus, for two linear amplitude distortions with parameter;s

Ly; and L,, which cause the same degradation to two systems with bit

rates fy; and fyp- @ simple relation can be drawn from (5.10) and the

above argument as follows.

Larfpr = Lag fy2 / (5.14)

As a further illustration, the Pg curve corresponding to Ly = (5.038
dB/MHz for a 120 Mb/s represents also the P, perforrna‘nce corresg_o.n'd-
ing to L, = 0.038 x 120/80 = 0.0507 dB/MHz for a 90 Mb/s system. It is
now clear that the results simulated for a 120 Mb/s system can easily be
applied to systems with different bit rates. The equations which r-e.late
other distortion parameters to bit rates can be derived in the same-way

and are summarized in Table 5.1.



¢

TABLE 5.1 RELATIONSHIP BETWEENDISTORTION PARAMETERS AND BIT RATES
FOR TWD SYSTEMS HAVING THE SAME MODULATION FORMAT AND
. PERFORMANCE BUT DIFFERENT BIT RATES.
\ -

J ‘
Group delay diatortions rAmplitude distortions
L1 g2a1 2 ' L,, £,, =L _ £ -
near Ip1 %o = Ip2 fy2 al Ty ™ Lao S
3 3 2 2
Parabolic | PD&ﬁfbl ; PD2 sz PAI fbl PA2 sz
Sinusoidal SDl fbl = SDZ sz SAI = SA2

Note: Ly, and L’D'z' are the parameters of linear group delay distortions
which cause the same performance to systems with bit rates fbl
and sz, respectively. Other parameters and notations follow

similarly.



99
5.5 CONCLUSIONS

H

The effects of group delay and amplitude distortions on the error
performance of a 256-QAM modem have been studied. Corﬁputer simula- .
tion results indicate that linear group delay distortion is thél most criti-
" cal group delay parameter. The simulated resulti” could be useful for
’rnodem researchers and designers’ since it could indicate the tolerable
imperfection in filters implementation which would not degrade system
performance to below 2 épecified v'a.lue. Also presented is a simple scal-

ing procedure which enables us-to apply the simulated results for a bit

rate of 120 Mb/s to any other bit rates without going througn similar

computation procedures.

i)
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Chapter VI oy =~ :

COMPQR!SON OF 256-QAM AND IMPROVED EFFICIENCY
225 QPRS IN DISTORTED CHANNELS -

In Chapter 5 and '[36], the performance of a 256-QAM modem in dis‘-
‘ torted Eiwafnnels was evaluated. An ideal gZ?,;QPRS achieves an efficiency
of 6 b/s/Hz, which is equivalent ‘t'ot/ha.t- of 256-QAM with a roll-off fac-
tor @= 0.33. However, at Po = 10*9a 4 dB increase in.C/N-immunity
can be obtainbed by using 225-QPRS_instead of 256-QAM to achieve 6
b/s/Hz. Furthermore, an improved efficiency class-I 225-QPRS ‘using

our new Model-B has been described in .Chapter 2. Therefore, it is im-

portant to study the performance of improved efficiency 225-QPRS in

"‘distorfed channels.

In this chapter, we shall compare the performange-s of 256-QAM andh.
improved efficiency 225-QPRS in dlstor'ted channels [39] The compari-
“son will be based on the same spectral efficiency of 6.3 b/s/Hz smce
the required C/N (dB) at P, = 'IO -2 is practically the same for these
two modulation schemes to achieve this efficiency.“The effects of group
delay and amplitude distortions OI:I the perforkance of t‘hese two modula-
tion schemes will be evaluated and compared. The results could tndtcate

the sensntlwty of the .two modulation schemes to different imperfections.
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6.1 BACKGROUND FOR THE COMPARISON OF 256-QAM AND
225-QPRS -

Fig.6.1 compares some of the results of class-I 225-QPRS using our
ngv; Model-B in Chapter 2 with the performance of 256-QAM. It is seen
that at F“,_,_=TO-9 the required C/N is about 35 dB for both 225-QPP:S/
with a 5% increase above the Nyquist rate and 256-QAM. The spectral
efficiency of 225-QPRS with a 5% increase above the Nyquist rate is 6.3
b/s/Hz, which can be achieved by 256-QAM with « = 0.27. As mentioned
in Chapter 1, this high spectral efficiency is required.in many applica-
tions such as T1/SG. Therefore it is of interest to com‘pare the sensi-
tivity of these two modulation schemes to channel distortions. The cor_n.-.
parison will be based on the same transmission rate in the same-'
bandwidth to achieve 6.3 b/s/Hz. In the simulation, a bit rate of 120

L 4
~Mb/s is used. However, following the scaling procedure described in

Chapter 5, the results can be applied for another bit rate.

6.2 COMPUTER SIMULATION DESCRIPTIONS

The'simu[ation is carried out entirely in the complex baseband form
for a 120 Mb/-s system t.e., with a symbol rate of 15 MBaud for
256-QAM and 20 MBaud for 225_-‘-(‘.'JPRS, r:espective!y. For 256-QAM, the
transmit filter consists of an analog x/sin{x) shaped amplitude egualizer

and an ideal square-root of o = 0.27 raised-cosine filter, i.e., with a

spectral efficiency of 6.3 b/s/Hz. The receive filter is an ideal square
root of @ = 0.27 raised-cosine filter."

e
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— — — CONVENTIONAL 225-0PRS

-

IMPROVED EFFICIENCY 225-QPRS

-

- \ .
~N
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. N ;
— . \ a=0.0—-‘\ :
» \ :
\
Ideal 225-QPRS
e
a=0.00
2=0.03
- -a=0.0535
T T 1 [ I : i I I . l
= . , : .
20 - 22 24 . 26, 28 30 32 34 36 38

C/N in ¢&B

Fig.6.1 Probability of error of 256-QAM, conventional 225-QPRS,
and ‘improved efficiency 225-QPRS versus C/N. ’
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For the improved efficien_cy class-1 225-QPRS, thé transmitter con-
sists of an analog x/sin(x) shaped amplitude equalizer, the duobinary
filter and an ideal brick-:;ail filter-vyith é cutoff frequency at fN/‘l.OS;
where fN =10 MH? i.s the Nyquist f:'-equency of the si'gnal. Thus the
spectral efficiency of this model is also 6.3 b'/s/Hz. The receive filter

simply bandlimits the channel noise. k

We consider the effects of group delay and amplitude 'distortions
. with linear, palrabolic,'or sinusoidal characteristics on t.hese two moedu-
]'Lation tecﬂniques. Th_e der‘nodulated in-phase and quadrature signals
are sampled and passed to the threshold comparators in the receiver.
For a specified power of white Gaussian _noise at the threshold detector

input, the érror probability of the i-th symbol with respect to the in-

. phase channel is calculated 3s follows:

1

% erfe({Ss- THRI;|//Z0 ) for I, = =15 (256-QaM)

S = =14 (225-QPRS) 6.1)
% erfe(|Sy- THR1;|//20 ) + % erfc(|THR2;- 541//25 )
' for Iy = =1, =3,..., =13 (256-QaM)
= 0, #2,..., =12 (225-QPRS)
where ’
I;, S5, THRly, THR2y, erfc(x), and © -

are defined as in (5.2).-

The error *probability Psg with respect to the guadrature channel is
obtained'similar!y_from (6.1}, and for a sequence of N symbois in each

channel, the average symbel error Py is“calculated as (5.3).

We assume that the' number of samples per symbol is 32 and the.

number of symbols is 2048 (which “corresponds to a PRBS sequence&
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length of 16,348 bits). We average the probability of error over many
,symbol‘pattern‘s.' To confirm that the simulated results are rﬁeaningful,

we inv.estigated the uncertainty (which might be céused\b_y)an insuffi-
cient Iengtﬁ of symbols) by increasing thelsimulated symbol length sig-
nificantly. We fqund that the performance practically converges to that
of a 2048 symbols length wher;l the simulated length is anger than 2048

symbols.

——

6.3 256-QAM AND IMPROVED EFFICIENCY 225-QPRS WITH GROUP
DELAY AND AMPLITUDE DISTORTIONS

We insert between the transmit and receive filers a linear filter
with the equivalent baseband transfer function C(f) expressed.as.
(5.4)-(5.6’)’.? First, we assume that there is no amplitude distor't%.on,
i.e., A(f) = 1.. The group delay distortions are defined as (5.7). The
results .are shown in Figs.6.2-6.4 for linear, parabolic and sinusoidal
group delay distertions, respectively. The C/N degradatioﬁ at B, = 'IO—[+
of these modulation techniques for group delay distortions are compared
tn Table 6.1. It is found that 256-QAM is less sensitive to parabolic and
sinusoidal group delay distortions than 225-QPRS. Next, we assume that
the group delay distortion is equalized, i.'e., D(f) = k (k is a con-

stant}. The amplitude distortions are defined as (5.9).

L

The results are illustrated in Figs.6.5-6.7 for linear, parabolic and

sinusoidal amplitude _g¥stortions, respectively. -THe C/N degradation at
-4 : )

Pe = 10 of these modulation technigques for amplitude distortions are

compared in Table 6.1. It is found that 225-QPRS' is less sensitive to

parabolic and sinusoidal amplitude distortions.



PROBABILITY OF SYMBOL ERROR

10

10

Fig.6.2

105

~ : ' ———— 225-QPRS (3=0.05)
':tﬁgsi T T 256-QaM (e=0.27) "

s

o’

Ly = 0.00 ns/MHz

-
]

0.095 ns/MHz

[
]

0.19 ns/MEz -

20

22 24 26 28 30 22 24 26 7

C/N in &3

Probabilfty of error of 225-QPRS above the Nyguist
rate and 256-QAM for linear group delay distortions
versus C/N. '
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Fig.6.3 Probability of error of 225-QPRS above the Nvguist rate

.and 256-QAM for parabelic grou? delay distortions versus
C/N.
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Fig.6.6 Probability of error of 225-QPRS above the Nyguist
rate and 256-QAM for parabolic amplitude distortions
versus C/N. ‘
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Fig.6.7 Probability of error of 225-QPRS above the Nyquist
rate and 256-QaM for sinusoidal amplitude distortions
versus C/N.
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It is observed 'fr.om the' Figs.6.4-6.6 that, whi-lfe ‘225-QPRS is worse
than 256-QAM for low enough error probabilities, the situation is re-=~
verse for high P, values. The interpretation is the follo_wing. When
C/N is small, Gaussian noise dominates the performance and !SI is neg-
ligible. Thus, the performance of 225;QPRS would be betlter than that
of 256-QAM. Or the other hand, when C/N is higljer, ISt is more domi-
nant tha;n Gaussian noise. In our simul‘ét‘ion, the ISl is due only to the
channel distortions in the 256-QAM case, whereas in 225-QPRS, the
"undesire_d" ISI e:;sts due to no'g‘only the ci‘*:a-nnel distortions but ‘also
the higher transmission rate than the Nygquist rate. Thus when C/N is

high, the performance of 225-QPRS might be worse than that of

256-QAM in distorted channels with some specifig éroup daéy and am-

' plitude distortions. - ' \

6.4 PHYSICAL INTERPRETATION OF THE RESULTS :

Having presented the various simulated results, it is of importance
to seek the physical reason why one of the two modulaticn schemes is
more sensitive to certain distortions than the other. To begin with, let

us consider amplitude distortions.

As illustrated in Fig.6.8 for a parabolic amplitude distortion, we
note that., in the case of 225-QPRS, most of the energy is concentra;:ed
around dc where the distortion is reiatively‘small. On the other hand,
for 256-QAM, a significant amount of energy is distributed in the region
where the distortion is relatively large. This explains why 225-QPRS is

less sensitive to parabolic amplitude distortions than 256-QAM, "as al-

ready seen from '_the results in Fig.6.6.
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256-QAM (@ = .27)

225-QPRS (5% increase)
, Parabolic

¢+ Parabolic
amplitude 2 amplitude
. distortion _" distortion
=== £ : ==z £
* H(f) is the overall frequency response.

Fig.6.8 frequency-do

main compérison of 256-QAM (x = .27) and
225-QPRS (5% increase) with a parabolic amplitude
distortion.

225-QPRS (5% increase)

LT

MR Ly
: - ———
Sinuseoidal
amplitude
distortion

Sinusoidal

Lo

amplitude
distortion
Fig.6.9 Frequency-domain comparison of 256-QAM (a

= _.27) and
225-G2RS (57 increase) with.a sinusoidal amplitude
distortion.

256-QaM (a = -27)

ES;QPRS T15% increase)

_~ Linear

amplitude
distortion

. Linear

N he -
-
- —
- " .

amplitude
distortion .

£

Fig.6.10 Frequency-domain comparison of 256—QAM.(q = .27} and
225-QPRS (5% increase) with a linear amplitude distortion.
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For sinusoidal amp[ituéé‘}cji%tdf‘tibns, 'the frquency-domain' compari-
son is shown in Fig.6.9. In 'bbth cas:”es, all the frequer;cy components
suffer _distortion_. Howeve.r,.- in thg.-,._c_;}as‘ét'off-ﬂs-QPRS, due to its cosine-
shaped er;erg?r dist/r'bution, -fhe_ effect - of - distortion in the average
sense wi\il be somewhat le'ss' than that on 256-‘QAM. Thus, we conclude
that 225-QPRS is also less sensitive to sinusoidal amp]itude‘distbrtions
than 256-QAM, but the‘ différence may not be as significant as in the

parabolic case, as observed from Figs.6.6 and 6.7.

As to linear amplitude distortions, looking at Fig.6.10 for compari-
son, . it is difficult to judge which scheme is more sensitive, B than the
other. In fact, the r;_-sults presenfed in Fig.6.5 indicate that 256-QAM
and 225-QPRS$ have more or less -the same sensitivity to linear amplitude

distortions.

The effects of group delay distOt;tions are more difficult to analyze.
However, with efforts, we still can get some insight into it. Ideal fil-
ters-/ch.annels should have a linear phase characteristic, i.e., 3 constant
group delay. In the case of linear group delay distortions which corre-
spond to having a _Parabolic phase charac;c’eristic, there will be cros-
stalk::\ between the in-phase (I) and quadrature (Q) channels. 256-QAM
beiﬁg a 16-level signal would have higher introduced crosstalk than
225-QPRS, which is a 15-Ievel-signal. Thus 225-QPRS, is less sensitive
,to linear group delay distortions than 256-QAM, as confirmed by the ii-

-

- lustrative results in Rig.6.2.

For ’paraboli_c group delay distortions, there is no crosstalk. Thus,

it is important to note the ci-ifical effect of the group delay at the band

-
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edge wher.e.'the parabolic group delay increa;ses significantly. And it is
there where the energy is truncated in the 225-QPRS‘ case. So
'225-QPRSa has more .energy then 2536-QAM_ at the band edge, with the
rgsult of suffeting more degradations. This leads to the conclusion that
256-QAM is less sensitive to parabolic 'g_rodp delay distortions, as illus-

trated in Fig.6.3.

Kl

Finally, coming to the case of sinusoidal group delay distortiianﬁ, it
is not fully u.nderstood yet. However, the results in Fig.6.4 show that

256-QAM is §1ightly less sensitive than 225-QPRS.

6.5 CONCLUSIONS /

The effects of group delay and amplitude distortionsv;‘r{ the per-
formance of 256-QAM and improved efficiency 225-QPRS have béen .com-
pared, based on the same spectral efficiency of Gﬁs/Hz. It i_s founc;
that 256-QAM is less sensitive to parabolfc and sinusoidal gr.-oup delay
distortions than 225-QPRS. -And 235-QPRS is less sensitive to linear

group delay%tortions and parabolic and sinusoidal amplitug!e distor-

tions.
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Chapter VI L
ERROR FLOORS IN DIGITAL TRANSMISSION SYSTEMS

S : -
-

In the- study of multi-level PRS/QPRS systems operated azhove the

A

" Nyquist rate [22], it was found that error floors exist in these sys-

.. .
tems. Er-ror- floors are known in industry as one of the most severe &

-

problems“'of transm:ss:on systems It is often noted that a practlcally
measured BER curve tends to tail off at high S/N That is, in some
cases due to transmzss:on imp, ;.r'!‘nqnts, a system caljnot have a BER

low_gr than. a certain limit. The mechanism of error floors.is still not

»

well understood. .
In this chapter we -introdu\E‘a new method to predict error floors
caused by operatmg PRS systems above the Nyqu:st rate. Our method

is., however;\)-nore genera[ and could be used also in the study of other

. transmission systtms. As an illustration, the evaluation of error floors

-

for— PAM systems with severe distortions will be described..'
. .

- -

7. ERROR FLOORS IN MULTI-LEVEL PRS/QPRS SYSTEMS

OPERATED ABOVE THE NYQUIST RATE

As mentioned in Chapter 2, PRS systems operate at the Nyguist rate
by introducing -deliberate!y a "controlled " or “"desired” amount of ISI.
When operated above the Nyquist rate, in addition to the "desirgd" IS1,

there is, in general, introduced "undesired” ISI no matter which scheme



(the conventional Model-A or our new Model-B) is used. The following
discussion concentrates on z noise-free system.

s
<Referring to Figs.2.2 and 2.3 and_equations (2.1)-(2.5) for duobi-

né* PRS, the ;para}neter "a" indicates the system's spectral efficiency.
For examgle, a =‘0 means transmission at the.Nyquist' rate and a system '
with a = 0.05 would mean a 5% increase in spectrél efficiency above the
Nyquist rate. With a = 0 for the ideal duobinary PRS, the onlyhtwo
nonzero samples are at t = -T5 /2 and TS/Zf respecgt:ively. For m-ary in-
puts, i.e., the input symbols {xn} consist of the equally Iikely values of
*1, _:3,.-.’.,, :(1_11—3), .*.(m-"l),_ the output y{t) generally has 2m-1 levels

if =0, i.e., at the Nygquist rate.

As one intends to increase. the spectral efficiency above the Nyquist

. rate using Modei-A or Model-B] i.e., with a > 0, the nominally zero |

pulse samplgs at t = ;(Zn‘T)Ts/z, n 1, 2, 3, ..., are nodlonger ze-
ros.. These 'nonz.éro samples present "undesired” IS! to the systeni.‘ The
peak eye closure criterion [20],[40].is commonly used to determine the
eye opening.for a system in the prelsence of ISI. To apply this criteri-
| o . which, for the

present two models with m-ray inputs, can be expressed as follows:

on, one must first evaluate the peak distortion D

£

s

D .= 2(m"- 1) I lh(ZL?u T )| ' (7.1)
p - 2 s o :
e n=l
&

where h{t) represents the overall impulse response of a system,

The impulse responses of the conventional Model-A and our new Model-3

are_'given in egs.(2.3) and (2.3).
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The peak disbortion. represents. the undesired S| generated by an
infinite numbér of interfering symbols under the .worst-case combina-

tion. Neglecting all the undesired S| for the mdment, it is easy to see

the output levels at the optimum sampling instants woukd be O,

£20(T /2), $4R(T /2),..., *2(@-2)R(T_/2), *2(@-1)h(T,/2) for m-ary
inputs. - For example, if. xg = -1, x; =1

then y(Ts/2) = 0. If xg = x, = 1 then y(Tg/2) = 2h(T,/2). The deci-

1

sion thresholds can be set at =h(T,/2), :3h(T4/2), ..., = (2m-3)h(T4/2),

resulting in a decision distance of h(T;/2). According to the peak eye
. ! L

. F3 hY
closure criterion if Dp < h(T4/2) the eye opening denoted by p, is

P =_2(h(T5/2) - Dp) (7.2)
rd

And the éeye is closed when the peak distortion is greater than the de-

. . . . 2
cision distance, i.e.,

D, 2 h(T_72) | | : (7.3)
. | . '

Our study [22]‘\_:1‘.ound that, for th-e'worst case pulse sequence by
using {7.1) and (7.'2) to evaluate the eye opening, neither. Model-A nor
Model-B gives open eyes for m-ary inputs, if m > 4 and a > 0.04. This
is because of inherently higher ISI in r;wlti-[evel systems, as we note
that a fnagnifying factor of m-1 appear; in (7.1}. However,this does
not rule out the possibility of transmitting m-ary signals using Model-A

or Model-B since the probability of occurrence of the worst sequence

may be relatively low in some cases.
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instead of peak distortion, we introduce the concept of truncated

peak distortion D, defined by (7.4).

Y N .
D, = 2(m -'1) I fh —=—T_)| (7.%)
: n=1

. The difference between (7.4} and (7.1) is that in (7.4) only a finite

number of "undesired” S| samples are considered.

9 The reason for limiting the number of interfering symbols to a finite
value is that it leads to an error-floor concept which will be described
in the foilowing paragraphs. And it is true that the most significant ISI

is prac;cically due to finite symbols which are contiguous to the present

symbol.

Now summing up the undesired ISI| for N previous and N forthcom-
ing symbols under the worst case, there might exist a minimum N, de-

noted by N . , such that «
min’ o

y
D, > h{I/2) for. N > N .. (7.5)
When (7.3) is met, the eye is closed. We define
. . a o=
L= %(Nmin + 1) | {(7.6)

to be the shortest length of the worst data sequence which closes the
-

eye. The probability of occ‘urrence of this sequence is

= 1/m R



Probability of error

120

hES

Fig.7:1 Illustrative P, curves-with error floors.
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The probability E¢ may be regaraed as an error floor due to fhe shof-,
test worst data sequence. -This means, even without noise or practical-
ly with a very high S/N, the system cannot have a proba.bility of error
lower than Ef'. To i[[ustr‘afe how error 'Flloors affect the Po curves, a
few examples are shown ‘in Fig.7.1. "The Pe curves tend .to tail off at
high S/N. E; can serve as a means to predict how good a system

would be. As a r,u'le of thumb, a system with a lower error floor will be

preferred.

.

The problem of finding L and the corresponding error floor, Ef,
with 8-level inputs for Model-A and Model-B was programmed on a "com-
puter. The results, based on (7.4), (7.5) and (2.1)-(2.5), are summa-

rized in Table 7.1.

From Table 7.1 we see that the error~floors of our new Model-B are
much lower than those of the conventional Model-A. For instance, for
the same 5% increase above the Nyguist rate, the error floor caused by
using our new Model-8 is 8.2 x‘10-8& whereas it is 6!‘-‘10_8 by usin'g‘fhe
conventional Model-A. This indicates that our new scheme is bétter .than

the conventional method for a praé‘tical realization.

7.2 EhROR FLOORS IN PAM SYSTEMS UNDER SEVERE IMPAIRMENTS

Though the previous'discqss'ion was mainly to compare- the error
floors in PRS systerﬁs operated above the Nyquist rate using two dif-
ferent models, the concept and method could be extended to-the study
of other transmission systems. For instance, consider a PAM system un-

der various impairments, such as channel distortions and hardware im-

L
s A -



'TABLE 7.1

COMPARISON OF THE SHOR&EST LENGTH OF THE
WORST DATA SEQUENCE AND THE CORRESPONDING
ERROR FLOORS FOR MODEL-A AND MODEL-B WITH
8-LEVEL INPUTS (lS-LE%EL QUTPUTS)

Xabove Model-A Model-B
Nyquist rate ° (conventional model) {new gpndel)
L Eg = 1/8F L | Eg=1/gL
3% 22 1.3x10-20 686 =0
4% 12 l.ax1o-1l 206 =0
‘ .
5% 8 ' 6x1078 92 ~ 8.2x1078%
* 6% - "6 | 3.8x10~% 60 6.5x10 55
7% 6 3.8x1076 3u 1.9x10-31
8% 6 3.9x10-¢ 28 5.1x10- 26
9% 6 3.8x10"8 22 1.3x10-20

b
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perfecti_ons, etc., which is modelled as Fig.7.2. We assume that the

distortion is so severe that the system is’ regarded as failure by the

peak eye closure criterion.

—_— Hr(f)'

Threshoeold
Detector

AWGN
C(£) - g (£)
——
- H(f) = HT(E)C(E)HR(E)
= F " MEE)Y}

h{t)

Fig.?.ﬁ A PAM system model.

Let h(t) denote the overall impulse response of the system shown in

Fig.7.2, which comprises the transmit and réceive filters and other im-

pairments modelled as C(f). Since. h(t) may not be always ‘symmetric, it

is necessary to modify the previous apprdach a little bit as the follow-

ing. :The input symbols are assumed to be equiprobable numbers =1,

*3,..., *(M-1). Thus, in the absence of I1S| and noise, the signal levels

before 'the" threshold detector are :@51(0),‘ £3h(0},..., *(M-1)R(OY), re-

sulting in a decision distance of h(0). Under the worst case, the !SI

components are

M- 1) [h(nr's)[, ! h=-x o @

n#o0

(7.8)

-j_f__..
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Let us form a sequence {Si}inl 5 whose items are obtained by per-
. 3oy o : ‘

muting all the ISIsamples, shown in (7.8), n & non-decreasing order,

i.e.,
Si > Si+1 for i=1, 2, ... (7.9
Define a distortion series DN as follows.

S ' ‘ (7.10)

Note that the sequence {DN}N=1 2' is also non-decreasing and
3Ly :

&0 .
Vlim Dy = Dp = M-1) ¢ ih(nTs)} (7.11)
(== 0 n=-—cc
n#0

In the event of severe distortions, there may exist a‘ smallest inte-

ger number N, such that
D, > h(0) ' ' (7.12)

That is, N;j is the smallest number of interfering symbols which may

close the eye. The probability of occurrénce of this particular sequence
-L\‘l .y .

is M which may be regarded as the error floor E; of the system,

i.e.,

E =M

(7.13)
The above procedure has allowed us to evaluate error floors in PAM
systems under sever distortions as iong""as we know the system's. in-

-w»pulse response, which in general, can be measured practically.

-
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7.3 CONCLUSIONS

A new method has been introduced to evaluate error floors in PRS
systems operated above the Nyquist rate. The numerical results show
that the error floors of our new Model-B are much lower than those of

the conventional Model-A. This rigorously indicates that our new scheme

is better than the conventional method for a practical _realizatid’r).

The concept and method could be extended also to the study of oth-
er transmission systems, such as PAM systems with seve;"e distortions.
Stated briefly, a new concept has been introduced. Tha_t is, ;ystems
regardéd as- failure by the peak eye closure criterion are redefined as
systems with error floors by the introduced truncated peak distortion.

The error floors may be very small, depending on how severe the dis-

tortion is.

-t
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Chapter Vill
THE PERFORMANCE OF 64-QAM AND 225-QPRS AND

256-QAM IN A CO-~CHANNEL INTERFERENCE
ENVIRONMENT

One'way to increase frfe.quency utilization efficiency may be the use
of dual polarization operation [42]. However, in a frequency-reuse com-
munication system, co-channel interference (CCI) is.one of the major
sources of performance impairment [43]-[45]. In ‘EI’Jis chapter, we study
the performance of 64-QAM, 225-QPRS, and QSG-QAM in the presence of
CCl so that their potential -for radio\system's could be assessed. Both
constant-envelope (sinusoidal) and émplitude-modulated interferers are
considered. I.n the simulation, coherent detection and perfect synchron-
iz_afion are assumed. Measured data for a 256-QAM modem in a.CCI én-
vi.ronment agree well with-the simu[atéé results.

8.1 SYSTEM PARAMETERS AND DESCRIPTION OF THE SIMULATION
METHOD : ‘

-A conceptual ‘co-channel system !;a_]ock diagram is depicted in Fig.8.1
[46]. In this part of our.rstudy,. we assume that only CCl and thermal
noise cause degradation in the®system. The main chan.nel signal being
considered may be 64;QAM, 225-QPRS, or 256-QAM i_n the presence of

sinusoidal or amplitude-modulatéd interferers. =
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For 64- and 256-QAM, the modulated signal without filtering".can be

%
represented by the general form:

s(t) = Re{ I (I, + jq,) g(z-nT,) eI?7fol) (8.1)
n . . -

where .
f, is the carrier frequency,

1/Tg is the symbol rate,

g(t) is a rectangular pulse defined by

(Luosccg |
elsewhere ¢

g(t) =
I and Q are independent and identically distributed
random variables: Ip, Qp = *1, 2#3,..., *(2N-1).

N = 4 for 64-QaM; N = 8 for 256-QAM. -

)

The transmit and receive filters are assumed as ideal square root of @ =
0.2 raised-cosine filters with x/s:n(x) equal:zatlon in the transmitter so

that the whole system satlsf:es the Nyqunst st criterion [14].

If the main channel consists of 225-QPRS, the transmitted signal can
be written as

*

s(t) = Rel I (I, + jQ) h(t-nT,) eI?7fof) (8.2)
where S _ : .
the duobinary PRS shape h(t) [20] is given by

in(wve/Te) 1
h(t) = -2 2. - : 8.3
) Te/Tg 1-t/Tg . ( )

LI

Jote that the_center of the duobinary impulse response

is .at TS/Z.
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We assume that all the pulse shaping is dbne at the '.tra-nsmitt-er, where-
as the receive rfilter merely .bandli"n-lit-s the ;hannel noise. T'hi's would
result in approximately a 1 dB.degrédatidn in C/N, as explained in Ap-
" pendix A, - |

-
L)

Two types of CCIl are c{r-l’sid}red. If the CCl consists of a single

sinusoid, the total received signal r{t} can be expressed as

-

r(t) =_s_ () + Kcos(2mE, c+0) + a(r) ' (8.4) -

where 2

K"/2 is the average power in the sinusoidal CCI,
@ is uniformly distributed in (-7, 7],
sr(t),-:':s the received desired signal,

n(t) is the additive white Gaussian noise.

If the CCl is a single amplitude-médulated signal, we assume that
the interferer andl the desired signal are of the same formét but statis-
tically independent of each .ott"ner. In other words, we consider 64-QAM
with a 64-QAM CCI, 225-QPRS with a 225-QPRS CCI, aﬁd the like‘. For

64-, and 256-QAM interferers, the transmitted interfering signal without

filtering .can be modelled ?

1

o3 (anot-i-::)}

1(t) = K Re{ I (I_+jQ,) g(t-nT4-T) (8.5)
. n

+

P
e

In the case of 225-QPRS interferer, the transmitted signal .is

4

. ~ ~ b x ')TT a & ]
() = K Rel I (I#5Q) h(e-aT-7) e (Z7FatH), (8.6)
n [ P
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In (8.5) and (8.6),.I, Q. g(t), h(t), T,, and fo are defined as in
/ -

(871} and (8.2). T is th‘e difference in symbol timing between the de-
sired signal and interferer and is assumed to be unn‘ormly dtstrlbute;:!
in (0 Tg). ¢ is a random phase angle unrform!y distributed in (-7,7 ].
17K? is the carrier-to-interference ratio, C/I. o

For a fixed C/I, the pf;obebiligy of error is. calcuiategﬁ by computer
_ simulations using the,‘simila'r steps in [8],.[36] and Chapter 5 for ran-
domiy selected ¢ and T. To obtan) 3 meamn,;?ul resu[t ‘we average the _'

probability of error for seger-al sets of ¢, T, .and data sequences.

8.2 SIMULATED RESULTS AND DISCUSSIONS.

-

The _probability'.of error perfo‘rma‘nces. for 64-QAiVI, MPRS, and
256-QAM with a si‘nél-.e sinusoidal CCl! are shown in Figs.8.2-8.4, re-
spectively. The parameter C/I is the ratio of the average power in the
desired main cl:an.ne] signal to the average power in the CCl. The
quant:ty C/N represents the ratio of the average power in the desired _
_signal to the noise power. Since a system designer often wants to main- .
taim a specnf:ed error rate even when there is interference, the mcrease

in C/N requlred to maintain an error rate of 1070 js plotted m Flg 8.5.

The error probabtllty of 64-QAM (@ = 0.2) with a 64-QAM (a= 0. '7)
cciis plotted in Fig.8.6. For 225-QPRS with a 225-GPRS CCI, the er-
ror probability is showm in Fig.8.7. In Fig.8.8, we present the results
for 256-QAM (« = 0.2) with a 256-QAM (a = 0.2) CCl: %ig.'a.g compares
the increase in C/N required to maintain an error rate of 107 fot the

three modu[atien schemes. The results in Figs.8.5 and 8.9 are con-
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C/I = 17.5 dB
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Fig. 8.2

C/N (dB)

Er{g: probabilicy of 64-QAM (a = 0.2) with a single sinusoidal
CCI. The, parameter C/I is the ratio of the average carrier power
to the éverage power in the ;ncerferénce. The quantity C/X
representﬁ the ratio of the avegage carrier power to gpe noise

power. R
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w P J { o ] | | | L l
18 20 - 22 24 26 28 30 32 34 36 38
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Fig.8.3 Error probability of 225-QP(35 with a single sinusoidal CCI.

»
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C/I = 22.5 dB
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C/¥ (dB)

Fig.8.4 Error probability of 256-QaM (x = 0.2) w1"h a single sinusoidal

co—- channel interference.
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Degradation in C/N in dR
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T I T | T T T 1 1 I L i T
- ' No Interference
16| -6 , -
: . | At P_=107° | c/n (aB) | ~
- 225-QPRS. 64-0QaM 27 . o
14 - ' 225-QPRS 30.
R - 256-0aM 33.1 7
121 -
10 -
B8 -
6 -
4 e —
2= -
0
15
C/I in 4B .
Fig.8.5 Degradation in C/N for_GZ-,'ZQG-QAM (¢ = 0.2),

225-QPRS with a single sinusoidal CCI.

The ordinate represents the increase in C/N to

maintain an error rate of 10 °.

50
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firmed to agree with those of Prabhu's [43] and of Borgnes []3] for
64-QAM.

Comparing Figs.8.5 and 8.9, we observe that the amplitude-modulat-
ed CCI produces more degradatlon than. the snng]e sinusecidal CCI for
"the three modulatton schemes consndered This can easily be perceived.
by comparing the peak value of the mte_rference for the same power.
For example, if IR the average power in the interferér, the pedk

- °
value for the single sinusoid is A ; for a' QAM interferer (assume no

filtering for simplicity) it is A(ZN-'E).[3/(4N2-'I)']L§ [44],b\§here N =4
for 684-QAM and N = 8 for 2."‘;6-QAM. That is, the peak v.alue for a
64-QAM CCl is 7//_— 1. 5"7 times that of a sinusoidal CCl for the same
power ; " and for 256-QAM CCI it is 15/v85 = 1.627 times. The peak am-

plxtude of the CCIl reduces the minimum half-distance of any ‘two signal

Ieve[s Thus, the degradatton with an amplltude modulated CCI is high-

‘er than thh a sinusoidal C(_:I.

8.3 LEXPERIMENTAL RESULTS

To confirm the simulated re-sults, the pérfo.rmance of a 256-QAM mo-
dem in the presence of CCl! was ex'perimentally measured [46]. The
256-QAM mode‘m was designed to transmit a 1.6 Mb/s data stre.am in a
240 kHz S$G band Illustrative results are shown in Fig.8.10. Note that

‘.the back-to- back modem through two SG filters has approximately 31.3
dB degradation in C/N at P, = 107 with respect to the theoretical val-
-ue when there is no CCI. |

i
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C/I = 22.5 dB

C/N (dB)

Fig.8.6 Error probability of 64-QaM (& = 0.2) with a -64-QaM (g = 0.2) ccI.-
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Fig.8.7 Error probability of 225-QPRS with a 225-QPRS CCI.
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interference which has the same .format as the

:desired signal, e.g., 64-0AM with a 64-QaM CCI, etc.

The ordinate represents the increase in C/N to
maintain an error rate of 107°.
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Fig.8.10 Measured performance of a 256-QAM modem in the presence of
co-channel interference. The 256-QAM modem was designed to
transmit 1.6 Mb/s data in a supergrgpup bandwidth of 240 kEz.
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The measured data show more degradatioﬁs than those i_r:l__,F,igs.SA
and 8.8 in which an ideal modem was assumed. This |i; because that,
due to hardware and filters imperfections, the'ESG-QAM signal ijtself
confains ISt which reduces the minimum distance between adjacent signal
_ levels and in turn causes the signal to be more susceptible -to degrada-
tion causeq by CCl. For examp[é, for é.-;inusoidal CCi, at.i-"e = 10—6
and C/1 = 3_7.5 dB the required C/N is 36 dB from the measured data
(Fig.8.10), whereas it is 34 dB from Fig.8.4. The c\!ifferen.ce of 2 dB in
C/N is' caused by hzrdware an‘d ﬂﬁlte.ars imperfections.  Therefore, the

measured data: generally show a good agreement with the simulated re-

suits.

)

8:4  CONCLUSIONS

JFor an error rate of 10~ 6, the required C/N for 64-QAM; 225-Q'PRS

and 256-QAM are 27, 30, and 33:1 dB, respectively when there is no

interference. When there is an amp'iitude—modulated-CCl with C/1 =
28.75 dB, the degradation in C/N for 64-QAM, 225-QPRS, and 256-QAM
are 2.3, 8.3, and 13 dB, respectively.' In particular, degradations in
225-QPRS and 256-QAM incréase dramatically when C/| becomes less
than 40 dB. Measured data for a 256-QAM modem in a CCl environment
are in good agreement with the simulated results. We conclude that to
make dual polarization operation fe:;sible for l.'xigh—!evel modulat.ion
schemes, such as 225-QPRS and 256-QAM, a cross peélarization discrimi-
| na'tio'h"_of better than 40 dB is r'ec.;uired sir_1ce these systems are also

sensitive to other impairments.

-
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Chapfer IX

s AN ADAPTIVE BASEBAND EQUALIZER FOR 256 -QAM
h OVER DISTORTED CHANNELS .

It is shown in Chapter 5 that "56-0AM is re!atively sensitive to
channel distortions. The des:gn of frlters must be made very carefu[ly
However, in some cases, such as carrying digital data over existing an-
alog cable and radio networks, the . channel-protection filter
" cannot be removed [17]. Even if o.ne could aesign "a perfect Tmodem, this

channel filter will still cause performance degradation.

On the other hanE!, all digital radio systems, no matter what modu-
Ia_:cion method is used, suffer the variations of the propagatibn medium
characteristics which occur: during selective fadmg l.gually, in the
design of the transmission’ channel no ISl is the major aim. The de-
sired amplitude and phase characteristics of the channel are obtained by
means. of filters in the trandmitter and receiver, whose synthesis is

made with reference to normal propagation conditions, i.e., only one
ray from the transmitting antenna to the receivirﬁg one. In the presence
of multiple paths, during selective fading, thé behavior of the prOpaga;
tion medium shows notable vah:ét:ions which produce IS in the signal.
Thls IS1,%in some propagatlon condut:ons, can. cause system unavailabili-

ty. Under these circumstances, adaptive equa!izers [47]-[52] can be-

used to meet design objectives.
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In this chapter, we shall study .the possibility of-‘using a baseband
complex adaptive equalizer for iSS-QAM to combat channel distortions.
The function and structure of the equalizer will be described first.

Then the computer simulated results for certain distortion conditions

will be presented. -

9.1  FUNCTYIONAL DESCRIPTION OF THE EQUALIZER

TFe equalizer structure employed for 256-QAM is similar to thate de-
scribed in [47] for 16-QAM. Fig.9.1 depicts the block diagram of a
256-QAM system with" a¢.= 0.2 raised-cosine filters equally split between

the transmitter and receiver. First, it is important to see how the

-\“ &

equallzer structure is constructed It is convenient to represent the
in- phase (l) and quadrature (Q) channel Iowpass filter output sngnals

in Fig.9.1 by x(t) and x(t) as the real and imaginary parts of a com-

-

ple'x-va[ue signgl. (Note that the signals are real, but it will .be con-
~ . .

venient to use complex notation.) The baseband equalizer with a com-
plex transfer function D(f) = Dl(f] S Dz(f) produces a complex

equalized signal y(t) + j Y(t) as shown in.Fig.9.2

. . . v
The function of the equalizer is the multiplication of [X(f) + j"X{f)]
and [D)(£) * j D,(f], i.e., | il -

x5 + 3X(H) 0 + e N

'X(f)Dl(f) - }/(f)Dz(f) + j{\fgf)nl (£) + X.(f)ﬁ'?_‘(f‘)l'

Y(E) +57CE) = Fly(e) + iV(eyr . ' 9.1

H
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cos (2T t) | cos(2mEgt + ©)
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Fig.9.1 Block diagram of a 256-QAM system with a complex . ‘

baseband equalizer.
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where o ] . -
y(t) and y(t) are the equalized I and Q-channel signals.

Fig.9.2 and eq.{9.1) illustrate moré concretely the concept of a complex
equalizer as a set of fc'mr real bésebahd filte\rs (with cross-coupl'ih'g)
for two inputs and two outputs. In practice, due to ,I-'mardware imperfec-
tion, the combination of the receive filter and the equalizer in the |[-
‘channel may not be exactly identical to that in -the Q-chanr;el. More-
over, the channel distortion may not be always symmetric about the
carrier frequency. In both cases, the introduced crosstalk fg:om [-
channel to Q-channel is' not the sa;me as that from Q-channel to l-chan-
nel. This-suggest‘s that it ‘is better tc;'have four different baseband
-equalizers in order to have a better control in reducin‘g the 151.@
crosstalic. This also explains the use of nota'_cions_Dll(f),‘ Dlg(.f),'
_Dzl(f), and D,,(f) in Fig.9.1. What is more,.the implementation of the
‘structure shown in Fig.9.1 is not‘- more complicated than that of

Fig.9.2.- Because of hardware simplicity, the equalizer chosen is a lin-

ear tapped-deldy-line transversal structure described by

ot
" oo -j2mnfTg
D)= Zey (9.2)
i,
= T -312mnfTg
Prplf) = Tgy et e L (9.3)
2 ‘ '
D, (£) = Tg, 370l (9.0
21 T i,Q // (9.
2
= b -jz-"rnf'r '
Pt = teyqe s (9.5)

A S-tap adaptive transversal equalizer is depicted in Fig.9.3 for illus-

tration. The number of taps can easily be changed in the simulation.

-~

&
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Fig.9.3 Anegllustrative structure of a S5-tap complex baseband

* adaptive equalizer for QAM systems.

f




148
- In Fi§.:,.9.1 and 9.3, let Yy and ;k be the samples of the output of
the equalizer for the [- and Q-channel signals, respectively. The tap-

weight adjustment aléorithm is governed by the following equations (for

the i-th tap-weight at the k-th symbol interval):

. (k+1) .. (k)

i,I -ti,I - Asgn(ek) Sgn(yk_i) . (9.8)
1 ‘ . .
ngnqg% - Asgn(zk) :53“(;1:—1) (9.7)
4T - dsen ) seny, ) o (9.8)
dgl-'t;l)=d§1jé - As'gn(ek) sgn(?k_i) X : ' (9.9)

. £
where {Ci I’di I}are tap-weights associated with the I-channel tapped
] L

delay line and {Ci,Q’di,Q

: - :
is the tap-weight incremental step size, and e, = Vi~ Lo qu Ve - QU

} are with the Q-channel tapped delay line. A

represent the errors between the equalized and the transmitte-d sam-
ples  for the | - and Q-channels, respectivély. Implementation _of
(9.6)-(9.9) rqakes possible not o.n‘ly the minimization of the 1SS! but also
the suppressibn of the crossfcal‘ks between the | and Q channels.

-~

9.2 EQUALIZER PERFORMANCE

In this section, the eaualizer performance is demonstrated by some

> .
typical results obtained by computer simulations. %t rate of 120
Mb/s, which is equivalent to a symbol rate of 'ISfMBa\ud,“ is used in the.

simulation. The results can be applied to another bit rate by appropri-.

ate scaling, as previously described in Chapter 5. A training procedure
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is used for fast convergence of the equalizer's tap coefficients and it is
found that a training sequence of 2048 symbols is sufficient for ensur-
ing convergence. A step size of 0.0001 was used in obtaining all the
results presented in this section. This value was found to be most fav-

orable after trying several different values for the step size.

First, we present a few eye diagrams which .iliustrate the powerful-
ness of the equalizer. For a'channel distortion network which infroduc-
e§ a parabolic grotup delay distortion described by (5.7) with PD-=O.81
ns/MHz 2, the eye diagrams before and afte.r_ the equalizer are shown in
Fig.9.4(a) and (b), respectively. We see that the equalizer opens the
mﬁ[ti-level eyes which were completely closed before the equalizer.
Fig.9.5 compares the eye diagrams before and after the equalizer for
- 256-QAM (o= 0.2) with a sinusoidal group delay channel distortion de-

scribed by (5:7) with SD = 12 ns and K = 4,

We notice that significant 1S] exists in the eye diagram before the
equalizér and the equalizer effectively eliminates the Sl céus;ed by the
bhahne] dlistortion. The error rate performance for a' parabolic group
delay di:stdrtion with Pp = 0.8 ns/MHz?' is shown in Fig.9.6. Witlhout
.the equalizer, the received signal cannot be de;;oded. The equalizer
brings back the result (curve A) pretty close to the ideal curve. The
small degradation is due “to the finite taps of the equallizer which in
turn vields a residyal ISI. It is four.1d that, in this case, a 31-tap
adaptive equalizer is needed for -256-QAM to combat the channel ld‘istor—
tion. Also shown in Fig.9.6 is curve B for a 15-tap equdlizer in which

the residual I1S! is higher so that the performance is worse than curve:

J-
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Fig.9.4 -Eye diagrams of 256-QAM (c = 0.2) with a paraboiic grou

distortion, Py = 0.81 ns/Msz. Bit rate = 120 Mb/s. .
o (a) ﬁgforg équalizgtion, (b) After equalization.

p dela



(b) After equalization.

Fig.9.5 Eye diagrams of 256~QAM (a = 0.2) with a sinusoidal graoup delay
' distortion D(£f) = Sy sin(ZﬁKf/?.wa),l Sy = 12 ns and K = 4,
Bit rate = 120 b/s/Hz. _ o .
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A. For the sinusoidal group. delay. distortion

the probability of error
performance is glven in- Fig.9.7. Again we see that the equallzer works

very wel! in s:gn:f:cantiy reducing the residual 1Si to a “negligible
. amount. .

9.3 CONCLUSIONS

A baseband tapped delay line adaptive equalizer fora 256 QAM sys-

tem over distoried channels has been described ‘and simulated

The re-
sults show that the adaptive equalizer easily compensates for transmis-
sion i i

tmpairments and in

turn improves -
significantly.

the error rate performance
It has to be mentioned that
Electronics,

in collaboration with Karkar
Inc., San Francisco,

we credited permission to use @i
modify thelr adaptive equallzer simulation programs for thesis. However,

these programs are not to be listed in the thesis
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Chapter X

CONCLUSION AND RECOMMENDED FURTHER RESEARCH ~

-
°

10.1 SUMMARY

Motivated by the increasing need for _efficient utilization of spectrum
in the digital r:adio world anc; in hybrid analog and digital channels,
suc;I'; ;S tlhe' 'c-ransmiss;on of a T1 carrier in a3 standard analog S,G band,
we have investigated two potential modulatiop schemes, i.e.,£256-QAM
and 225-QPRS. In order to achieve a ;pectral efficiency.of more than 6
b/s/Hz by _rr;eans of 225-QPRS, it is" essential to_;aperate it above the
Nyquist r-l’ate, . Ieaé!ing to the _sturc_jy of multi-level PRS/QPRS above the
- Nyquist rate.., We foun.d that the conventionai. method for multi-level
PRS/QPRS above the Nyquist rate is inappropriate -since it _introduces' too
much "undesired” I1SI, fesulting in seriou$ performance degradations.
-Therefor'e, we proposed an improved e_fﬁc'iencyl PRS/QPRS data filtering
strategy ("chopping technique”), which enables a higher trdap_smigsié'{';f
rate' than feasible with conventional PRS/QPRS systems: \\;’e demonstrat-
ed that, ‘with the use of our new method, an increge of 5% above the
Nyquist rate for class-1 225-QPRS,\ i_.e.., a spectral ef.ficiency :c;f 6.3

b/s/Hz can be achieved with a small degradation. .

We also demonstrated that our new chopping technique can be ap-
plied to class-IV PRS systems which are useful in applications where

reduced low-frequency components ‘in the spectrum are 'requi'red. The

-



156
|

advantages of combining cIass-IV PRS with our new technique are that
a small bandmdth around dc can be carved out for accommodatmg a
" service channel and that 2 higher increase in spectra] efficiency can be

obtamed in an FDM SSB system.

To confirmlthe eoncept_of our new chopping technidue for PRS
above the N.yquist‘rate and the accuracy of.compu_ter simulations, an
experimental ‘7-Ievef class-1IV PRS system was designed and imp[eument-
ed. System des;gn principles and deta:!ed descr:ptlon of cnrcuut opera-
‘tions were presented Measured BER performance was shown to agree

. -
well with the simulated results.

in order to enable one to select a suitable modulation scheme whicht
is less sensitive to certain distortions, .a quantitative evaluation of_-t.he'
effect of channe'I "group delay and amplitude distortions ‘with a linear,
parabulic or sieuéc;idal characteristic on. the performance of " 256-QAM
and 225-QPRS was p'erformed with the aid of computer simulations. The
numericals results ‘cou.l'd be useful for modem designers and researchers
since :t could indicate how flat and how Imear their filter ampl:tude -and
phase responses should be. ) . ;

ln‘ Chapter 7, we intr\oduced_a method to predict error floors in di-
gital transmis;ion sys-tems. We compared.the error floors caused by sig-
nalling above the. Nyqu:st rate for duoblnar‘y PRS us:ng the conventton-
al method and our new scheme. The results show that the error f[oors
caused by using.our new ssheme are much muchl lower than those by

the conventional method. This rigorously verifies that our new scheme

"is better than the conventional method for “multi-level PRS/QPRS above

*

4
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the Nyquist rate for a practical realization. - The method could be ex-

tended to the' study of other transmission systems, as illustrated'by an

example which can evaluate error floors for PAM systems under severe

-

disfortions.

Since co-channel interference (CCJ) is one of the major sources of
performance impairments, v;ve alsé- e\-faluateci the perfor_ma-nce degradation |
caused by CCI for 64-QAM, 225-QPRS, and 256-QAM. Both sinuseidal
and amplitude- modulated CCl's were co;nsidered. The results indicate J'.
that, to make dual polarization operatioﬁ feasible for high level modula-

tion schemes, such as 225-QPRS and 256-QAM, a cross polarization dis-
. - i
crimination of better than 40 dB is required since these systems are

- - - -

also sensitive to other impairments. N

.’ s

+ —

"Finally, in order to impr{ove the performance of a 256-QAM modem

degradea by channel ‘distortions as previously investigated,"the use of

: e
an adaptive base’ba}a transversal equalizer has been described and sim-

—

—

ulated. lllustrative,f eye diagrams and probability of error performance

show that the adaptive equalizer easily compensates -for transmission im-
v . ~
\pairments and thus improve the error rate performance significantly.

-

L ' -
10.2 ° SUGGESTIONS FOR FURTHER RESEARCH
\

‘w\ . . . .
‘\ln this final section, a few interesting research topics, which are
related to our study, will be presented for further research: A brief

(description of these topics follows.
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10.2.1 . Carrier and Symbol Timing Recovery for 256-QAM and
: ' 225- QPRS - -

1

A perfect synchronization information was assumed to be available in

the receiver in this thesis for the analysis and '-sirnulation of QAM and

QPRS systems in an add:tlve white Gaussuan norse envnronment High--

K]

level modulation schemes such as 256- OAM and‘225 ~-QPRS reguire pre-

cise synchromzatlon Thus,” it is |mp0'rta{1t to study performance degra-

dations caused by :mperfect synchron:zat:on and methods to precisely

recové' thé~carrier and symbol’ timing,

.

10.2:2 Effects of Nonlinear Ampilflers on the Performance of
256-QAM and 225-QPRS
In this thesis, 0niy linear distortioms were considered. In a practi-
cal system, it is n_ece_sséry to use power ampiifiers, e.g., TWT or GaAs
FET, at the output stdge. These amplifiers exhibit a certain amount of

nonllnear:ty%[55] thus degradmg the system s performance. The effect

of nonlinearity on the performance of "56 -QAM and 5 QPRS should be
‘ evaluated Also the Imea:rxzatuon of these power ampJn‘iers could be an-

other interesting and important topic’ [56].

"10.2.3 The Performance of 256- QAM and 225~ QPRS in an Adjacent

Channel Interference {AC!) Env:ronment

7

g The per'formance of "56 QAM and "@ QPRS .in a CCI envnronment

has been eva[uated in this thesus [n a multi-channel envnronment ACI

is afa8.. =7 o? the maior sources of performance lmpa:rment Performage

¥

degradatlons caused by ACI on 36‘ QAM and 225-QPRS are thus worth

.~

studying. . .

N
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10.2.4 . Tailing Off BER Curves in QAM and QPRS Systems

1t is often noted that a practically measured BER curve shows tail-
ing off at high S/N. We have introduced in Chapter 7 a method to pre-

| | : ,

"dict error floors for PRS systems operated above the Nyquist rate. A

method very similar to ours has been presented in [41] at the same time

to estimate the signature of QAM systems. This approach could be ex-

plored more and extended to i‘nveétigate the tajling-off‘broBIems for

. QAM and\Q_PRS systems caused by other impairments.

10.2.5 - The Performance of 256-QAM and 225- QPRS in a Multipath
Fading Envuronmen\

Y

In the T1/8G, DiV 'applicati‘on example, as mentioned in Chapter 1,

due to -the narrow béndwiéth, selective fading presents no problem.

-However, for high-speed digital radio applications, the effect of multi-

path (selective) fading should be: considered [537]. TI:ms it is of interest

to investigate the performance of ZSG-QAM and 225- QPRS in a mult ipath

-

fading environment. This would in turn allow the outage pf a system to

* be accurately estimated [58]. And it is of even’ more importance to

study h equalization techniques can be employed to reduce the o'utage

of these syltems under selective fading [39],{60].

159 °,
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Appendix A '

DERIVATION OF THE P, PERFORMANCE OF CLASS- I
- ‘AND CLASS IV PRS SYSTEMS

o
The pérformance in. terms of the probability of error of class-l and
class-IV PRS systems over a white Gaussian noise channel wil‘l be eval-
uated. A symbol-by-symbol detection procedyre is assumed. The model

L
of tge communications system is shown in Fig.A.l.

AWGN with density N,/2

i Level
—_— Pre.coder Converzer H’I‘(f) HR(f) | Decoder
{D_} {p_} Coday T ’ {8 }
n . n . ol - n
M=level
signal

4

Fig.A.l Block diagr'am of PRS systems:

Let {Dn} denote -the M-level input data sequence consisting of the equal-
ty likely numbers 0, 1, 2,..., M-1€nd let {P_ denote the output of the

precoder which is used to prevent error propagation. The relationship

between iP_} and 1D } is
n n

= (Dn - Pn_12 Mod M for class-I PRS (AL

and
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Pn = (Dn + Pn-Z) Mod M e for class-IV PRS _ (A.2)

where Mod M ‘represents the modulo M arithmetic operation.é.g., (-3)

Mod 4 = 1, 7 Mod 4 = 3, etc.

—_—

The precoded symbol P, is converted into the transmitted amplitude

level A_ according to following relation.

~ .
An =,2Pn - (M-1) | ‘ (A.3)

The transmit filter with transfer function Hp(f) is excited at the Nyg-

uist rate by impulses having as areas the sequence of amplitudes ’:,\n‘r: s

We shall first concentrate on class-] PRS. For class-| PRS, the
. - F .

overall transfer function X(f) is expressed .q-s. (A.4).

2T cos(mfT ) for . f - 1/2T .
s s -

X(E) = H()H () = { d

[ 3
0 elsewhere.

where T, is the duration of a s\égnaling interval. The Nyguist frequen-

cy is defined e;s_

In the absence of noise, due to the-class;l PRS operation, the received

signal just before the decoder at the optimum sampling instants can be

expréssed as

Bn = An + An-l ’ o . . (A.6)

£ = 1/2T ' (4.5)
S
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The rule for converting thle received sequence {Bn} into the original -

data sequence {D_}is obtained as follows. _ ] \ :
. . . o =™ e
B 2R+ P - (M-1)) . . (a7
But D = (P +P ) Mod M : ' ‘ (4.8
n n n-1
Hence D: = (B_/2 + (¥-1)) Mod M ‘ . O (4.9)
> ¥

Since the input symbols are a;ss_'.urned to be éqqal.ri/_probable, {fan}_‘.tﬁus
has a uniform probab@it\;.distributi;n \,i.e., .
Pr{An=k} = 1/M, '-=‘-(M—l), ~(M=3),..™--1, 1, .:\ (A.10)
yeey (M=3), (M-1). h .
From (A-.S), we see that the probabil%ty. density function (p‘df') df‘_Bhis '
the convolution of the two _iden—tical uniform pdf's shown’ as (A.10)‘

Thus, it is easily ‘shown that in the absence of noise, the output levels

have a tmangular probabihté dnstrlbutlon i.e.,

- - . : . . - 3 -

. ! . ) .
Pr(8. = w)__.-!-—” P= (M = 1) =(M-2).....0.1,2.....M~"1, (a.11)

where B, denotes the received‘level in the n-th §ig::naiing interval and

. .
2d is ‘the distance between any two adjacent’ received levels.
. .

The actusl .-received sample (signal ptus noise), call it y. is Gaus-

sian with mean E(y) = B, = 24 and variance o2, .
- - : X 7“-‘
where, - fi.q " 2 . e . -
¥ IR ]}{R(f)'l df o : L (A.12)
LAl | : - - < '
~
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+

. ‘ . ~ ) . .‘b_
Thus a tight bound on the_average.probabili_cy of}a symbol error, denoted
by 'PM, can be derived as follows. o s, S, i

M-2 < L

Pys 4 Y Pr([y—”ldl;- diB, _-zu) Pr{B = ’ld) _
:--w. ~: e S
+2Per+"(M- : )d>a|3 v(w- z)d; Pr[B = 26M —ll)d]

- __'.q ; " ~ ’
—Pr(|y1>dLB _0;{2 Zprw =21d) "Pr (B, =0)

.'v -

- Pr[B,= —2AM - l)d]}

4 '
'=( ———)Pr(lyl:vdlB—-O) . ST L(AL13)
: ; e { o
But N : ‘ R ’) L : a
Pr (131 > dIB] =0= J‘me"‘;":“dic' - 2q(d/0), -, - (A.14)
where i A ira - . 7
: - 1 _CD '
.- Q(x) = ﬁ_a ‘.;x exp(-t. /2) dt
Hehce, substituting (A 14-), into (A. 13), we obtain . 7
Py <201 1/\1 ) Q(d/o}, - R (AL,
_’o . R . %

-

. That the sign <" appears in the above equations is.because of the
"Mod:M" decoding (see (A.9)). For example, [et M = 4 and suppose due '

"to noise a level of *3' has been driven to -1. Note that (-1) Mod 4 = 3

*
oo. : a . T
i.e., in® this’ case no error is observed. However due to

. . x . .

the nature of Gaussian noise, such cases ‘occur at relatively low prob-
- . [ - ‘
ability. Thus (A.14) is a tjght bound. ’ '

It is necessary to expreéss Pq htg_;,erms of the average S/N at the
input of the receiver measured in the'Nyql.JiSt bandwidth (%). To g‘o:

so, the distribution of filters is important and must be clarified. \
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~ A.1  OPTIMALLY SPLIT FILTERS .

"'Optimum refers to splrtting the overall class-1 PRS shaping equally

between the transmitter and the receiver, i.e.,

e

3

) - (2T cosTET) [£] < /21,
HT(f) = HR(E) = { : . : (A.16)
i . ( 0 elsewhere.
r
In this case, the received noise power o is .
2 N 12
o '2‘_[ | (£ | af .
. - :
X " ) 1/2T, .
= = No T, cos(T£T ) df = 2Ny/T . . (A.17)
: -1/2T . :

Denote by N the noise power at the input of the receiver measured in

the Nyquist bandwidth (-;'—T). .

1/2Tg
- N ‘ 2 : :
‘ N = f =2 df = No/2Tg = 7 67/ (4Tg) " (A.18)
-1/21 . | '

LK)

-

The transmitted power, denoted by S, is calculated as follows.

. -l/2T
- S B
2 2 = PO
S = I B (£),7 df = 4 17/ (7 Tg) T (A-l9|)
~1/2T, ’

- 2. - T .
. where k™ .is the mean-square vaf ’}of the transmitted levels. * For the

—

c:ase of egually Ii'keTy-trénsmitted lewdl_s with the\agjacer}t levels sepa-
rated -b_y a distance of 2d, -

~ L BT
T2 2 T '
= 3" - 1)/ o (A.20)

- -
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Substituting (A.18) - (AA.E’.O) into (A.19), -‘we obtain Py in terms of
S/N. That is ' o o .

I E T .2 S : ’
P, < 2(L - 1/MTQ( (=) = - (A.21)
M- Wy 40 X |

Instead of the "Q" function, it is often sgen in "the literature that some

authors used the "erfc” function. Thus (A.21) can be expressed also as

2 3 T.2 8 '
P, < (1 -1/M") erfe( J—F7— (=) =) {(a.22)
M= 2o 1) G N

-

where the relation erfc (y) = 2Q(/2y) has been used. -

A.2 . SUBCPTIMUM DISTRIBUTION OF FILTERS

By suboptimum, we mean that the class-! PRS shaping is fully at
™

the transmitter, whereas the receiver simply bandlimits th{é’ noise. That

is © ’j

~

2 T cos(mfT ) . |£] < 1/2T
S S s

b}
B(E) = | ,
—\\’/
0 . elsewhere.
< 1/21:S \

1 - . If |
H_(f) = -{ ' -

0 . ! elseufx’{ée’._/ ST

and

The transmitted power S is

. ’ ‘m
i 2
. k 2
S ==' T f IHT(f) | df
r . S Y

-

~

‘ : SR

s}
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»
_ 1/2'r _ _ :
S = BTS kz-[ cos('n’f‘E ) df . ’
0 . o
2 2 2 :

. =2 k" =247 (M -~ 1)/3 : (A.24)
In this case, the noise power at the mput of the receiver measured in
the Nyqurst bandw:dth is the same as that of the output of the receive
filter, i.e., *

1/2T _ .
- 2 Yo
. N=o"=f — df = Ny/2Tg (4.25)
- 1/21, '}
Subst:tut:ng (A.24) and (A.25) into (A. 15) the’ following expression
can be der:ved .
By <2 -1 Qi/ —— 2 (4.26)
- - w-1° N '
or equivalentlys
. 9
. . -
P”l < (1 - 1/M7) erfe( 5 3 _ -j'T % ) (A.27)
' M5 -1 ) -
Comparing the arguments ‘éf the "Q" functions' in (A.26) and (A.21),
- Sy

we note that the suboptimum distfibﬁt_ion of filters results in a loss of .
. . . ) _ .
approximately '
—

2 . . .
: - _m/e)yt S
10 loglo T = 0-9‘l\dB | - . (A.28)|
in $/N relative to the case of optimally .split filters. - X \
. . . .
. ‘o e 7. a
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) ¥
-1t has to be noted that if the S/N is measured at the output of the
receive filter, i.e., just before the decoder, the two filters distribution

strategies (optimum and suboptimum) resuit in the same P\{ expression
. . Iy

as (A.26). ‘ /

PM for class-1V PRS can be derived similarly. For the class-IV PRS
shaping, ' *

2T, sin(27fT)), £] < 1721

X(£) = HT(f)H_R(f) = | (A.29)

0 . ... . _elsewhere.

In the absence of noise, the received sigfal at the optimum sampling

instants can be represented as
B=A -A _, - (A.30)

To obtain the rule for converting the received sequence iB_! into the

He )
data sequence {Dn} we substitute for A, . ~
= - P . AL
Thus, B, = 2 (P, ‘n-Z). | (A.31)
) - a - h TN | . .32
But D, = (B, = P__,) Mod'¥ (&.32)
Hence, Dn = (Bn/?.) Mod M . . - {A.33)

Following the above procedures, it is very straightforward to obtain. the

Py for class-IV PRS and the results are found to Se exactly identical to

(A.21) and (A.26). This can he understood by noting that the dreas

under class-| and—c_la”ss-.lv PRS shaﬁes,are the same. ﬂThat s

w4
.
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-

1/21, )
[ " [Z‘T.s cos.(TrfTs)[ daf (Area under class-1 PRS shape)

-1/2T4

L .

. 2.

- » ]jZTS sin(2was)] af (... class-IV PRS ... )

-1/2T :
5
. _ B
= 4/T. ‘. ’ _ (A.34)

3B

“ B
/(/ a
-~ ¥\ ! L
[
- /‘-r 4
”~
. = .
< / -
. .
- » ‘.
=
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Appendix B
»" SIMULATION PROGRAMS FOR QAM AND QPRS SYSTEMS.

[ate \;arious perfo‘n‘ s of QAM and ‘QIE’-RS systems, such as the; per-
formance of QFRS above the'Nl‘yquist rate, QAM -&hd QPRS syste;ms'
performances in distort‘ed- chan_rgels,' the impact of CCl on QAM and
QPRS-systems;- etc. The author:';f'tbis_th:asis: uselgr:'nodifi;zd, and ex-
tended numerous subroutines .‘and‘ progran:ls fWhic:h were developed by .

the Digital Cqmmunication_s ‘Research Gfoup , Department of Electﬁi}a/-u

Engineering,' University of Ottawa. -



M FILE: DIGIimp FORTRAN A UNIV D'/OF OTTAWA

{

c.""“ﬂﬁ*ﬂ“*ﬂ'QQQ’G*.”Q*“Q“‘“QQQ*****.Q‘#'QQ“Q**Q**QG.Q*“*Q“

(9]

c
c
c

Cc
c
c
C
c
c
c

i3
55

100

u5

200

300
80
of

85
90

- .

FILE NAME : DIGIMP FORTRAN

DRAWS THE DISCRETE IMPULSE RESEONSE.OF PRS ABOVE THE

NYQUIST RATE USING MODEL-A OR B.

ONLY THE ABSOLUTE VALUES OF IMPULSE RESPOMSE SAMPLES

ARE PLOTTED,

PARAMETERS:- MODEL=1 FOR CONVENTIONAL. MODEL-A.
' .MODEL=2 FOR OUR NEW. MODEL-~B.
B 1S THE PERCENTAGE INCREASE.
FOR EXAMPLE, B=,05 MEANS A 5% INCREASE,

'G*ﬁ“ﬂﬁ*ﬁ."*QQQQhQ“Q*'H"Q'QQ****'*’*ﬁ*’ﬁ*bﬁﬂ*“ﬂ'**”ﬂ“**d#ﬂ*

DIMENSION XA({153),YA(153}

MODEL=2 . - . -
B=0.05 - :
A=1,/(1.+B)

X==50.5

PI=3.1415926

GO TO (1,2), MODEL

DO 100 1=1, 101

Y=PI*{A®X+0.5} -

' Z=P1*(A®X-0.5) . .

TF((Z*Y).EQ.D.) GO TO 33 .
HX=SIN{Y)/Y+SIN(Z)/2Z » . .
GO TQ 55° )

HX=1,

YA( | }=HX // .y
XA(IPEX A

X=X+1.0

CONT INUE

GO TO 300 -

DO 200 I=1,101

Y=PI%A®(X+0,5)

Z=PI*A®(X-0.5)

FF(Y.EQ.0.) HX=AA*SIN(Z)/Z
[F(Z.EQ.0,) HX=A*SIN{Y)/Y+A

IF({Y*Z).EQ.0.) GO TO 45 . —
HXB*SIN(Y) LY+A*SIN{Z)/Z

YA( | )=HX o,

*A( 1 )=xX ] 3

K=X¥1.0 . . .

CONT INUE . .

WRITE(6,80) MODEL,A L -
FORMAT (10X, "MODEL' ;12;" A='F8.4,7/)
WRITE(6,85)

FORMAT(13X,' 1 ',13X,' X ', 15X, ' IMPULSE SAMPLES H{X)', /)

WRITE(6,90) (1, XA(1'),YAL1), 121.101)
FORMAT(10X,15.10X,F10.5.1OX,F10.5).
CALL DRAW(XA,YA) - T

"STOP o , .

END o . .
SUBROUT INE DRAW{ XA, YA) : oo
"DIMENSION X(4),Y(4),YA{1),XA(1) -

ESTABLISH THE -SURFACE AREA.

. -CALL PLOTS{30.0,27.5)

DIGGO0I0
DiIGoo020
DI1GO0030
D1GOO0L0D
D1GO0050
B1GO0060
L1G0S070
DI1GOQ080
£0i1Go0090
DIGOOT00
01600110
DI1G0GI20
Di1GoO130
DI1GO0140
‘D1GO0150
D1GCO1I60

DIGCO170.

DIG00180Q
DIGO0190

01600200

‘BiG00210
D1GQ0220¢
01600230
01600250

- DIGO0250

_.DrG002650
01600270
01600280
DIGO0290
01G0C300
D1G00310

. DiGco0320

D1G00330
D1G0OQ340
DiG00350
01600360
01600370
01600380
01600390
01G00L0O
DI1GO0410
D1G00420
DI1GO0U30
DIGOQULO
D1GO0LS50
01600460
D1GOOL70
D1GDO4 80
01600490
01600500
01600510
01600520
01600530
D1GO0S40

- DIG00®50

()
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FILE:

O O a0 a0

:"n

[

100

. R
- , - Q .-
< & 171
L - 1 )
‘-
DIGIMP FORTRAN A  UNIV D'/OF OTTAWA
CALL FACTOR(0.75) PI1COO560
ESTABLI THE ORIGIN, . DI1G00570
CALL PL®T(32.0,6.0,-3) : . D1C00580
WRITE THE TITLE OE. THE GRAPH. B1000590
CALL SYMBOL{10.0, L 0.49, 16HQPRS EYE DIACRAM,0.0,16) . DIGODS0O
DRAW THE TIME AXI D1GQ061Q
CALL AX15(G.0,0.4,1 1,21.,0.0, -50 5.5.0}% . DI1G0620
PRAW THE AMPLITUDE AXIS. ) T DICD0630
LDIv=0.05/15. - . . D1GO06LO
DI1V=0.1/15. FOR 8=0.10 . - s -DIC0OOGS0
CALL AX15(0.0,0.0,14 ,1,16.,90. 0 c. -DICO0660
PLOT THE DATA. + DIGOO6T0
JJ=2 - -DIGO06BO
- Y{JJR)=0.0 : . : . : DI1COO6S0
oY JJ+2)=01Y - . DI1GOO700
X[{JJ+1)==50.5 »> . oIGho710
X(JJ+2)=5.0 . . R DIGOO720
D000 t=1, 101 T D1G00730
in):xn( 1) S D1GOOTH0
(2)=X(1) * . : D1GO0TS0
-¥(1)=0. v ‘ . 01G00760
- Y(2)=YA(-1 }/YA(51) DICODTTO
Y(2)=ABS{Y(2)) , . 0100780
LE{Y(2).GY.0.1) Y{2)=0.1 FOR B=0.10 : . . Dbfcoo7go
IF{Y[2).CT.0.05) Y({2)=0.05, - .o D1GO0800
CALL. LINE(X,Y,J4J,1,0,0) - N DICO08 0
CONTINUE - W ) . : DICOOB21
CALL PLOT(O 0,0.0,999} . o " DIGONS Sy
RETURN : : DI1GCOBLD
-END . ) . . 01GON8%0
~
> ! :
ap
< .
2 . ?
. .
- A . s . 0C - ’
: g b '
4 o 7 L..
. i [/,V/ﬂ .3 ’ 1
. ¥
’ < ‘./ -
Y ’ - .,
- - - . . )
- . o - . :
. a - - \

+



FILE: 25660 ~ FORTRAN A  UNIV D'/OF OTTAWA

C******ﬁ»4****&**»*nu»»»»»*»**n*»»»#»*wn%ﬁa«*»nwe««ﬁ%‘»nuonwn«»nn»q« 2560001d (:
c PROGRAM FOR SIMULATING 2556-QAM [N LINEAR CHANNEL WiITH LINEAR, 25600020
o PARABOL!IC, AND SIN/COSINE RIPPLE FILTER -DiSTORTIONS. ) 25600030
‘C FILE NAME: 256GD : ) 25600040
c FOR AMPLITUDE DISTORTIONS, SET I!D=1 AND USE ., SUB. AMPD. 25600050
c FOR GD DISTORTIONS, SET ID=2 AND USE SUB, DLYD. 25600060
C SOME PARAMETERS IN SUB. DRAWCN MUST BE MODFIED IN 25600070
Cc ACCORDANCE WITH FHOSE IN SUB, AMPD OR DLYD. - 25600080
c THE NOMINAL BIT RATE IS 120 MB/S, BUT iT CAN BE 25600090
c CHANGED TO ANOTHER BIT RAYE BY CHANGING THE PARAMETER BR, . 25600100
CARTEIEIA A0 000000 0801 0000 40 00 A0t 31 04140 1403004 0090989541 00 598 9690 9006 A0 94 9690459090 6 896 96 90 b6 0. 36 000 25600110
COMPLEX DATA(65536),TF(65536) ) ) 25600120
DIMENSION PEI(32],E3N0(32],NIL20“8),NQ[20“8} ’ . 25600130
DIMENSION XARRAY(32),YARRAY(32]’. . 25600140
c INITIALIZATION > . . 25600150
COMMON /NUMBY/ FBW, ALPHA, LDIM, | ORF,LSAMPL 25600160
COMMON /NUMB2/ NSNR, NSYMB, BAUD . 25600170
ALPHA=0.Y 25600180
LDIM=65536 . ) LT 25600190
LIOFF=0 R 25600200
LSAMPL=32 . 25600210
NSNR=32 . ’ 25600220
NSYMB=2047 . 25600230
BR=120, T S . . 25600240
WRITE(6,19} BR™ . ) .. ) 25600250
19 FORMAT(10X,'BYT RATE =',F8.3,' MB/S") 25600260
BAUD=15.%{BR/120.) ' —_— - . 25600270
_FBW=BAUD/2. & . 25600280
I1SIN=1 : . 25600290 -
NFILTR=2 25600300
NRUNS=T7 _ . 25600310
WRITE(6,666) ALPHA ) : 25600320
666 FORMAT( 10X, ALPHA="',F8.4) 25600330
C=====o=c-e==c==o-c===zoz=ooo==so=== - . 25600340
C I10=1 FOR AMPLITUDE DISTORTIONS 25600350
C iD=2 FOR GD DISTORTIONS 25600260
“C ID WILL BE USED IN SUB. DRAWCN ) 256Q0370
C-m--- wemmaelaa cmm————loo YA . 25600380
1D=1 25600390°
C END OF INITIALIZATION. ) . . 256004006
. N 25600410
[0 START OF COMPUTATIONS. ) ' : . 25600420
DO 100 NR=1,NRUNS ] 25600430
C:::.—.:,:::::::==::::=====::=::::_-=== . 25600440
CALL LD256(DATA,NI,NQ) S i 25600450
c CALL LOADGU(DATA,NI,NQ) . - 25600460
c DO 43 [=1,LDIM | : S : 25600470
C 43 DATA[1)=2.%DATAL !} . K \ 25600480
A R ,25600490
CALL RCOSTX(TF) . . & 25600500
C==____====:_______==_:__::::::::: \ 25600510
GO TO (31,32),1D : . N - 25600520
31 CALL AMPD(NR,TF,ISIN) b 25600530
GO TO 33 i 25600540

32 CALL -DLYD(NR,TF,ISIN) 25600550 -



FILE: 256GD FORTRAN A UNIV D'/OF OTTAWA

33 CALL FILTER(DATA, TF)
CALL ENERGY{DATA,EB)

.C .
c - END OF TRANSMITTER
c

CALL RCOSRX(TF) .
.. CALL HHGG(TF, PNOISE)
CALL FILTER({DATA,TF)
CALL SYNCRO(DATA, PNOISE,N1,NQ,MI,MQ, EB)
CALL DECODE(DATA, PNOISE.MI MY NI.NQ.
HEBNO, PEI , EB)

CALL THE DRAWING ROUTINE

[eNele]

DO 99 =1, NSNR
XARRAY( 1 )=EBNO( 1) .

99 YARRAY(|)=PEI{}) ,
CALL DRAWCN{ D, XARRAY, YARRAY, NR, NRUNS )

CALL THE EYE D1AGRAM ROUTINE

‘Dooo

CALL EYEQ(DATA}
100 CONTINUE"

STOP

END

C'QQ*Q**“Q#“ﬂ'ﬂﬁ”Q**““ﬂ*“”*»ﬁﬂ**ﬁ*”“*ﬂ**“”ﬁ#“**““**ﬁ-*#*b*»“

c THIS SUBRQUTINE IS TO SIMULATE GROUP DELAY DlSTORTiONS
c 1/P : NR

c ISIN

c TF

c o/P : TF
c'd#*&#d*ﬂwﬂﬁkﬂQﬂ**#*hh*“ﬁ*»ﬁ&““*O****Qﬁ&“**ﬁﬂ*#**ﬂ““ﬂ**“**#

SUBRQUT INE DLYD(NR,TF, ISIN) \
COMMON /NUMB2/ NSNR,NSYMB, BAUD
COMPLEX TF(?)
GO TO (84,2,3,4,5,6,7),NR
2 'B=.095%( 15, /aAun)**z
GO TO 10
.3 B=.19%(15, /BAUD)#*»2
10 WRITE (6,11) B
11 FORMAT. (10X, 'LINEAR GROUP DELAY IN NS/MHZ=',F8.5)
CALL LINGD(B,TF)
GO TO B4
4 §=0. 27*(15 /BAUD)*#3
G0 1O 2 -
5 $=0. 5u~(15 /BAUD}**3
20 WRITE {6,12) S -
12 FORMAT (10X, 'PARABOLIC GROUP DELAY IN NS/MHZ**E* LF8.5)
CALL PARGD(S, TF) y .-
GO TO 84 ' )
6 C=6. oo'(15 /BAUD) .
GO TO 30
7 C=12.0%(15./BAUD)
© 30 K=4 i .

- . -

N

173

25600560
. 25600570

25600580
25600550
25600600
25600610
25600620
25600630
25600640
25600650
25600660
25600670
25600680
25600690
25600700
25600710
25600720
25600730
25600740
25600750
25600760
25600770
25600780
25600790
25600800
25600810
25600820
25600830

25600840
25600850
25600860
25600870
25600880
25600890
25600900
25600910
25600920
25600930
25600940
25600550
25600960
25600970
25600980
25600990
25601000 .
25601010
25601020
25601030
25601040
25601050
25601060
25601070
25601080
25601050
25601100
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WRITE (6,17) K.C
17 §0R2AT (sx '# OF RIPPLES=', 13,"'SINE AMPLITUDE GROUP DELAY=',
FF8.5,/) . .
CALL SINCGD({1SIN,C,K,TF) o PN
84 RETURN : .
END .

C*Q*’*“*Q*ﬂ***“ﬂ****'*ﬂﬂ'*ﬂ***“ﬂ'“”4*&*&*“#**”*”*0**“*0* LA L L L X Y

c THIS SUBROUTINE 1S TO SIMULATE AMPLITUDE DISTORTIONS

¢ I/P : NR

c ISIN

c . . TF . -

c O/F : TF . .
c*“*****ﬁﬂﬁ'N*“**“**ﬂ“““'*“ﬁﬂﬂ‘*'ﬁ**““ﬂ“*‘**“”&Q“*Q“QQQ“Q*Q“‘O‘

SUBROUTINE AMPD(NR,TF, I5IN)
COMMON /NUMB2/ NSNR, NSYMB, BAUD
COMPLEX TF(])
GO TO (74,2 5,6, 7T} NR -
2 Z=.038%*(15, /BAUD)
. G0 TO 10
3 z=0:o76*(15./BAu0)
10 WRITE {6,8)p 2
8 FORMAT (10X, ’'LINEAR AMPLITUDE SLOPE IN DB/MGZ="',FB.S,/}
. CALL LINAMP(Z,TF)
- GO TO 74
4 p=, 00u00~{15 /BAUD)**?
CO TQ 20 v
5 P=, ooaoo*t15 /BAUD )#**2
20 WRITE{&,9) P
9 FORMAT( 10X, 'PARABOLIC AMPLITUDE DIST. IN DB/MHX#*#*2=' FB.S, /3
CALL PARAMP(P,TF) ,
GO TO 74, ’
6 D=0.2
GO TO 30
7 D=.4
30 K=4' _
WRITE(6,77) K,D . .
77 FORMAT(SX,"# OF RIPPLES=",13,'SINE AMPLITUDE DIST. IN DB=',
#F8.5, /) '
CALL SINAMP{ISIN,D,K, TF) ’ .
J4 RETURN ’ .=

C*“**#***“*Q*“*““H**“ﬁ*“““'“**Gﬂ*#*.b“*'*'ﬁ*»ﬂﬂ“*“%“ﬂ“Qﬁoﬁ‘ﬁ'nbco

*ct RAISED COSINE FILTER WITH ARBITRARY ALPHA AND X/SINX
c“**“*“*”*“ﬂ**“”“*“““““*““***QO*‘QQ**ﬁﬂ'*“ﬁ“ﬁ“**““*“*.'“ﬂ““*‘ﬂ‘.ﬁ”
SUBROUTINE RCOSTX(TF)
* COMPLEX TF(65536) ’
COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL
COMMON -/NUMB2/" NSNR NSYMB BAUD .
. SBANDW=BAUD*LSAMPL
) NO=LDIM/2-
NOT=NO+1
|F [ALPHA.EQ.0Q) ALPHA=0.0001
FN=LDiM*{ FBW/SBARDW)’
~F1={7.-ALPHA)*FN
F2=(1,+ALPHA)*FN | 3 . v

ol |
e )
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25601110
25601120
25601130
25601180
25601150
25601160
25601170
25601180
25601190
25601200
25601210
25601220
25601230
25601240
25601250
25601260
25601270
25601280
25601290
25601300
25601310
25601320
25601330
25601340 -
25601350
25601360
25601370
25601380
256013190
25601400
25601410
25601420
25601430
25601440
25601450
25601460
25601470
25601480
25601490
25601500
25601510
25601520
25601930
25601540
25601550
256015960
25601570
25601580
25601590
25601600
25601610
25601620
25601610
25601640
25601650
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RAISED COSINE FILTER WITH ARBITRARY ALPHA

Cﬂ.“ﬁ““'*“'.ﬁﬂ*“ﬁ*“ﬁ Q**Q‘#MQQOﬁ*”“”*ﬂ-“i““**'*ﬁ***ﬁﬁ**” be 2 L2 3

c

-

25660  FORTRAN A  UNIV D'/OF OTTAWA

I FN= | FIX(FN)
PFI=IFIX(F1)+1
TF2=1FIX(F2)+1

THE AMPLITUDE CHARACTERISTICS

A1=3.1415926/(2.*FLOAT( 1FN))
DO 8 1=2, 1M T
TF(1}=CMPLX(1.0,0.0

J=1=1

&
X/SIN{X) EQUALIZATION

A2=(FLOAT(J);A1)/(SIN(FLOAT(J)“A1))
TF{1)=CMPLX({A2,0.0)

8 CONTINUE

JK=1F1+1
DO 9 J=JK, [F2
1=J-1
ROOT OF RAISED COSINE

A3=(FLOAT(1)*A1)/{SIN({FLOAT( I}*A1))

A=(3.1“15926/(2.0‘ALPHA))“((FLOAT(l)/FLOAT(IFN))-l.)

TE(J)=CMPLX(SQRT(0.5%*(1,0~SIN{A))},0.0)
TF{J)=TF(J)*CMPLX({A3,0.0)

9 CONTINUE

10

5

JH=1F2+1 -
00 10 I=JH,NOT )
TF{1)=CMPLX(0.0,0.0)
CONTINUE

NO2=KRO1+1

‘DO 5 1=NQ2,LDIM -

TF(1)=CONJG{TF{LDIM+2=1})
CONT INUE
RETURN
END

SUBROUTINE RCOSRX(TF) - »
COMPLEX TF(65536)

COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL

COMMON /NUMB2/ NSNR, NSYMB, BAUD
SBANDW=BAUD*LSAMPL
NO=LDIM/2

~ NO1=NO+1 -
|F (ALPHA.EQ.0) ALPHA=0.0001 _» -
FN=LDIM*( FBW/SBANDW)
F1={1.=-ALPHA)*FN
F2=( 1.+ALPHA ) *FN
IFN=1FIX(FN)
IFT=1FIX(F1)+1
IF2= IFIX{ F2}+1

175

25601660
25601670
25601680
25601690
25601700
25601710
25601720
25601730
25601740
25601750

25601760

25601770
25601780
25601790
25601800
25601810

125601820

25601830
25601840

' 25601850

25601860
25601870
25601880
25601890

25601900 -

25601910
25601920
25601930
25601940
25601950
25601960
25601970
25601580
25601990
25602000
25602010 -
25602020
25602030
25602040
25602050
25602060
25602070
25602080
25602090
25602100
25602110
25602120
25602130
25602140
25602150
25602160
25602170,
25602180
25602190
25602200
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FILE: 25660  FORTRAN A  UNIV D'/QF OTTAWA '

c AMPLITUDE CHARACTERISTI(

A1=3.1u1592/(2.“FLOAT(IEH)) )
0O 8 I1=2,IF1
TF(1)=CMPLX{1.0,0.0)
J=I-1
TF({1)=CMPLX(1.,0.0)
8 CONTINUE .
JK=1FT1+1
DO 9 J=JK,1F2 .
l=d=1

ROOT QOF RAISED COSINE

[eXels]

A=(3.181592/(2.Q"ALPHA) }*( (FLOAT( 1) /FLOAT( IFN))=1.}
TF(J)=CMPLX(SQRT(0.5%(1,0-SIN(A}))},0.0)
$ CONTINUE '
JH= [ F2+1
D0 10 1=JH,NO?
TF(1)=CMPLX(0.0,0.0)
10 CONTINUE
NO2=NOT+1
DO 5 I1=NO2,LDIM .
TE(1)=CONJG({TF({LDIM+2-1))

5 CONTINUE
RETURN )
END . . ' '
CCHMU*O*“OH&“-O"HMOtHH‘#G*owﬁnn#n»*n»«-»’n»an»d L A A 8 A 2L LT 2 T 2 T ey
c THE FOLLOWING SUBROUTINE PERFORMS THE FILTERING
c PROCESS ON THE DATA SEQUENCE.

C“**Q““*“*ﬂ'ﬁ“**Q***“*ﬁ_-“*““ﬂ*'“““Q**‘*“QO“*QG**Q““““‘“O.“*' »
SUBROUT INE FILTER{DATA,TF)
COMPLEX DATA(1), TF(1) - .
.DIMENSION I1WK{17)
COMMON /NUMB1/ FBW,ALPHA,1DIM, IOFF, LSAMPL
CALL FFT2C(DATA, 16, IWK)
DO 1 I=1,LDIM
1 DATA( | J=CONJG(DATA( I }*TF( 1))
CALL FFT2C(DATA,.16,1WK)

DO 2 i=1,LDIM .

2  DATA({1)=CONJG(DATA(1))/FLOAT({LD!IM)

RETURN ] ,

END
C“*Q*“**ﬂ“.***ﬂﬂ**“““”*”**”‘**“““““QQ*““”QQ““’O““Q’Q”'*“Qquo
¢, . THIS SUBROUTINE COMPUTES THE EFFECTIVE NOISE (PNOISE)
C' AT THE OUTPUT OF THE RECEIVE FILTER

CQ“******Q“'"‘“****“ﬂ*l**“*ﬁ*’*“**#'“ﬂ*’***“”““’Q*Q*QQQ“QQ**
SUBROUTINE HHGG(TF, PNOISE)
COMPLEX TF(1) ' '
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
COMMON /NUMB2/ KSNR,NSYMB, BAUD
SUM=0,0 ' "
SBANDW=BAUD*LSAMPL :
DO 1 L=1,LDIM -
HH={CABS(TF(L)))**2

o
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25602210
25602220
25602230 -
25602240
25602250
25602260
25602270

125602280

25602290
25602300
25602310
25602320
25602330
25602340

25602350

256021360
25602370
25602380
£€5602390
25602400
25602410
25602420
25602830
25602440
25602450
25602460
25602470
25602480
25602490
25602500
25602510
25602520
25602530 -
25602540
25602550
25602560
25602570
25602580
25602590 .
25602600
25602610
25602620
25602630
25602640
25602650
25602660
25602670
25602680
25602690
25602700
25602710
25602720
25602730
25602740
25602750
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256G0 FORTRAN A  UNIV D'/OF OTTAWA

SUM=SUM+HH :

PNO | SE=SUM*SBANDW/FLOAT (LD IM)/2,
WRITE (6,2) PNOISE .
FORMAT[SX, ' PNOISE=",F7.3,/) .

RETURN |

END

CO#-DQl“*““*“"'.““ﬂ'*ﬁ“*Q“**“ﬁQ.**QQGQ““**“Qﬂ*“d“**ﬂ##%*“““ﬂ

C CALCULATE €B

. .
c'”“ﬁ*ﬁ““*QO“0‘“QO”*“Q*DQ‘Q*Qdﬂ’“”&“”*’**““***ﬂ**ﬁ“bﬂ““”*“““

Lo

SUBROUTINE ENERGY({DATA,EB)

COMPLEX DATA(1) ,
WATTS=0. .

COMMON /NUMB2/ NSNR, NSYMB, BAUD

COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL

DO 1 I=1,LDIM

WATTS=WATTS+( (CABS({DATA( )] )**2.)
CONTINUE

WATTS=WATTS/( FLOAT{LDIM))
EB=WATTS/{8, *BAUD)

WRITE (6,40) WATTS,EB
FORMAT(10X,F15.6,5X,E15.8)

- RETURN

END

c#&b**‘%’“ 'FQGQQ”Q“““'*'hﬁ-ﬂﬂ*ﬁﬂ**“ﬁﬂ-*"Qﬁ*ﬂ*’ﬁﬂﬂ*“ﬁ“»ﬂ*“‘ﬁ*’
~

c ¢‘IB*§,SUBROUTINE GENERATES A BASEBAND 256-QAM SIGNAL.

CQ**”Q’Q“Q"0'*”Q’“Qﬂ”QQ*QQ00‘-.*M“D“O'*QQG*Q*ﬁb*ﬂﬂ*#*%ﬂ““&*lﬂ

o000

o000

" SEQUENCE OF LENGTH 2%+ JLAST.

SUBRQUTINE LD256( D4TRTNI, NQ)

COMPLEX DATA(1)

DIMENSION NY(11),NTT1),NQ( 1), NX{2048)

COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL

DATA NX(1),NX{2),NX{3),NX(&)},NX(5),NX{6),NX{T7),NX(8)3N%(9},

ANX(TO),NX(11),NX(12)/1,=1,=1,~%,=1,=1,-1,=1,-1,-1,21,-1/

DATA NY{1),NY(2),NY(3),NY(4),NY{5) NY(6),NY(7),NY(8),NY(9),
/

#NY(10),NY(11)/-1,-1,1,1,1,~1,-1,-T)-1,~1,-1

DATA JLAST,JTAP/11,1/
KKK=2%*JLAST

KK=KKK={ 1T+JLAST})

DO 6 !=1,JLAST _
NX(1J=NY(1) .
CONT INUE " . : -

N .
GENERATE 2**JLAST -1 LENGTH SEQUENCE USING/TIVEN DATA AND
CENERATOR POLYNOMIAL .
DO 1 J=1,KK

I=J+JLAST i

NX{ T )I=NX(J)*NX({J+2) -

NX{ | )=0=NX{1) . :
CONT INUE . )

GENERATE 8 CYCLTCALLY SHIFTED VERS!ONS'OF!Q§IGINAL

K1=1
K2=2

177

25602760
25602770
25602780
25602790
25602800

© 25602810

25602820
25602830
25602840
25602850
25602860
25602870
25602880
25602890
25602900
25602910
25602920
25602930
25602940
25602950
25602960
25602970
25602980
25602990
25603000
25603010
25603020
25603030
25603040
25603050
25603060
25603070
25603080
25603090
25603100
25603110
25603120
25603130,
25603140
25603150
25603160
25603170
25603180
25603190
25603200
25603210
25603220
25603230
25603240
25603250
25603260
25603270
25603280

25603290
25603300
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v

K3=3

K=t
- K5=5

K6=6 ‘

K7=T

K8=8

.00 2 1=1, KKK
F (K1.EQ.KKK) Ki=t

F (K2.EQ.KKK) K2=1
F {K3.EQ.KKK) K3=1
F (K& .EQ.KKK) Ku=1
F {K5.EQ.KKK) K5=1
F (K6.EQ.KKK) K6=1 .
F (K7.EQ.KKK} K7=1 . )
F (K8.EQ.KKK) K8=1 .
{1 )=NX{KT ) +NX( K3 ) *2+NX (K5 ) *L+NX({ KT } %8
(

|
l
l
1
|
|
1
I
N
NQU 1 )=NX{ K2 ) +NX( KB ) *2+NX([ K6 ) *4+NX{ K8 ) *8

OO

LOADR INTO SAMPLE ARRAY, 16 SAMPLES P§R SYMBOL
JI1=(1=1)*L_SAMPL* .
J2=1*LSAMPL
00 3 J3=u1,42 .
3 DATA[J3 )=CMPLX{FLOAT(NI( 1)), FLOAT(NQ( 1))}
K1=K1+1 .
K2=K2+1
K3=K3+1
Ki=KYy+1
KS=KS+1
" K6=KG6+1
K7=K7+1
K8=KB8+1
2 CONT INVE
: FF{I10FF.EQ.D) RETURN
LL=LDIM=1 __— - .
DO &4 1=1,10FF
XX=AIMAG(DATA(1))

DO 5 K=7,LL
5 DATA(K)=CMPLX{REAL[DATA(K) ), AIMAG[DATA(K+1}))
4 DATA(LDIM)=CMPLX(REAL(DATA{LDIM)1,XXJ

RETURN =

END .
c**ﬁ**o*w****#*ﬂ%““QDQ»*Q&CHMO*ouu&ud»n‘f&hdn&*o»onu LAl L L L2 TP 2
c THE FOLLOWING SUBROUTINE SYNCHRONIZES THE RECEIVED DATA.

c”*ﬁ“““*Q*”**ﬂ*l**ﬂ*ﬁ“‘04’*”Q*QQQ*Qﬁ*‘*”0’Q“*OQ*'OQ'O”Q*Q*“GQ.OOQ&

SUBROUT INE SYNCRO(DATA, PNCISE,N!,NQMI,MQ,EB)
INTEGER QTFLAG . S
COMPLEX DATA[{1),AMP
DIMENSION NI{1),NQ(1)
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
COMMON /NUMB2/ NSNR, NSYMS, BAUD
NERROR=0
IF (1OFF.EQ.0} GO TO 111
DO & K=1, lOFF
XX=AIMAG(DATA{LDIM))
DO 7 KK=2,LDIM

"178

25603310
25603320
25603330
25603340
25603350
25603360
25603370
25603380
25603190
25603400
25603410
25603420
25603430
25601440
25603450
256034560
25603470
25603480
25603490
25603500
25603510
25603520
25603530
25603540
25603550
25603560 |
25603570
25603580
25603590
25603600
25603610
25603620
25603630
25603640
25603650
25603660
25603670
25603680
25603690

- 25603700

25603710
25603720
25603730
25603740
25603750
25603760
25603770
25603780
25603790
25603800
25603810
25603820
25603830
25603840
25603850
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OO0

=000
- ¢

300

200

56

240

250

230

DATA[ 1)=CMPLX(REAL[DATA{1)),XX) 25603870
: ‘ R 25603880
SYNCHRON!ZE THE RECEIVED DATA 25603890
. ] 25603900

NOLD=G ~25603910
NOF=0 : : E . 25603920
K=1 . . . . 25603930
CONT LNUE : ' T 25603940
NEW=0 : 25603950
00 200 J=1,NSYME . : . : 25603960
JI=K+(J=T)*LSAMPL . T 2560397C
1F(JI.CT.LDIM} J1=J1-LDIM . . 25603980
AXBAR=REAL(DATA(J1)) - h 25603990
AYBAR=AIMAG{DATA{J1)) ) P 25604000
SSSAXBAR®N!(J) - e 25604010
IF (S5 .CT. 0.) NEW=NEW+1} . . 25604020
SS=AYBAR*NQ(J) ) 25604030
IF {SS .GT. 0.) NEW=NEW+) o 25604040
CONT | RUE y , 25604050
IF{NOLD.GE.NEW) GO TO 399 : 25604060
NOLD=NEW . 25604070
NOF=K LT 25604080
K=K+1 K _ ___—#ﬂ’—,2560u090
LFU=2"*NSYMB . . .. 25604100
i 25604110
SHIFT RECEIVED DATA LEFT UNTIL ALL SYMBOLS ARE LINED UP 25604120
. . t 25604130
-———::::::::::::::::2:;‘::::==:=====‘:::==?_- T==== 25604140
NSFT=LSAMPL*3 . ) 25604150
IF (NOLD.LT.LFU.AND.K.LE NSFT) GO "TO 300 . 25604160
NOF=NOF -1 , ' : 25604170
WRITE(6,56) NOLD,K - - ' 25604180

FORMAT(1X, NO OF CORRECT SYMBOLS = ', 16,5X, 'NO OF 25604190
“SHIFT IN SAMPLES = ',1§,/) 25604200
IF [NOF.EQ.0) GO TO 230 25604210
LO=LDiM=1 - . ) 25604220
DO 250 1=1,NOF . 25604230

AMP=DATA( 1) ’ . 25604240
DO 240 J=1,L0 . ’ 25604250
DATA[J }=DATA({.J+1) ‘ 25604260
CONT INUE , . : 25604270
DATA(LDIM)=AMP ‘ : 25604280
CONTIRUE . 25604290
‘ 25604300

OPTIMIZE THE SAMPLING INSTANT - ' . 25604310
, : - . i 25604320
Mi=1 "~ 25604330
MQ=1 25604340
EOI=FLOAT{NSYMB) + 1. . 25604350
EOQ=FLOAT{NSYMB) + 1. : . 25604360
M=22 . 25604370
. VARIAN=PNOISE®EB*( 10.%%(-0. 1*FLOAT{M} ) i o - 25604380
SIGMA=SQRT({ VAR AN) : 25604390

179

DATA( KK )=CMPLX({ REAL{ DATA( KK) ), AIMAG( DATA(KK~1))) 25603860

DO 80 J=1,LSAMPL . ‘ 25604400

-y
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. |
Ei1=0. T
EQ=0.

S 000

a0

30
40

DO 70 K=1,NSYMB. L

VERIFY THAT NO SAMPLED SYMBOL 1S IN ERROR
J1Z(K=1)*LSAMPL+J ,

AXBAR=( REAL{DATA(J1) }+REAL(DATA(J1+1))}/2.
AYBAR=(AIMAG(DATA(J1) )+AIMAG{DATA(J1+1}))/2. .
INDEXi=0 - '
SS=FLOAT(NI(K) ) *AXBAR

IF (SS .LT. 0.) INDEXI=1

AMPX=ABS ( AXBAR )

AMPI=ABS{ FLOAT(NI{K}))

THR1I=AMPl - 1.0 .

THR2 I=AMP! + 1.0. -
17FLAG=0

I1F (AMPI_EQ. 15.) GO TO 30 )

1F {{ AMPX.GE.THR21).0R.{AMPX.LE.THRLI }) INDEX!=1
GO TO 40 .

I F{AMPX, LE. THR11)" INDEX1=1

LTFLAG=1 ,

CONT i NUE . ,

INDEXQ=¢  * . : N

'SS=FLOAT(NQ(K) )®AYBAR

IF(SS .LT. 0.) INDEXQ=1

AMPY=ABS(AYBAR)

AMPQ=ABS( FLOAT(NQ([K)))
.0 !

" THRI1Q=AMPG - 1

50
60

65

THR2Q=AMPQ -+ 1.0

Q7FLAG=0

IF [AMPQ.EQ. 15.) GO TO 50 :

[F [( AMPY.GE.THR2Q).OR.(AMPY.LE.THR1Q)) INDEXQ=1
GO TO 60 : ‘ o

1 F{AMPY, LE.THR1Q) ' INDEXQ=1

Q7FLAG=1 :

CONT I NUE .

IF(INDEXI.EQ.1) El=€1 + 1,

IF{INDEXQ.EQ.1) EQ= EQ + 1,

COMPUTE THE PROBABILITY OF ERRbRTFOR THIS SYMBOL AT EB/N0=22dB i
. 4 - .

D1=ABS{AMPX=THR11}
ARG=D1/(SICMA*SQRT(2.))

CHECK IF ARG IS LARGE INWHICH CASE PE IS INSIGNIFICANT

iF {(ARG.GT.12.) ARG=12. .
EI=E1 + ERFC{ARG)/2.

tF (17FLAG .EQ. 1) GO TO 65 .
D2=ABS( THR2 1 ~AMPX)

ARG=D2/{ SIGHMA*SQRT(2.)).

IF (ARG.GT.12.). ARG=12:

EI=El + ERFC{ARG)/2.
D1=ABS(AMPY-THR1Q)
ARG=D1/([S1GMA%SQRT(2.))

IF (ARG.GT.12.) ARG=12.

EQ=EQ + ERFC(ARG)/2.

180

25604410
25604420
25604430
25604440
25604450
25604480
25604470
25604480
25604490
25604500
25604510
25604520
25604530
25604540
25604550
25604560
25604570
25604580
25604590
25604600

"25604610

»

25604620
25604630

+."2560L640-

25604650
25604660
25604670
25604680-
25604690
25604700
25604710
25604720
25604730
25604740
25604750
25604760
25604770
25604780
25604790
25604800
25604810,
25604820
25604830
25604840
25604850
25604860
25604870
25604880
25604890
25605900
25604910
25604920
2560L930
25604948

. 25604950
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70
75

80

90\ FORMAT([ 5X,

95

256GD FORTRAN A UNIV D'/OF OTTAWA

IF (Q7FLAG .EQ. 1) GO TO 70

D2=ABS{ THR2Q-AMPY] .
ARG=D2/( SIGMA*SQRT(2, ))

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

EQ=EQ + ERFC(ARG}/2.

CONT I NUE .

IF(EOI.LE.El) GO TO 75

EQI=E] :

Mi=] ‘

CONTINUE ;

IF (E0Q.LE.EQ) GO TO 80

EOQ=EQ

MQ=J _

MOFF=1ABS(M|-~MQ) . : ' :
IF(MOFF.NE.Q) WRITE{6,90) MOFf : -
OFF=(FLOAT(MI) + FLOAT(NOF})/FLOAT(LSAMPL )

WRITE(6,95) OFF -

FORMAT{5X, RECEIVED DATA IS DELAYED BY ',F7:3.' SYMBOLS', /)
RETURN ~

END

CQ“'Q*Q“ﬁﬂ.ﬂﬁ‘ﬂ***“.'ﬂﬁﬂﬁﬁﬂﬁﬂﬁ *Qﬂ'“ﬂ'ﬂ“Q*Q“*ﬂ*{***"ﬁﬂ.b“ﬁ'*ﬂ****.”

c

THE FOLLOWING SUBROUTINE DECODES THE RECE!VED DATA.

c’**“*ﬂ“o*ﬂ***“ ﬂ'ﬁQQ”*l*ﬂ”ﬁQG*DQ”Q*QﬁQﬂ'*“ﬂﬂ**ﬂbﬁﬁﬁ“ﬁ’*"*ﬂwﬁﬂﬂﬂﬁﬁ .

« INDEX1=0

30

4o

SUBROUTINE DECODE(DATA,PNOISE,MI,MQ,HI,NQ,EBNO,PE,EB).
INTEGER Q7FLAG
{LCOMPLEX DATA{1),AMP
DIMENSION EBNO(T),PE(T),NI(l),NQ(1)

COMMON /NUMB1/ FBW,ALZHA, LDIM, TOFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD '

)

NERROR=0Q -
DO 1 {=1,NSNR
PE{ 1)=0.

CHECK FOR AN ERROR ‘AT THE SAMPLING INSTANT, OSLY THOSE

" ERRORS IN ADJACENT LEVELS ARE CONSIDERED

DO 2 K=1,NSYMB

JI={K=T)*LSAMPL+M]

J2=(K=1)*LSAMPL + MQ . .
AXBAR:(REAL(DATA(J1))+REAL(DATA(J1+1]))/2. .
AYBAR=(AIMAG(DATA(J2))+AIMAC(DATA(J2+1)))/2.
SS=FLOAT(NI(K) )*AXBAR :
IF (SS .LT. 0,) INDEXI=9
AMPX=ABS({ AXBAR) -
AMPI=ABS{ FLOAT(NI(K)))
THRTI=AMPI - 1.0
THR2I=AMPI + 1.0

I 7FLAG=0

_VE (AMPI,EQ. 15.) GO TO 30

PR (¢ AHPX.GE.THRal).OR.(ANPX.LE.THR1L)} INDEX =1

GO TO 40 : )

1F(AMPX,.LE. THR11) INDEXI=1 .
17FLAG=1 S -

CONT I NUE

SAMPLING POINTS FOR | AND Q CHANNELS DIFFER BY',
#12,' SIXTEENTHS OF THE SYMBOL INTERVAL',/) .
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25604960 .
25604970
25604980

+ 25604990

25605000
25605010
25605020
25605030
25605040
25605050
25605060
25605070
25605080
25605090
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25605270 . -

25605280
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25605300
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25605380
25605390
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25605430
25605440
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25605480
25605490
25605500



FILE:

256GD FORTRAN A  UNIV D'/OF OTTAWA

INDEXQ=0
SS=FLOAT({NQ{K})*AYBAR

- IF(SS .LT. 0.} INDEXQ=1

50
60

OO0OO0CO0

OO0

" 100

"AMPY=ABS(AYBAR)

AMPQ=ABS( FLOAT(NQ(K) )}
THRIQ=AMPQ - 1.0
THR2Q=AMPQ + 1.0 -
Q7FLAG=0 . '

If {AMPQ.EQ, ~]5.) GO TO 50

-IF {( AMPY.GE, HR2Q).O0R. (AMPY.LE.THR1Q)) INDEXQ=1

GO TO &0 .

F{AMPY, LE, THR1Q) INDEXQ=1

Q7FLAG=1

CONTINUE - ) '
IF({INDEXI.EQ.T).OR.(IND£XQ.EQ.1)) NERROR=NERROR+1

COMPUTE THE PROBABILITY OF ERROR FOR THIS SYMBOL .
THE VARIABLES ARE AS FOLLOWS: M 1S EB/NO IN @B; PNOISE IS
1/2*INTERGAL [ "H(F,)**2" DF): AND VARIAN = NO®PNOI SE,

FOR THE END POINTS (7FLAG=1) THE PE=1/2%ERFC{D1/(SICMA*SQSRT(2)))
AND FOR THE INNER POINTS THE PE=1/2”ERFC(01/(SIGMA’§ RT(2))) +

T/2*ERFC(D2/(SICMA*SQRT(2))).

DO 4 M=1,NSNR

VARIAN=PNOISE*EB“(10.““(-0lT*FLOAT{M)])

S|ICMA=SQRT( VARIAN}

D1=ABS(AMPX-THR1!)

ARG=D1/{SIGMA*SQRT(2, }) '

CHECK IF ARG 1S LARGE (NWHICH CASE PE IS THNSIGHIF1CANT
CHECK IF SYMBOL IS IN ERROR. IF i{T IS TERMINATE RUN

IF (INDEX!.EQ.1) GO TO 153
IF [ARG.GT.12.} ARG=12,
PEINERFC(ARG) /2.

IF {17FLAG .EQ. 1) GO TO 100
D2=ABS{ THR2 | -AMPX)
ARG=D2/(SIGMA®SQRT(2.))

IF (ARG.GT,12.) ARG=12,
PEI=PEl - ERFC{ARG)/2,

-D1=ABS(AMPY-THR1Q)

ARG=D1/(S1GMA*SQRT(2. ) ),

IF (INDEXQ.EQ.1} GO TOQ 153
IF_(ARG.GT.12.) ARG=12,
PEQ=ERFC(ARG)/2.

IF {Q7FLAG .E£Q. 1) GO TO 110

. D2=ABS({ THR2Q-AMPY )

ARG=D2/( SI1GMA*SQORT(2.))
1F {ARG.GT.12.} ARG=12.
PEQ=PEQ + ERFC(ARG)/2.
IF(PETI.LT.T.E=15) PELl=0.
iF(PEQ.LT.1.E-15) PEQ=0.
PE(M)=PE(M)+( PEI+PEQ) /2.
CONT I NUE

DO 5 I=1,NSNR

-PE{1}=PE(|)/FLOAT(NSYMB)
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256055108

25605520
25605530
2560550

25605550

25605560

25605570
25605580 - °

25605590

© 25605600 °

25605610
25605620
25605630
25605640

25605650 © -

25605660
25605670
25605680
25605690
25605700
25605710
25605720°
25605730
25605740
25605750
25605760
25605770
25605780
25605790
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25605820
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25605850

25605860
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25605900
25605910
25605920
25605930
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25605970
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25606010
25606040

25606050
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v
‘- »
FILE: 256GD FORTRAN A UNIV D'/OF OTTAWA
EBNO( ) )=FLOAT( [ )
PRINT 150 .
FORMAT(5X, 'EB/NO', 10X, ' PROB. OF ERROR',/)
wnn;e t6,151) (EBNO(}),PE(I),I=1,NSNR)
FORMAT{5X, F5.1,10X,ET3.6)
WRITE (&,152) NERROR ‘*‘-f:r\

152

FORMAT( /5X, " ERRORS="'
GO TO 155

153 PRINT 154
154 ' FORMAT (10X, ' SYMBOL
155 CONTINUE

RETURN
END

J15,/7) T

WAS IN ERROR, RUN WAS TERMINATED', /)

A

c“***ﬂQQ'**QIﬂ*“'Qﬂ-'D*Q‘t”*ﬁﬂ'ﬁ’QQ*#*M*ﬂ“Qﬁ“**”ﬂ*’&h**““*”ﬁ“ﬁ“&*

THI'S SUBROUTINE DRAWS PROBABIL!ITY OF ERROR CURVES FOR

C
c
c
c

QOO0 0000 000

P(E) AS LOW AS 1,0E-
t/P : i0=1 FOR AMPL]
ID=2 FOR GD DI

SUBRQUT I NE ' DRAWCN( 1D
DIMENSION XARRAY(34)

8 AND A C/N RATIO AS HICH AS %& dB.
TUDE DISTORTIONS
STORTIONS

C‘O*QQ*“..**“%ﬂ*“‘“**““ﬁﬂQ’“““**ﬁﬂ-*ﬂﬁ“.Q*ﬁ***““*ﬂ*b““*#”*ﬂ***“ﬁ

+XARRAY, YARRAY, JCURV, JLAST)
. YARRAY(34),X(29),Y(29)

COMMON /NUMB1/ FBW, ALPHA, LDIM, IOFF, LSAMPL"

COMMON /NUMB2/ NSNR,
M=NSNR -
CF=8.

DO 1 K=1,NSNR
XARRAY( K ) =XARRAY( K
I F{YARRAY(K).GE.1.0})
| F{YARRAY(K).LE.1.0F
GOTO 1 ’
M=K=1

GOTO &

CONT INUE

CONTINUE S

1=M+1
iz I+
XARRAY(1)=8.0
XARRAY(11)}=2.0
YARRAY([))=1.E-8
YARRAY{11)=0.4
IF(JCURV.GT.1) GOTO

ESTABLISH THE SURFACE

CALL PLOTS(30.0,27.5
CALL FACTOR(.8}

ESTABLISH THE ORIGIN
CALL PLOT(3.0,1.5,-3

", - DRAW THE LOGARITHMIC

- CALL LGAXS$(0.0,0.0,2
+90.,1.0E-8, .4)

NSYMB, BAUD

+ 10*(ALOGI10(CF}) .
YARRAY(K}=1.0
-8) GOTO 3

TS

2 ’
AREA,

Sl

) , . -
Y-AXIS. _ :
SHPROBABILITY OF A SYMBOL ERROR,29,25.,

-
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25606070
25606080
25606090
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25606140
25606150
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25606230
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256063380
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FILE: 25660 . FORTRAN A UNIV D'/0F OTTAWA

c . '
C DRAW THE LINEAR X-AX1S. .
c
CALL AXIS{O 0,0.0,9HC/N IN dB,~9,

+22.0,0.0,8.0,2.0)
c —
¢ WRITE THE TITLE OF THE GRAPH.
.c
c CALL SYMBOL(6.,23.,.35, " PARABOLIC AMPLITUDE DISTORTION',0.,30)
g .
c PLOT LEGEND - ~
c*'Q“**“'Q*Q*»ﬂ“ﬁ“*ﬂ*ﬂ“»Q*ﬂ****i*“”*“ﬁ*“ﬂ“”ﬁ .

G0 TO (11,22}, 1D
22 CALL SYMBOL(2.,13.,.35,"' 'NO .DISTORTION' o.,13)

CALL SYMBOL(2.,12.,.35.'L = 0.095 ns/Miz} .o.,lsn .

©CALL SYMBOL(E.,11.,.35 L 0.190 ns/MHZ" ..16)

CALL SYHBOL(Z.,10.,.35"P 0.270 rs/MHz“‘Z ,0.,19)
CALL SYMBOL(2.,9. P = 0.540 "ns/MHz**2’ ,0..19)
CALL SYMBOL(2. a.,.35. = 6.00 ns’,0.,12)

CALL SYMBOL{2.,7.,.35, s 12,0 ns',0..12) -

CAL# SYMBOL[Z.,M 35 22HGROUP DELAY DISTORTION,0D.,22)

Q
CQQQ**“?****E&&#&Q***%d*ﬂ******#”ﬂ&*“ﬂ**n“»“
11 CALL SYMBOL(2.,13.,.35,"' NO DiSTORTION',0.,13)

CALL SYMBOL(Z..12 .35, L 0.038 dB/MHZ,0.,16)
CALL SYMBOL{Z., 35, 0.076 dB/MHz',O..16}
CALL SYMBOL(E..1O .35, 0.004 dB/MHZ**2',0.,19)
CALL SYMBOL(2..9...35.'P = 0.008 dB/MHZ®**27 0. .19)
CALL SYMBOL(2.,8.,.35,! s = 0.2 d8',0.,12)

- GALL SYMBOL(2.,7.,.35,'S = 0.4 dB',0..12)
CALL SYMBOL(Z2.,4. 5,.35 20HAMPLITUDE DtSTORTION O.,20}

2 CONT I NUE |

nin.

min

c YPAGE=6.5 - (quav-1)

c WPGE= YPAGE- 1

c CALL SYMBOL(Z.,YPAGE .2,JCURV,0.,=1)

c CALL SYMBOL(2.5 YPGE,.ZB 2H2=,0.,2)

c CALL SYMBOL (5.0,YPAGE,.28, "IN dB/MHZ**2',0.,12}

c

c PLOT THE DATA IN LOG-LINEAR MODE . - )
.

CALL LGLIN{XARRAY, YARRAY M, 1,2, JCURV, 1)

I F(JCURV.EQ.JLAST) CALL PLOT(0.0,0.0.999)

RETURN -

END.
”c**“*ﬂ’ﬂ***ﬂ““*”***ﬂ**“**ﬁ*ﬁ'*““***Q””ﬂ*****ﬁ*ﬂ*“**‘*“’Qﬁ‘*““*
c THIS SUBROUTINE DRAWS THE EYE DIAGRAM FOR A
c SYMBOL DURATION.

c****“ﬁﬁ**ﬂﬁ*ﬂ‘***ﬂ**““****”#*“**ﬂ****ﬁ**“ﬁ***ﬁ“Qﬂﬂ*“”***“ﬂﬁﬂ“
SUBROUT INE EYEQ(DATA)
DIMENSION DATA2(6b), DATA3(64) N
COMPLEX DATA({1)
. COMMON /NUMB1/ " FBW, ALPHA, LDIM, 10FF, LSAMPL
COMMON /NUMB2/ NSNR, NSYMB, BAUD
c ESTABLISH THE SURFACE AREA.
CALly PLOTS(35.0,27.5)

»

C .

25606610

25606620
25606630
256066140
25606650
25606660
25606670
25606680
25606690
25606700
25606710
25606720
25606730
25606740
25606750
25606760
25606770
25606780
25606790
25606800
25606810
256365820
25606830

- 25606840

25606850
25606860
25606870
25606880
25606890
25606900
25606910
25606920
25606930
25606940
25606950
25606960
25606970
25606980
25606990
25607000

© 25607010

25607020

. 29607030

25607040
25607050
25607060

$ 256070170 .
© 25607080

25607090
259607100
29607110
25607120
25607130
25607140
25607150



FILE: 256G0 FORTRAN A UNIV D' /OF OTTAWA

ESTABL!SH THE ORIGIN. T . °
CALL PLOT{3.0,13.0,-3) : '
WRITE THE TITLE OF THE GRAPH.
CALL SYMBOL(10.0,12.0,0.49, T6HQPSK EYE D!AGRAM,0.0,16)
DRAW THE TIME AX!S. .
CALL AX15(0.0,0.0,14 ,=-1,31.,0.0,1.0,1.0)
DRAW THE AMPLITUDE -AXIS. ) :
CALL AXIS(O-O;-12-O;1H 'l1!2600.90-0‘-3|0,0-25)
- PLQT THE DATA. 4 . '
JJI=2*LSAMPL, ,
DATA2(JJ+1)=0.0 .
DATA2(JJ+2)=0.25 ¥
1.0
1.0

o O 0 o0 o

DATA3(JJ+1)=1,

DATA3(JJ+2)=1.

M2=NSYMB/2 .

DO 4§ KK=1,M2

D02 I=1,Jd

| 1= (KK=1)%2%LSAMPL+ | .

DATA2( | J=REAL{DATA({ 1)) ;
2 DATA3(1)=FLQAT( I} S

CALL LINE(DATA3,DATA2,JJ,1,0.0)
4 CONTINUE

CALL PLOT{0.0,0.0,999)

RETURN
END .
TGN U000 A0 A 1A 10 9001900000500 0090009 400 0
c THIS SUBROUTINE COMPUTES THE POWER SPECTRUM

c’***“***“b“*“****GO00“*ﬂ-*'Q4"t**ﬁﬁ#ﬂ“#“ﬁ*ﬁ**”*ﬁ“*b*“ﬂ****“ﬂ-“

SUBROUTINE SPECT(SIGNAL, POY
COMPLEX SIGNAL{1)
COMPLEX TWK( 130) :
DIMENSION X(L096),PO(1), IWK(T),WK(68), TP 65)
‘connou /NUMB1/ F8W,ALPHA, LDIM, 10FF, LSAMPL
$=0. '
0o 10 1=1,L01M
L=1-10FF .
1IF(L.LE.Q) L=t+LDIM
X{ 1 )=REAL(SIGNAL( 1))
X(1+LDIM)=AIMAG(SIGNAL(L))
10 S=S+X{ F)+X( I+LDIM)
$=S/FLOAT(4096) . .
DO 20 J=1,4096
20 X{1)=X({1)~5

CALL FTFPS(X,Y,4096,4096,0, PO, PSY,XPS, 1WK, WK, CWK, IER)

PMAX=PO{ 1}
DO 30 1=1,65° .

30 TPO{ 1 )==10.*ALOG10{ PO( | ) /PMAX)
WRITE(6,1) (TPO(1),1=1,65)
TPO(65)=PO(65)

DO 40 1=1,63
40 TPO(65-1)=TPO(66=1)+2, *PO(65-1)
TPO(1)=TPO(2)+PO(1)
TPMAX=TPO( 1)
.+ DO 50 I=1,65 .
50 PO(I)=-10,*ALOG10[P0(l)/TPMA&ﬁEqﬁ
o

=

P
\
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25607330
25607340
25607350
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25607380
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25637400
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25607420
25607430

- 25607440

25607450
25607460
25607470
25607480
25607490
25607500
25607510
25607520
25607530
25607540
25607550
25607560
25607570
25607580
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FILE: 256GD FORTRAN A UNIV D' /OF OTTAWA T

2
1

I

WRITE{6,2) (PO(!},1=1,65) .
FORMAT(2X, 'NORM. POWER SPECTRUM WITH TOTAL POWER=1'/
&,10(2X,F6.1)) .
FORMAT(2X, ' POWER SPECTRUM'/,10(2X,F6.1}) -
RETURN

-

END ’ -

s
c*fﬁ***ﬂﬁ“%Q”*ﬂﬁ*ﬁ**ﬁ”*#Qﬁ*****ﬂ“ﬁ*ﬂQﬁ*ﬂ**”OQQ“QQ#Q“QQO&QOQQQQQ

. € THIS SUBROUTINE SIMULATES A HARD LIMITER -

c******“ﬁ*”*ﬁ*“.*“****»*ﬂ*****”Qﬁﬁ***hﬁﬁ*ﬂﬁﬂ*’ﬁ*'*ﬁQ”QQQ**'*”’“

10

SUBROUTINE HLIM({DATA) .
COMPLEX DATA(1) ‘ . -
COMMON /NUMB1/ FBW,ALPHA, LDIM, 10FF, LSAMPL

D0 10 1=1,LDIM .

DATA( 1)=DATA( | )/CABS(DATA( 1)) o
RETURN ,

END

c**Q**”“*ﬁ*'Q****ﬁ*“ﬂ“*““**“*“ﬂ*““b“D#*QO*“*“&Q&G&&&G“““”

C
B

PARABOLIC GROUP DELAY .
GROUP DELAY IN NANOSECONDS = S*F*F

cﬁ“*******“****“****”***“***ﬁﬁﬂ*****Qﬁ**#****#ﬂ*'*"“ﬂ*“QQ

20

21

SUBROUTINE PARGD(S,TF)

COMMON /NUMB1/.FBW,ALPHA, LDIM, |OFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD

COMPLEX TF({1)

SBANDW=FLOAT( |.SAMPL )*BAUD

NOI=LDIM/2 + 1

NO2=NO1 + 1

DO 20 i=1,NO
AI=FLOAT({ | =1)*SBANDW/FLOAT{ LDIM)

PHI=2.*3.1&1592/3.*(15”(A|*T3.))/(10.**3.)]

TECLY=TF( 1 )*CMPIX{COS(PHI),=SIN{PHI})

CONTINUE

DO 21 1=NO2,LDIM

TF(1)=CONJG[TF(LDIM+2=-1)) .
CONT INUE '
RETURN

-END

.
' COHHHH&OMHO-OHHO*ﬁﬂ***#l#&**“mﬂ***#q»l*»u*«-nﬂ-wuwpcﬂb«»dn»n LA 2 L L X T L XY Yy

c
c
c

SINE OR COSINE GROUP DELAY WITH ARBITRARY AMPLITUDE .
AND NUMBER Of RIPPLES

GROUP DELAY IN NANOSECONDS = C*COS[2"PIE*K*F/FNYQ +ISIN*"PIE/2)

c******ﬁ**“*““*“&“**##'**“#*ﬂh*“#*“*”Q#&&Q%*ﬁ*“"ﬂ“n**&ﬁ“ﬂd“'“Qﬂﬂ“bnQ

SUBROUTINE SINCGD({ISIN,C,K,TF)- .

COMMON /NUMB1/ FBW,ALPHA.LD(M, |OFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD

COMPLEX TF({1) "

SBANDW=FLOAT( LSAMPL ) *BAUD

NOT=LDIM/2 + 1 - .

NO2=NO1 + 1

C1=(1.+ALPHA)*BAUD/K

IF (1SIN.EQ.1) GO TO 50

DO 10 1=1,NO1

AI=FLOAT( 1-1)*SBANDW/FLOAT( LD 1M} .
PHI=(C*C1/[10.%#3,))*SIN(2.%3, 141592%A1 /CT
TF(1)=TF{ 1 )*CMPLX(COS(PH1),-SIN(PHI))

186
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25607930,
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FILE: 256GD FORTRAN. A  UNIV D'/0F OTTAWA

10 . CONTINUE '
00 11 1=NO2,LDIM
TF(1)=CONJG{TF(LDIM+2-1})
1 CONT I NUE
GO TO 60
50 D0 12 =1, NO1 .
AT=FLOAT(1-1)*SBANDW/FLOAT(LD1IM) -
PHI=(C*C1/(10. %3, ])*COS(2.%3.141592%A1/C1) -
TF(1)=TF( ! *CMPLX(COS{PHI},SIN{PHI1))
12 CANTINUE :
DO 13 1=NO2,LDIM 5 -
TF{1)=TF(LDIM*2=1y .
13 CONT I NUE . A
60 RETURN _
END. - : ' \

cQﬂ-**Q‘Q*Q*ﬂ“*“““Q.**Q*“*ﬂ'*“Q#l****ﬁﬁ*#*“****’****““‘O“#*Q**ﬂ

‘c LINEAR GROUP DELAY

¢ GRQUP DELAY IN NANOSECONDS = B*F
C“QQQ'“.“Q“QO“.““Q““Q“Q“*#“'Dﬂﬁ“.*;Q““Q“OQﬁ““ﬂ*ﬂ“::*“*.“*‘ﬁd***
' SUBROUT INE LINGD(B, TF)
COMMON /NUMB1/ FBW,ALPHA,LBIM, [OFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYME,BAUD .
_ COMPLEX TF(1) -
SBANDW=FLOAT ( LSAMPL ) *BAUD .
NO1=LDIM/2 + 1
NO2=NO1 =+ 1
Do 10 I=1,NO1 .
AI=FLOAT( -1} *SBANDW/FLOAT(LDIM)
S PHI=3.-TUT592%(B/(10.%%3. } )#(A1*%2. )
. TFE{1)=TF(1)*CMPLX{COS(PHK},~SIN(PHI))
10 ©  CONTINUE . .
00 20 I=NO2,LDIM -
TF(1)=TF{LDIM+2=1]
20 CONT [ NUE - \
RETURN -
- - END

CQQQ'“Q**““O.*.*“**“‘““ﬂ“h*““ﬂ*&“**ﬁG*QOQQ**‘*“**QO“#*&*“%*““**“Q

LINEAR AMPLITUDE DISTORTION

CHRNtdnnnn ﬂ*”ﬁ'D*0“*.“*”ﬁ*““"“****h##“*ﬂ*****b“*ﬂ'*”“***”4*****“

SUBRQUTINE LINAMP({Z,TF) .
COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL
COMMON /NUMB2/ NSNR, NSYMB, BAUD
' COMPLEX TF(1} i ‘
SBANDW=FLOAT ( LSAMPL ) *BAUD N
NO1=LDIM/2 + 1
NO2=NO1 + 1
A1=Z*SBANDW/FLOAT(LDIM) -
DO 10 =1,NO1
AJ={l~1)*al1/20,
TE{L)=TE{1)*{10,%*a})
10 CONT INUE
CO 20 1=NOZ,LDIM
AZ=(LDIM+2-1)%A1/20.
TF(L)=TE(1)/(10.%%AZ)
20 CONT INUE

[ '

@
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25608390 -
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FILE:.256GD FORTRAN A  UNiV D'/OF OTTAWA y

(A B B S O o b “ - .QQ**Q““Q

c

c****““h“&“*&“*ﬂ““ﬂ**“'DQﬁ“**Q“Q*QQ*Q*‘QQ“QQ'*“’Q.Q*QQ o A

10

1

cﬂ““ﬂ“ﬂ“*ﬂ“ﬁ““**““****“““‘“ﬂﬂﬁDﬂ‘tﬂ““.**ﬂ‘t&ﬁ“ﬂﬂ*ﬂ“hﬂ“dﬁh“wﬁ.h' -

c*&ﬂ-““”***ﬁ#“"ﬂ

10

20
50

30

40

RETURN
END

PARABOLIC AMPLITUDE DISTORTION

SUBROUT INE PARAMP(P,TF)

COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL :

COMMON /NUMB2/ NSNR, NSYMB, BAUD

COMPLEX TF(1)

SBANDH-FLOAT(LSAMPL)*BAUD

NO1=LDIM/2 + 1

NO2=NOT + 1

At—P“({SBANDH/FLOAT(LDIM))**2 }

DO 10 I=1,NO1
-((I-1)"2’)'AI/20.

TECI)STE(1)*(10. **AJ )

CONT INUE

DO 11 1=NOZ,LDIM

TE{1)=TF(LDIM+2=1)

CONT | NUE

RETURN

END

SINE OR CQSINE RIPPLE FOR, AMPLITUDE DISTORTION

SUBROUTINE SINAMP(ISIN,D, K, TF)

COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL

COMMON /NUMB2/ NSNR,NSYMB,BAUD

COMPLEX TF(1) '
SBANDW=FLOAT( LSAMPL ) *BAUD .
NOI=LDIM/2 + 1

NO2=NO1 + 1

AJ=SBANDW/FLOAT{LDIM) -
Cl=(1.+ALPHA)Y*BAUD/K

_IF(fSIN.EQ.1)} GO TO 50

DO 10 1=1,NO7

AZ=D*COS{2.%3.141592*AJ*{ FLOAT{1)-1,)/C1)/20.
TE(1)=TF{1)}%(10.%*AZ)

CONT INUE

DO 20 I1=NOZ2,LDIM

TF{1)=TE(LDIM+2=1)

CONT INUE

RETURN

DO 30 t=1,NO1 .
AZ=D*SIN(2.*3. 1uTH92*AJ*( FLOAT{ | )=1,)/C1)/20.
TR{RE=TF(1)%{10.%*AZ)

CONT IMUE

DO 40 1=NO2,LDIM

AZ=D*SIN(2.%3.141592%AJ*(FLOATLLDIM+2=-1]}~=1,}1/C3}/20.

TF(UISTF(I)}/(10.**AZ)
CONT INUE

RETURN

END
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c“.QQQ“"QGQQ&***.OQQQ*Q“*.“***bﬁ*ﬂ*'***hﬂ**’“l****“**QQ*Q**“****‘““

c
c
c
c

2

00

L3

FILENAME : 225Q FORTRAN

CONVENT |ONAL MODEL (BY INCREASING THE TRANSMISSION RATE}

225~QPR FORT1/SG IN LINEAR CHANNEL WITH LINEAR,

PARABOLIC,OR SIN/COSINE RIPPLE FILTER DISTORTIONS.
BAUD RATE IS IN KBAUD, SBANDW [S IN KHZ. .
P(E) FOR MODEL~! (FILTERS ARE EQUALLIY APPORTIONED?

THIS PROGRAM CAN EASILY BE MODIFIED FOR SIHEEATIEG MODEL-B.

&

COMPLEX DATA(65536), TF(65536), TF1{65536) )
DIMENSION PE}{50),EBNO(50),N1{2048),NQ(2048),BB(10)
DIMENSION XARRAY(S52},YARRAY(52),NIP{2048),NQP(2048)
REAL IBAUD _ -;
INITIALIZATION. :
COMMON /NUMB1/ FBW,ALPHA,LDIM, [OFF,"LSAMPL, SBANDW.
COMMON /NUMB2/ NSNR, NSYMB, BAUD, NO1.NO2 .
DATA BB/1.,1.03,1.04,1.05,1.06,1.07,1.09/
LOIM=65536

I0FF=0 .

LSAMPL=32 : -
NSNR=45 :

NSYMB=2048

BAUD=266.7

SBANDW=BAUD*LSAMPL

NRUNS=1

ROI=LDIM/2+1

NO2=NO1+1 ’

END OF INITIALIZATION,
START OF COMPUTATI!ONS.
DO 100 NR=1, NRUNS
A=BB(NR) . -
XA=A=-1,

HRITE(6f200J XA
FORMAT( '#wnswsn! gy 1o EFFICIENCY INC BY',F8.3)
CALL LOADGU({ DATA, NI, NQ)

THE FOLLOWING SCALING 1S FOR EYE DIAGRAM
DO 43 I1=1,LDIM
CATA( | )=2,*DATA[{ )
FBX=BAUD/2.

ALPHA=0.0

CALL XSINX(TF, FBX)
CALL FILTER({DATA,TF)
18=1

| BAUD=BAUD/A .
CALL PRY(TF, IBAUD, IS)
FB=BAUD/2./A

CALL RECTF(TF1,FB)

0O 17 1=1,LDIM
TECL)=TF{L)*TF1({ 1)
CALL FILTER{DATA,TF)
GO TO 11 '

LY

CALL ENERGY(DATA,EB)
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99

111
100

225Q FORTRAN A UNLV D'/OF OTTAWA

18=2 .

I BAUD=BAUD/A . '
CALL PRI(TF, IBAUD, IS)

CALL HHGG(TF, PNO!SE)

CALL FILTER(DATA,TF)

CALL PRCODE(N!,NIP,NSYMS) :
CALL PRCODE(NQ.NQP.NSYME ) 14
CALL SYNCRG(DATA, PNOISE, NP, NQP,M!,MQ, £8)

- CALL DECODE(NERROR.DATA,PNOISE.HI.MQ,NIP,NQP.EBNO,PEI,EB)

I F{ (NERROR. NE. Q) . AND. (NR.EQ.NRUNS)) CALL  PLOT(0.0.0.0.999)
I F{NERROR,NE.OJ] GO TO 100

DO, 99 t=1,NSNR

XARRAY{ { )J=EBNO( 1 )

YARRAY( 1 )=PEI{ )

SA=T,

CALL DRAWCN{XARRAY, YARRAY, NR, NRUNS, A) R
CALL EYEQ{DATA)

CONT I NUE

sTOP

END

c**QQQQ*Q**Q*'*&*G*“Gﬂ“*d“'**#*ﬂ’ﬁﬂ‘#**‘ﬂ-

c
c
c
c

PARTIAL RESPONSE ENCODER {1+0)
B: 1/P SYMBOL SEQUENCE .

C: O/P SYMBOL SEQUENCE
Cl1)=B(I1)+B(1=1)

lopad f L 2 2 2 1 2 T T TR R e Q*“QP“%*“H“”QQ‘Q“““'

10

.

SUBROUTINE PRCODE(B,C,NSYMB) : -

INTEGER B(1),C{1)

\C{1)=B( 1)+B{ NSYMB)

DO 10 1=2,NSYMB _ K
Cl1)=B(l}+B{t-1)

CONT INUE

RETURN

END -

c“ﬂ*****“ﬁ*’*Q**Q“**ﬂ*”“ﬁ“Q”**Q”O***ﬁ&ﬂ*““ﬂQ#“*”ﬂ“

c
c
Cc
c

[FORMS A COMPLEX BASEBAND SIGNAL
NI : I=-CHANNEL SYMBOL SEQ

NQ : Q-CHANNEL SYMBOL SEQ

DATA : O/P SIGNAL

CQ*I*“'******hﬁ*”*ﬁ**QD"*“*“ﬁﬁ&’**ﬁ*ﬂﬁ“”*ﬂ*“ﬁ“ﬁﬁ* »

SUBROUT INE_SIGNAL(DATA,N1,NQ)

COMPLEX DATA(1)

DIMENSION Ni(1),NQ{1) )

COMMON /NUMB1/ FBW,ALPHA, LDIM, |0FF, LSAMPL, SBANDW
COMMON /NUMB2/ NSNR,NSYMB, BAUD,NO1. NO2

00 2 I1=1,NSYMB .
LOAD INTO SAMPLE ARRAY, 16 SAMPLES PER SYMBOL
J1=(1=1)%LSAMPL+1

J2= | *SAMPL

DO 3 J3=J1,42

DATA(J3 }=CMPLX( FLOAT{NI{t}), FLOAT{NG(1)))
CONT INUE N

RETURN

END
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CQQO'..O'Q*ﬂ-“ﬂOQQ'QQQﬂ-“'*h'QC”*QQQG‘OQ**Q*Q.“”Q**

c IDEAL BRICKWALL FILTER
Cc I/P: FB; CUTOFF FREQ .
C O/P: TF; FILTER RESPONSE - -

CQ.”0*00“*““Qﬂ-*"”"*OQﬁﬂﬂ**Q'D"QQ“*“OQ*‘IQQQ““Q*Q“

SUBROUT INE RECTF(TF,FB) .
COMMON /NUMB1/ FBH,ALPHA,LDJM,IOFF,LSAMPE,SBANDH
COMMON /NUMBZ2/ NSNR,NSYMB,BAUD,NO1,NO2
COMPLEX TF{1)
FBNOR=FB/SBANDN*FLOAT(LDIH)
NFB=I|FIX{ FBNOR)+1
DO 10 1=1,NFB
10 TF(I):CMPLX(T.,O.)
NFB=NFB+1
D0 30 I=NFB,NO1 ’
30 TF(I):CHPLX(O..O.) .
DO 20 !=NO2,LDIM .
20 TF(I)=CONJG(TF(LD!M+2-I))
RETURN
END
c..“ﬂ'.#“'ﬁﬁ*ﬁ#.ﬂﬂ*ﬂ ItQO&Q**“QQ”Qﬂ-#“ﬁﬂ’ﬂ‘ﬂoﬂw“*“*&“ﬁﬁ*»
o] DUOBINARY FILTER
[ 1$=1 FOR FULL CLASS-1
c 15=2 FOR SQUARE ROOT OF CLASS=1
C IBAUD IS THE IDEAL SYMBOL RATE
C BAUD IS THE ACTUAL SYMBOL RATE
c*“.ﬂ.ﬁ““ Q.OQﬂ“*b#*“**.{tﬁ**“*“ﬁ&&*ﬂﬂ*#ﬁﬁb**Q“#“b““#*
’ SUBROUTINE PRI{TF, IBAUD, I15) .
COMMON /NUMB1/ FBH,ALPHA,LDIM,IOFF,LSAHPL
COMMON /NUMB2/ NSNR,NSYMB,BAUD,NOT,NO?
COMPLEX TF{1l
REAL iBAUD
SBANDW=BAUD*LSAMPL M
DELF=SBANDW/LDIM
PI=3.1415926
FN=0.5*IBAUD/DELF "
IFNSLFIX{FN)+1
DO 100 I=1,1FN
J=El=1
A=COS(PI“J'DELF/IBAUD)
GO TO (1,2),!8 .
T TF{1)=CMPLX(A,0.0)
GO TO- 100 i
2 TF[I)=CMPLX(SQRT{A),0.0)
100 CONTINUE

IF1=1FN+1
DO 10 I=IFT,NOT .
10 TF{1)=CMPLX(0.0,0.0) -

00 20 1=NOZ,LOIM T
20 TF(1)}=CONJG(TF(LDIM+2~1)}

RETURN

END . . .
Concuunnuuunnuuuuuntn»oowunuuocuum-oou-ﬂtno»n«»n»ubn»nn»»«o»»»«m.
c THIS SUBROUTINE GENERATES A BASEBAND 64-QAM SICNAL.

CQ*“'ﬁ’“*".Q'.“Q.'“.'ﬂ'*ﬁ'**Q’GQQ“““Q”*O#'“"'.'*‘.ﬁ“*”"“Qﬂ
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-22501270

22501280
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22501480
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SUBROUTINE LOAD&U{DATA,NI,NQ) 22501660
COMPLEX DATA{1) 22501670
DIMENSION NY({11),NI(1),NQ(1),NX(2048) - 22501680
COMMON /NUMB1/ FBW,ALPHA,LDIM, 1OFF, LSAMPL v . 22501690
c DATA NX(1).NX(2}.NX(3),NK(u).NX(S).NXIG),NXIT).NK(BJ.NX(9). * 22501700
c #NX(IOI.NX(11).NX(12]/-1,-1,-1,-1;-1,-1,-1,-1,-I,-],-I,-1/ 22501710
DATA NY(1),NY(Z),NY(3),NY(&),NY(5),NY{6).NY(TL,NY(BJ,NY(Q)_ . 22501720
ANYLI10),NY(11)/=1,-1,1,1,1,=1,~1,=1.27,-1.=1/ 22501730
DATA JLAST,JTAP/11,1/ ) s 22501740
KKK=2%%J1 AST 22501750
KK=KKK=( 1+JLAST) . - ’ 22501760
VDO 6 1=1,JLAST 22501770
NX{ 1)=NY([1) 22501780
6  CONTLNUE : 22501790
c GENERATE 2"*JLAST -1 LENGTH SEQUENCE USING GIVEN DATA AND 22501800
c GENERATOR POLYNOMIAL. 22501810
DO 1 J=1,KK . 22501820
1=J+JLAST : 22501830
NX( D )=NX(J J*NX (0 +2) : 22501840
NX(1)=0-NX{1) 22501850
1 CONT I NUE 22501860
c . s 22501870
c GENERATE '6 CYCLICALLY SHIFTED VERSIONS OF ORIGINAL 22501880
c SEQUENCE OF LENGTH 2%%JLAST. 22501890
[} . : . 22501900
Ki=1 ' 22501910
K2=2 ' , 22501920
K3=3 - “ ‘ £2%01910
Ku=4 - 22501940
K5=5 . ) 22501950
Kb6=6 . : 22501960
DO 2 1=1,KKK . 225031970
1F (K1,EQ.KKK} K1=1 : 22501980
IF [K2.EQ,KKK] X2=1 . 22501990
IF (K3.EQ.KKK) K3=1 22502000
IF [XKU4.EQ.KKK) Ku=1 . ‘ ‘ . 22502010
1F (KS.EQ.KKK) K5=1 : 22502020
IF (K6.EQ.KKK) K6=1 22502030
NICI)=(NX(KT)*U) + [(NX{K3)*2] + NX({KS) 22502040
HQUI)=[NX(K2)*U} + (NX(K4)*2] + NX{K&) 22502050
c : . : 22502060
c " LOAD INTO SAMPLE ARRAY, 16 SAMPLES PER SYMBOL 22502070
JI1=(1=1)*LSAMPL+1 22502080
J2=I#*LSAMPL . . 22502090
0O 3 J3=41,J2 ) 22502100
3 DATA(J3)=CMPLX{FLOAT(NI(l]),FLOAT(NQ(l})) . 22502110
K1=K1+1 . 22502120
K2=K2+1 22502130
K3=K3i+1 22502140
Kb=KL+1 . ' T 22502150
K5=K5+1 - ) 22502160
KE=KE+1 . 22502170
2 CONTINUE ‘ 22502180
, IF{IOFF.£Q.0) RETURN 22502190

LL=LDIM-1 * 22502200
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DO 4 1=1,I0FF "~ : ) 22%02210
XX=AIMAG{DATA(1)) - 22502220
. 00 5 K=1,LL ) . 22502230
5 DATA(K)=CMPLX(REAL(DATA(K)),AlMAG(DATA(KH))) - 22502240
u DATA(LDIM)=CMPLX{REAL(DATA{LDIM}}5XX) B . 22502250
RETURN 22502260

END . 22502270
c“*0“'0‘****”*“0“Q*“ﬂ-'*O04*»*%“#***»“*#““#*ﬁd&#*.#QU*“****»#*%'*#*Q** 22502280
c RA|SED COSINE FILTER WITH ARBITRARY ALPHA AND X/SINX 22502290
C“O..O*“Q*OQQQQ#*“ﬁ*##*“**l0.”**#*“*“Q4***#**#*“*#*&##““”#Q?Q*ﬂﬁ*&&**” 22502300‘
SUBROUTINE RCOSTX(TF) T22502310
COMPLEX TF{65536) 22502320
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL .22502330
GOMHMON /NUMB2/ NSNR,NSYMB, BAUD ) 22502340
SBANDW=BAUD*LSAMPL 22502350
NO=LDIM/2 ¥ 22502360
NO1=RNO+1 - 22502370
IF (ALPHA.EQ.0) ALPHA=0.0001 ’ 22502380
FN=LDiM*{ FBW/SBANDW) . . 22502390 °
F1=(1.-ALPHA)*FN i 22502400
F2=(1.+ALPHA}*FN ] 1225025410
IFN=!FIX{FN) i : 22502420
- PFISIFIX(F1)+1 22502430
IF2=1FIX{F2}+1 . o . 22502440
c .- 22502450
C *THE AMPLITUDE CHARACTERISTICS 22502460
c 22502470
A1=3.1u15926/(2.“FLOAT(IFN)) - 22502480
DO 8 1=2,!F] ‘ . 22502u4%0
TF(1)=CMPLX{1.0,0.0) 22502500
J=1-1 . ’ 22502510
c : 22502520
c X/SIN(X}) EQUALIZATION . . 22502530
c. . . 22502540
AZ=(FLOAT(J)*A1}/(SIN{FLOAT(J)®A1) ). 22502550
TF{1)=CMPLX({A2,0.0) e . 22502560
8 CONTINUE - 22502570
JK=1F1+1 : . . 22502580
DO 9 J=JK,IF2 _ : ) 22502590
I=J=1 . . 22502600

Cc ‘ * . 22502630 .
c ROOT OF RAISED COSINE . 22502620
c ‘ 22502630
A3=[FLOAT(1)*A1)/TSIN(FLOAT(I}*A1)} - . 22502640
A=(3.1u15926/(2.0'ALPHA;)~((FLOAT(|)/FL0ATLIFN))r1.) - 22502650
TF(J)=CMPLX{SQRT(O.5“(I.O-SIN(A)J),0.0) 22502660
TF{J}=TF(J)*CMPLX(A3,0.0) ' 22502670
9 CONTINUE : 22502680
JH= 1 F2+1 i <\ 22502690
DO 10 [=JH,NO1 _ 22502700
TF(1)=CMPLX{0.0,0.0) ’ 22502710
10 CONTINUE 225027e0
NO2=NQ1+1 . 22502730
CO 5 1=NO2,LDIM : 22502740
TF(1)=CONJG(TF(LDIM+2-1)) 22502750

-
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S CONTINUE . . 22502760
RETURN ‘ 22502770
) - 22502780
CQ*“‘“*“Q#*“”*“******““Q****“i*ﬂ*“ﬂQQQ**QQQ“O'*“Q“Q*'QQ“_&& » " 22 5 02 790
c RAISED COSINE FILTER WITH ARBITRARY ALPHA . 22502800
c““ﬁ#“******#rQQ**““Q#0**#‘“.4‘**“'*“0#6“#6QQ*Q##*“*““»&*"‘&O 225028 -| 0
SUBROUTINE RCOSRX{TF) 22502820
COMPLEX TF(65536) . 22502830
COMMON /NUMBL/ FBW,ALPHA,LDIM, IOFF, LSAMPL . 22502840
COMMON /NUMB2/ NSNR,NSYMB, BAUD : ” 22502850
SBANDW=BAUD*L SAMPL 22%02860
NO=LDIM/2 ~ 22502870
NDT=NO+1 22502880
IF (ALPHA.EQ.0) ALPHA=0.0001 22502890
FN=LD|M*( FBW/SBANDW) - 22502900
F1=(1.-ALPHA)*FN : 22502910
F2={1.+ALPHA)*FN 22502920
IFN=IFIX{FN) 22502930
IF1=IFIX{F1)+1 22502940
. AF2=IFIX(F2)+1. 22502950
. 22502960
AMPLITURE CHARACTERISTIC * 22502970
o ‘ ~\ 22502980
AT=3.1&1592/(2.*FLOAT(IFN)) 22502990
0O 8 1=2,1F1 . 22503000
TF(1)=CMPLX{1.0,0.0) .- - 22503010
J=1=1 22501020
TFE1)=CMPLX(1.,0.0) 22503030
8 CONTINUE 22503040
JK=1F1+1 _ 22503050
0O 9 J=JK, 1F2: : 22503060
I=J=-1 ' 22503070
C . 22503080
c ROOT OF RAISED COSINE . 22503090
c 22503100
A=(3.1u1592/(2.0*ALPHA)]'((FLOAT(IJ/FLOAT(IFN)]-T.) 22503110
. TF(J)=CMPLX(SQRT(0.5%(1.0~SIN(A))},0.0) 22503120
9 CONTINUE PN . 22503110
JH= 1 F2+1 ~ . ; 22503140
0O 10 I=JH, NO1 RN . 22903150
-TF{1)=CMPLX(0.0,0.0) - 22503160
10 CONTINUE 22503170
NO2=NO1+1" . 22503180
DO 5 I1=NO2,LDIM 272503190
TF{1)=CONJG{TF{LDIM+2=1})) - 22503200
5 CONTINUE . 22503210
RETURN ) . 22503220
END . 22503230
c**#&#*ﬁ*#****ﬂ***“*“ﬂ““ﬂ&ﬂ-“ﬂﬂ#“Q#*dﬁﬁ*q#b*9“*”““*“*&**»““»*000»“* 2 2 50 3 2 u 0
c X/SIN(X) EQUALIZER 22503250
c FBX : NYQUIST FREQ FOR THIS EQUALIZER 22503260
Cﬁﬂ#ﬁ*i““*ﬂ**n“w”&****ﬁ*Oﬂ***bﬁn#*b*ﬂﬂ“ﬂ**#*»***'Q'*ﬂo»ﬂﬁp'nﬁ.»nﬁn - 22 50 3 2 7 0
SUBROUTINE XSINX({TF,FBX) ) 22503280
COMPLEX TF{65536) . 22503290

COMMON . /NUMB1/ FBW,ALPHA, LDIM, |QFF, LSAMPL . 22503300
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oao

QOO0

.

COMMON /NUMB2/ NSNR, NSYMB, BAUD
SBANDW=BAUD*LSARPL =~ !
NO=LDIM/2 ,
NOT=NO+1 .

" IF (ALPHA.EQ.0)} ALPHA=0.0001
FN=LDIM*({ FBX/SBANDW)

- FI1=(1.=ALPHA)"FN

10

5

F2=(1.+ALPHA|*FN
| FN=) FIX{ FN)
TF1SEFIX{F1)+1
IF2=IFIX(F2}+

THE AMPLITUDE CHARACTERISTIGS

A1=3.1415926/(2.*FLOAT{ I FN})
TF{1)=CMPLX({1.0,0.0) )
DO 8 I=2,1F1 )

NEIRS |

X/SIN(X) EQUALIZATION

A2=( FLOAT(J1*A1)/(SIN(FLOAT{J)*AT)}
TF(1}=CMPLX(A2,0.0) .
CONTINUE .
JK=1F1+1 . .
D0 9 J=JK, IF2

l1=J=1 - - -

ROOTY "OF RAISED COSINE .
A3=(FLOAT{ I )*A1)/{SIN(FLOAT{!}*AT)) -
TF{J)=CMPLX{A3,0.0)
CONT I NUE . : -
JH= | F2+1 . .
DC 10 1=JH,NO1
TF(1)=CMPLX{0.0,0.0)
CONTINUE - -
NOZ2=NOT#1
DO 5 I=NDZ,LDIM
TF(1)=CONJG(TF(LDIM+2-1}) s
CONT I NUE .
RETURN
END

c"Q‘QQQQ“&'**'\?*‘*'**“*“*Qﬁ#'“*““***ﬁ“”“ﬁ*ﬁ**d*“”’“‘*bﬂ#ﬂ“ﬂ*

c
c

THE FOLLOWING SUBROUTINE PERFORMS THE FILTERING
PROCESS ON.THE DATA SEQUENCE.

' .
cQMQ*’*WGQ’*ﬂ.’***'ﬁhﬂﬁﬁ#*'**MQQ’*Q*Qﬂ*'*ﬁﬁ“’*ﬁ'ﬂ”****#*”*

SUBROUTINE FILTER(DATA, TF)
COMPLEX DATA(1),TF{1)

DIMENSION. IWK(17)

COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
CALL FFT2C(DATA, 16, 1WK)

DO 1 1=1,LDIM

DATA( | )=CONJG{ DATA( | )*TF( 1))

CALL FRT2C(DATA, 16, IWK)

-

195

22503310

- 22503320

22503330
22503340
22503350
22503360
22503370
22503380
22503390
22503400

T22503410

22503420
28503430
22503440
22503450
22503460
22503470
22503480
22503490
22503500
22503510
22503520
22503530
22503540
22503550

22503570
22503580
22503590
22503600
22503610
22503620
22503630
22503640
22503650
22503660
22503670
22503680
22503690
22503700

22503710 .

22503720

- 22503560

¥

22503730.

22503740
22503750
22503760
22503770

22503780 -

22503790
22503800
22503810

22503820

22503830
22503840
22503850



FILE: 225Q FORTRAN A UNIV D'/OF OTTAWA

b0 2 1=1,LDIM
2 DATA( | )=CONJG(DATA( | } ) /FLOAT{LDIM)
RETURN

c*“**“ﬂ“********ﬂ**ﬁ***“#*4***#*“***““*“0**““*'“““‘**#&b'

c THIS SUBROUTINE COMPUTES THE EFFECTIVE NOISE { PNOISE)
c AT THE OUTPUT OF THE RECEIVE FILTER
c*%**ﬁ**%*****ﬁ*ﬁﬂ***l**wﬂ*“”*ﬁ*’ﬂ*ﬁ*'ﬂ.**'##d»nﬁnbﬂw*ﬂu»
SUBROUTINE HHGG(TF, PNOISE)
COMPLEX TF({1) .
COMMON /NUMBT/ FBW,ALPHA,LDIM, |OFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD
SUM=0.0-
SBANDW=BAUD*LSAMPL
DO 1 L=1,LDIM
HH={ CABS(TF(L)))**2
T SUM=SUM+HH
PNO I SE=SUM*SBANDW/FLOAT(LDIM) /2.
WRITE (6,2) PNOISE - v
2 FORMAT(5X, ' PNOISE=",F7.3,/)
RETURN
END )
C’“*#&d*wﬂ****“ﬁ*“**lﬂlﬂ*b#*#ﬁbﬁ*ﬁﬁ**#*bQ*»**ﬂ*Q**QQQ»*QG&G
C CALCULATE EB '
c*»*nw#*»**n*ﬁ*w»*n*ﬁ*nﬁqﬂ»o»»*n»nnuq*w»nn»*«»*nhoonnnﬁ«uwo
SUBROUTINE ENERGY({DATA,£EB)
COMPLEX DATA{1)
WATTS=0.
COMMON /NUMB2/ NSNR,NSYMB, BAUD
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
CO 1 1=1,LDIM ’
WATTS=WATTS+( {CABS{DATA(1)})%**2,)
1 CONTINUE
WATTS=WATTS/( FLOAT(LDIM})
EB=WATTS/(&6.*BAUD)
. WRITE (6,40) WATTS,EB
40 FORMAT{10X, 'C=',F15.6,5X, ' EB=",E15.8)
RETURN

c***“”***********ﬁ“ﬂ*”*“*#“**”“*ﬂ%““”ﬁ****ﬁ*ﬂ*ﬁ“*ﬁ&*"ﬁﬂ““ﬂ*“dﬂ

c THE FOLLOWING SUBROUTINE SYNCHRONIZES THE RECE!VED DATA.

c“*“ﬁ**”&****#*Q”****#Q*ﬂ**ﬂ“**“*““*»h““*“**ﬁ*'ﬂ*ﬁﬁ“ﬂﬂ***ﬂb“'0*

SUBROUTINE SYNCRO{DATA, PNOISE, NI, NQ,MI,MQ, EB)
INTEGER QL1&

COMPLEX DATA(1),AMP —~

DIMENSION NI{1},NQ{.1}

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

COMMON /NUMB2/ NSNR, NSYMB, BAUD

NERROR=0

IF (IGFF.EQ.0) GO TO 111

DO 6 K=1, 10FF

XX=ATMAG(DATA(LDIM) )

DO 7 KK=2,LDIM .
7 DATA(KK)=CMPLX(REAL({DATA(KK) ), AIMAG(DATA(KK=1))}
6 DATA{ 1)=CMPILX(REAL(DATA{ 1)), XX)
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191
190

300

200

56

225Q FORTRAN A  UNIV D'/OF OTTAWA )
SYNCHRONIZE THE RECEIVED DATA )
THE FOLLOWING 9 STMTS SHIFT DATA RIGHT BY 8 SAMPLES ‘

NRSFT=LSAMPL/Y
D0 190 '1=1,NRSFT -
AMP=DATA({LDIM) : ot ' .
LO=LDIM=1 )

00 191 u=1,L0

K=LDIM-y

DATA( K+1)=DATA(K)

DATA( 1)=AMP

CONTINUE

NOLD=0

NOF=0

K=1

CONTINUE

NEW=0

00 200 J=1,NSYMB
THRYI=FLOAT(NI{J}}-1.
THR2I=FLOAT{NI{J)}+1. -
THR1Q=FLOAT(NQ(J))=1.
THR2Q=FLOAT([NQ{.J ) ]+1.
JI=K+H{J=1)*LSAMPL
JF(JT.GT_LDIM) J1=J1-LDIM
AXBAR=REAL(DATA{J1)}) .
AYBAR=AIMAG(DATA{J1))
IF((AXBAR.GT.THR1I).AND.(AXBAR.LT.THRZI)) NEWENEW+1
IF((AYBAR.GT.THR1Q).AND.(AYBAR.LT.THR?Q}J NEW=NEW+1
CONTINUE

IF{NOLD.GE.NEW) GO TO 399

NOLD=NEW . -

NOF=K .

K=K+1 -

LFU=2*NSYMB

. -

SHIFT RECEIVED DATA LEFT UNTIL ALL SYMBOLS ARE LINED uyP

NSFT=LSAMPL®*S = ; .
1F (NOLD.LT.LFU.AND.K.LE.NSFT) GO TO 300
NOF=NOF-1 P
KT=Kk-2 ' :
NRITE{S,SG? NOLD, NOF, KT
FORMAT(1X, "NO OF MAX. CORRECT SYMBOLS = AL AALT
*'NO QF SHIFT IN SaMPLES FOR MAX, CORRECT SYMBOLS= L8, 7/,
*1X, 'TOTAL NO OF "SHIFT FOR SEARCHING = T, .

Commmmmeaeea cmm——— m———— mmcm———maa R

IF {NOF.EQ.0) GO TO 230 .
LO=LD1IM-1 -
00250 t=1,NOF o .-
AMP=DATA( 1) v

0O 240 J=1,L0

DATA(J )=DATA(.J+1} . .

- 280 CONTINUE *
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225Q FORTRAN A  UNIV D'/OF OTTAWA
DATA( LD1M)=AMP
CONT I NUE
OPTIMIZE THE SAMPLING 1RETANT
Mi=1
MQ=1

EQOI=FLOAT(NSYMB)] + 1, .

ECQ=FLOAT({NSYMB) + 7. : .
M=22 :
VARIAN=PNOISE®EB*( 10.%*(~0. 1*FLOAT(M)))
SIGMA=SQRT{VARIAN)

MOS=LSAMPL/4 '

DO 80 J=1,MOS

El1=0,

EQ=0.

1ERX=0 _ .

IERY=0

DO 70 K=1,NSYMB

VERIFY THAT NO SAMPLED SYMBOL IS IN ERROR
JI1={K=1)*LSAMPL+J
AXBAR:(REAL(DATA(J1))+REAL(DATA(J1+T)))/2.
AYBAR=(AIMAG{DATA(J 1) )+AIMAG(DATA(J1+1)}))/2.
INDEX)=0 '
AMPX=ABS({ AXBAR)
AMPIZABS{ FLOAT{NI(K}))
THR1I=AMP! - 1.0
THR21=AMPI + 1.0
1.14=0

IF (AMP1,EQ. 14.) GO TO 30 :

IF {{ AMPX.GE.THR2!}.0R, {AMPX,LE.THR1{)} INDEX|=1
GO .TO '40

PF(AMPX.LE. THR11) INDEX|=1

Lit=1

CONT I KUE

INDEXG=0 . .

AMPY=ABS(AYBAR) .

AMPQ=ABS{ FLOAT({NQ(K) )} -

THRI1Q=AMPQ - 1.0 :

THR2Q=AMPQ + 1.0

QL14=0

IF (AMPQ.EQ. 14.) GO TO 50

IF (( AMPY.GE.THR2Q).OR.(AMPY_LE,THR1Q}) INDEXQ=1
GO TO 60 i

I F{AMPY.LE. THR1Q) INDEXQ=1

QLis=1

CONT I NUE

IF( INDEXJ.EQ.1) EI=El + 7.

IF(INDEXQ.EQ.1) EQ= EQ + 1.

4

COMPUTE THE PROBABILITY OF ERROR FOR TH!S SYMBOL AT EB/NQ=22d8B

DI=ABS( AMPX=-THRL!) .
ARG=D1/{SIGMA*SQRT(2.))
CHECK IF ARG 1S LARGE INWHICH CASE PE 1S INSIGNIFICANT
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FILE: 225Q FORTRAN A UNIV D'/OF OTTAWA |

c

/

IF [ARG.GT.12.) ARG=12. ;
El=El + ERFC({ARG)/2. :
IF (IL14 _EQ., 1} GO TO &5 B '
D2=ABS( THR2Z }~AMPX)

ARG=D2/{S1GMA*SQRT(2.)) ‘
!F [ARG.GT.12.) ARG=12. . :
EI=El + ERFC[{ARG)/2. !

65 D1=ABS(AMPY-THR1Q)

ARG=D1/(SIGMA®SQRT(2. } ) T g
IF (ARG.GT.12.) ARG=12. !
EQ=EQ + ERFC{ARG)/2. ‘
IF {QL14 .EQ. 1) GO TO 70 !
D2=ABS{ THR2Q-AMPY) : ’ ‘ N
ARG=D2/{S1GMA®SQRT(2. }) .
IF {ARG.GT_12,} ARG=12.

. EQ=EQ + ERFC(ARG)/2.
1ERX=1ERX+ {NDEX |
1ERY= | ERY+ I NDEXQ

70 CONTINUE

WRITE(G,81) IERX IERY - S

81 FORMAT(SX, "1ERX=",15,5X, " 1€RY=", I5)
75

IF(EQI.LE.E1) CO TO
EOI=E1
Mi=)

75 CONTINUE <

IF {E0Q.LE.EQ) GO TO 80
£00=£Q
MQ=J

80 MOFF=]ABS{MI-MQ}

NRITE(5,91) Mi,MQ L

91 FORMAT(5X, 'MI="",13,5& 'Ma= ', 13)

IF(MOFF.NE.O) WRITE(6,90) MOFF
0FF=(FLOAT{MI) + FLOAT{NOF})/FLOAT(LSAMPL)

90 FORMAT(SX, 'SAMPLING POINTS FOR | AND Q CHANNELS DiFFER BY',

#12,' SIXTEENTHS OF THE SYMBOL INTERVAL', /)

HRITE(5.95) OFF
RETURN

95 FORMAT({5X, 'RECEIVED DATA IS DELAYED BY ',F7.3," S?MBOLS'./J
- L |

END

.
c**G**Q*“ﬁ*ﬂ-*ﬂ“ﬂ*“***“.*%ﬁ**“**ﬂ*ﬁ****“ﬁ*“ﬂ*ﬂ**ﬂ*”“”#*hﬂ-*&“ﬁ**#

¢ -

c“ﬂ*’“*'*ﬁ“*ﬁ*..ﬁ**““*’ﬂ

c
c

3

1

THE FOLLOWING SUBROUT!NE DECOOES THE RECEIVED DATA.

'““***Q*ﬂ*”**ﬁ**“****'Q*ﬂ**““_ﬂ****'“*”“

- SUBROUTINE DECODE(NERROR,DATA,PNOISE,HI,MQ,NI,NQ,EBNO,PE,EB)
INTEGER QL4 |
COMPLEX DATA(1},AMP
‘OIMENSION EBNO(1),PE(1],NI(1},NQ(1) i
COMMON /NUMB3/ FBW,ALPHA,LDIM, IOFF, LSAMPL i

COMMON /RUMB2/NSNR, NSYMB, BAUD

NERROR=0 E
J0Q 1 1=1,NSNR : i
PE{]):O_ i &L

CHECK FOR AN ERROR AT THE SAMPLING INSTANT, ONLY THOSE
ERRORS IN ADJACENT LEVELS ARE GONSiDERED i
DO 2 K=1,NSYMB
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00000000

[e X911y

30
40

50

60

13}
.AYBAR=(AIMAG{DATA(J2) )+AIMAG( DATA(J2+1)

J1=( K=1)*LSAMPL+M!1 i

J2(K-1)*LSAMPL + MQ :

AXBAR={REAL{DATA(J1) }+REAL{DATA{JI+1)})/2. S
)ys2.

INDEX =0 .

AMPX=ABS( AXBAR)

AMPI=ABS{FLOAT(NI{K))) -

THR1!=AMP! -~ 1.0 .

THR21=AMP| + 1.0

rL14=0 Lo -

IF {AMPI.EQ. 14.) GO T0-30

1F (( AMPX.GE.THR21).0R.(AMPX.LE.THR11)} INDEX|=1

GO .TO 40 . : .

TF{AMPX.LE.THRT 1) INDEX|=1

Iu=y 7

CONTINUE ,

INDEXQ=D |

AMPY=ABS{AYBAR) A

AMPQ=ABS({ FLOAT{NQ(K}))

THRIQ=AMPG - 1.0~

THR2G=AMPQ + 1.0 Cos

QL14=0

IF (AMPQ.EQ. 4.} GO TO S0

iF ({ AMPY.GE.THR2Q).OR. (AMPY.LE.THR1Q)} INDEXQ=1

GO TO 60 . )

LF{AMPY.LE. THR1Q) INDEXQ=1

QLI4=1

CONTINUE . : :

IE{{INDEX] . £Q.1).0R. { INDEXQ.EQ.1)) HERROR=NERROR+1

a

COMPUTE THE PROBABILITY OF £RROR FON THIS SYMBOL.

THE VARIABLES ARE AS FOLLOWS: M (S EB/NO IN dB; PNOISE IS
1/2Z*INTERGAL (' H{F)**2" DF); AND VARIAN = NO*PNOISE.

FOR THE END POINTS {7FLAG=1) THE PE=1/2*ERFC(D1/(SICMA®SQSRT(2}))
AND FOR THE INNER POINTS THE PE=1/2"ERFC(D1/(SIGMA®SQRT(2))) +
1/2"ERFC(D2/{SIGMA*SQRT{2})).

DO 4 M=1,NSNR

EBNO(H)=1u.5+0.5“FLOAT(M-1)
VARIAN=PNOISE'EB*(10.“*(-0.1'EBNO(M}))

SIGMA=SQRT( VARIAN)

D1=ABS{ AMPX-THR11)

ARG=D1/{SIGHA*SQRT(2.)}

CHECK IF ARG 1S LARGE IN WHICH CASE PE 1S INSIGNIFICANT
CHECK IF SYMBOL 1S INERROR. IF LF 1S TERMINATE RUN

NERI=K

IF { INDEXI.EQ.1) GO TO 153
IF {(ARG.GT.12.) ARG=12,
PEI=ERFC(ARG)/2.

IF (114 JEQ, 1) GO TO 100
D2=ABS( THR21-AMPX}
ARG=D2/({ SIGMA*SQRT(2.))

I¥ (ARG.GT.12.) ARG=12. *
PEI=PEl + ERFC{ARG)/2.
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225Q FORTRAN A UNIV D'/0F OTTAWA

‘DI1=ABS{AMPY-THR1Q) =  °

ARG=D1/(S|GMA®SQRT(2. ) )

IF { INDEXQ.EQ.1) GO TO 153

IF (ARG.GT.12.} ARG=12. )
PEQ=ERFC(ARG) /2.

IF (QLI4 .EQ. 1} GO TO 110

D2=ABS( THR2G-AMPY)

ARG=D2/(S1GMA*SQRT(2.)) -
IF (ARG.GT.12.) ARG=12. .

PEQ=PEQ + ERFC{ARG)/2.

TF(PEI.LT.T.E~15) PE1=Q.

IF{PEQ.LT.1.E~15) PEQ=Q.

PE(M)=PE(M)+( PEI+PEQ) /2.

CONT I NUE

DO 5 I=1,NSNR

PE(1)=PE{ 1 }/FLOAT(NSYMB)

PRINT 150

FORMAT(5X, 'EB/NO', 10X, ' PROB. OF ERROR',/)

WRITE (6,151) (EBNO(I),PE(1), =1, NSNR)
FORMAT({5X, F5.1, 10X, E10 2] ,

WRITE (6,152) NERROR Vel
FORMAT( /5X, ' ERRORS=', 15, /)

GO TO 155 -

PRINT 154

FORMAT (10X, 'SYMBOL WAS IN ERROR, RUN WAS TERMINATED',/)
WRITE(6,157) NER] .

FORMAT(5X, "NERI=', 15) —

CONT I NUE :

RETURN ;

END

-

C““Q'Qﬂ#*GOO*Q*“ﬂQ.“.*ﬁ“QQQ**“.ﬂi’00;*’“***G“**“““““'*“““#*Q“ﬂ*““

C
c

cﬁ**“*ﬂﬁﬂ**ﬁ#"ﬂﬂ*ﬂ““ﬁ****#“***Q*”*%&““Q**Q*#*Q**Q*”“*Q*Q#*O**

TH!S SUBROUTINE DRAWS PROBABILITY OF ERROR CURVES FOR
P(E) AS LOW AS 1,0E-10 AND A C/N RATIO AS HIGCH AS 42 dB.

SUBROUT INE DRAWCN({ XARRAY, YARRAY, JCURV, JLAST,A)
DIMENSION XARRAY(1),YARRAY(1)

COMMON /NUMB2/ NSNR,NSYMB, BAUD
M=NSNR

BR=2.%3,"BAUD

NEBW=BAUD/A

CF=BR/NBW

0O 1 K=71,NSNR -
XARRAY( K)=XARRAY(K) + 10%(ALOGIO(CF))
|F{YARRAY(K).LE.1.0E-10) GOTO 3

COTO 1

M=K~1

GOTO 4

CONT INUE

CONTINUE

1=M+]

BREIE S|

XARRAY( | )=22.
XARRAY( 1=1.
YARRAY(I)=1
)=

YARRAY (

— e ——

o
.E=10
0.4
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-FILE: 225Q FORTRAN A UNIV D' /OF OTTAWA

IF(JCURV.GT.1) GOTO 2
ESTABLISH THE SURFACE AREA.

CALL PLOTS(30.0,27.5) ' ’ .
CALL FACTOR({0.85) .

.

[21eXe)

ESTABLISH THE ORIGIN.
CALL PLOT{3.0,1.5,-3) {
DRAW THE LOGARITHMIC Y-AXIS.

OO0 000

.CALL LGAXS(0.0,0.0,20HPROBABILITY OF ERROR, 20, 25.,
+90.,1.0€E=-10, .4)

DRAW THE.LINEAR X~aX|S,

CALL AX1S(0.0,0.0,9HC/N IN dB, -9,
+22.0,0.0,22.,1.0)

[eXeke]

WRITE THE TITLE OF THE GRAPH. —

c
c
C .
c CALL SYMBOL(6.,23.,.35, ' PARABOLIC AMPLITUDE DISTORTION', 0., 30)
c
C PLOT LEGEND

o

Q**Q***ﬂ***ﬂ*#**ﬁ*ﬁﬂﬂ**ﬂ-*ﬂ’#*bﬁ“»ﬁni*”ﬁ*”**
GO To 2 -
41 CALL SYMBOL(Z2.,13.,.35,'NO Dtsroar1on'=0.,131
CALL SYMBOL(2.,72.,.35,'B=0.095 ns/MHz', 0., 14)
CALL SYMBOL(2.,17.,.35,'8=0.190 ns/MHZ',0., 14}
CALL SYMBOL(2.,10.,.35,'5=0.270 Ns/MHZ**2' 0.,17)
CALL SYMBOL(2.,9.,.35,'S=0.540 NS/MHZ**2' 0.,17)
- CALL SYMBOL(2.,8.,.35,'C=12.0 ns',0.,9)
- CALL SYMBOL(2.,7.,.35,'C=24.0 ns',0.,9)
CALL SYMBOL(2.,4.5,,35,22HGROUP DELAY DISTORTION,O.,22)
CALL SYMBOL(2.0.3.5,.35,'T(C)=B“f"0..8)
CALL SYMBOL(2.0,2.5,.35,'T(f)=s*f#r} 0., 11)
CALL SYMBOL(2.0,1.5,.35,'T{r)=C*sin{l4 r/f )’
CALL SYMBOL({2.0,1.3,.35,"' r!
C***”*%*“ﬂ'*”*’ﬂ“n**ﬁ’&“ﬁ*ﬂ*QQQQC*Q&Q&Q’“OOO
CALL SYMBOL([2.,13.,.35,'NO DISTORTION',0.,13)
CALL symMBOL(2.,12.,.35,'Z=0.076 dB/MHZ' 0., 14}
CALL SYMBOL(2.,11.,.35,"'2=0.152 dB/MHZ'.0. . 14)
CALL SYMBOL(z..10.,.35"P=0.00725 dB/MHZ#**2' 0., 19)
CALL SYMBOL(2.,9.,.35,'P=0.0145 dB/MHZ*+*2' 0., 18)
CALL SYMBOL(2.,8.,.35,'D=0.4 dB',0.,8)
CALL SYMBOL(2.,7.,.35,'0=0.8 d8',0..8) .
CALL SYMBOL{2.,4.5,.35,20HAMPLITUDE DISTORTION, (. ,20)
CALL SYMBOL(2.0.3.5,.35,'A(f):Z'f'FO..8)
CALL SYMBOL(2.0,2.5,.35, A(Ff)=p*r#ri 0., 11)
CALL SYMBOL(2.0,1.5,.35,'A(f}=D%sin(4 f/f 1',0.,18)
CALL SYMBOL(2.0,1.3,.35," £ ',0.,18)
2  CONTINUE -
YPAGE=6.5 - {JCURV-1)

«

<2

(3

O 000000 qoO0n
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22507160
22507170
22507180
22507190
22507200
22507210
22507220
22507230
22507240
22507250
22507260
22507270
22507280
22507290
22507300
22507310
22507320
22507330
22507340
22507350
22507160
22507370
22507380
22507390
22507400
22507410
22507420
22507430
22507440
22507450
22507460
22507470
22507480
22507490
22507500
22507510
22507520
22507530
22507540
22507550
22507560
22507570
22507580
22507590
22507600
22507610
22507620
22507630
22507640
22507650
22507660

22507670

22507680
22507690
22507700
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FILE: 225Q FORTRAN A -UNIV D'/0F OTTAWA . <

CALL SYMBOL({2.,YPAGE, .2,JCURV,0.,~1)
CAaLL SYMBOL(2.5,YPGE, .28,2Hz=,0.,2)
CALL SYMBOL ({5:0,YPAGE, .28, "' IN dB/MHZ**2',0,,12)

PLOT THE DATA IN LOG-LI{NEAR MODE.

aoo00o00n

CALL LGLIN({XARRAY,YARRAY,M, 1;4, JCURY, 1)
IF(JCURV.EQ.JLAST) CALL PLOT(0.0,0.0,999)
RETURN - '

N -
cﬁ.**“EQE”Gﬁﬁﬁbﬂbﬁﬂﬂﬂ ‘“OOQQ“*#O'QQ*“‘“*CQQ”“ LA 2 2.0 L3 X 2 2 2 5 R yreavavyreny
c THI'S SUBROUTINE DRAWS THE EYE DIAGRAM FOR A
c SYMBOL DURATION,
c*“ﬁﬂ-.*%“*ﬂ’*bﬁ‘bﬁQQ'Q’““QQIﬂ“'Qi'ﬂ**ﬂ“*ﬂﬁ”ﬂfﬁ*“ﬁ“*“‘“*#““”“

. SUBROUTINE EYEQ(DATA) -
DIMENSION DATAZ(66),DATA3(66)

e’ COMPLEX DATA({1) -
COMMON /NUMB1/ FBW,ALPHA,LDIM, 10FF, LSAMPL
COMMON /NUMB2/ NSNR, NSYMB, BAUD

c ESTABLISH THE SURFACE ARFA.,
CALL PLOTS(37.0,27.5)
c ESTABLISH THE ORIGIN,
CALL PLOT(3.0,13.0,-3)
c WRITE THE TITLE OF THE GRAPH.
c CALL SYMBOL(10.0,12.0,0.49, 16HQPSK EYE DIAGRAM, 0.0, 16)
c DRAW THE TIME AX1S. = . -
CALL AX1S(0.0,0.0,1H .=1,24,,0.0,1,0,2.8)
c DRAW THE AMPLITUDE AX!S.

CALL AX15({0.0,-8.00,1H »1,16,0,90.0,-24,,3.0)
c PLOT THE DATA.

JJ=2*LSAMPL - +

DATAZ(JJ+1)=0.0

DATAZ(JU+2)=3.0

DATA3{JJ+1)=1.0 -

DATA3(JJ+2)=2.8

M2=NSYMB/L

MI=3*M2+1

My=L#M2-1

DG 4 KK=1,M2

0o 2 1=1,49

TI1=(KK=1)*LSAMPL+| .

AFENTLLGTULDIMY TI=Hi-( 11 /LDIM)*LDIM

DATA2(1)=REAL(DATA(.1]))

2 DATA3{1}=FLOAT(!)
CcaLL LINE({DATA3, DATAZ,JJ,1,0,0)
4 CCONTINUE -

CALL PLOT(0.0,0.0,999)

RETURN .
cQGQ#QE&E'G**QOQQQG“*Q*'*“***'“**Q O”Qﬁﬁwﬂﬂﬁ*d»ﬂ*#”*&“ﬁ'*ﬁ .=
c PARABOLIC GROUP DELAY
c . GROUP DELAY IN NANOSECONDS = S*F«f
c F IN KHZ

c*&ﬁ**ﬂ*”**“ﬂ*ﬂﬁﬂ“*“Q’***“'Q*““*Q**Q“******#*Q*“G“*“**Q'I*

YPGE=YPACE-.1 ' ..
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225077107
22507720
22507730
22507740
22507750
22507760
22507770
22507780
¢ 22507790
22507800
22507810
22507820
22507830
‘22507840
22507850
22507860
22507870
22507880
22507890
22507900
22507910
22507920
22507930
22507940
22507950
22507960
22507970
22507980
225079590
22508000
22508010
22508020
22508030
22508040
22508050
22508060
2508070
22508080
22508090
22508100
22508110
22508120
22508130
22508140
22508150
22508160
22508170
22508180
22508190
22508200
22508210
22508220
22508230
22508240
22508250
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SUBROUT INE PARGD(S TFJ ) :
COMMON /NUMB1/ FBW,ALPHA,LDIM, IOFF, LSAMPL
COMMON /NUMBZ/ NSNR NSYMB, BAUD
COMPLEX TF({1)
SBANDW=FLOAT ([ LSAMPL )*BAUD
NO1=LDIM/2 + 1
NO2=NO1 + 1
DO 20 1=1,KR0
AI=FLOAT( =1 )*SBANDW/FLOAT(.DIM)
PHI=2.%3,141592/3,%((S*(AI*%*3,))/(10."%6.})
TF(1})= TF(I)“CHPLX(COS(PHI],-S!N( H1)}
20 CONT INUE
DO 21 1=NO2,LDIM
TF(1)=CONJG(TF(LDIM+2-1))
21 CONTINUE .
RETURN :
END- .
c*&**#“w&%“*“*i*ﬂ‘#d*&“*l*#*Q“%Q%#G*«%Q&&»*“ﬂ*o%*dﬁw»#«ﬂ*
C SINE OR COSINE GROUP DELAY WITH ARBITRARY AMPL|TUDE
c AND NUMBER OF RIPPLES
c GROUP DELAY IN NANOSECONDS = C*COS([2®PIE*K*F/FNYQ +ISIN*PIE/2)
" S
gﬂ***#i*ﬁﬁ*ﬁﬂ%*#.ﬁ*ﬁ“*ﬂ**“#**w%OlvQﬁ&n*##***ﬂ***»ﬁ*»4“*'«0”
SUBROUTINE SINCGO(ISIN,C,K.TF)
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
COMMON /NUMB2/ NSNR, NSYMB, BAUD
COMPLEX TF(1)
SBANDH:FLOAT(LSAMPL)*BAUD
NO1={DIM/2 + 1
NO2=NO1 + 1
Ci=2.%(1.+ALPHA)*FBW/K
IF (ISIN,EQ.1) GO TO S0
0O 10 4=1,NO01 )
AI—FLOAT(l-1)“SBANDH/FLOATfLDIM)
PHI=(C*C1/(10.%%5, ) )*SIN{2.%3.141592%A1/C1.) .
TF(I)=TF(I)*CMPLX(COS(PHI),-SIN(PHI)}
10 CONTINUE
DQ 11 I=NO2,LDIM -
TF{1)=CONJG{TF(LDIM+2-1)}
11 CONTINUE
GO TO &0
50 DO 12 1=1,NO1
AI-FLOAT(1-1)*SBANDH/FLOAT(L01M)
PHIS(C*C1/(10.%%6. ) )*COS(2.%3,141592%A1/C1})
TF{1)=TF{1)*CMPLX(COS(PHI),SIN(PHI))
12 CONT I NUE
DC 13 =NQ2,LDIM
TF{ 1 )=TF{LDIM+2=1)
13 CONTINUE
60 RETURN

c.ﬁ**ﬁgﬁsﬂ‘»**;“ﬁﬂﬂﬂﬂ.”“*ﬁ*ﬁ*ﬂQ“**QQ“*“QQ“‘O*QQ“#QQQ“ L 2 2 2.2 2 1)
c LINEAR GROUP DELAY

c GROQUP DELAY IN NANOSECONDS = B*F

c B : ns/KHz
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22508260
22508270
22508280
22508290
22508300
22508310
22508320
22508310
22508340
22508350

- 22508360

22508370
22508380
22508390
22508400
22508410
22508420
22508430
22508440
22508450
22508460

© 22508470

22508480
22508490
22508500
22508510
22508520
22508530
22508540
22508550
22508560
22508570
22508580
22508590
22508600 -
22508610
22508620
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22508650
22508660
22508670
22508680
22508690
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22508710
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225087130
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FILE: 225Q FORTRAN, A UNIV D'/OF OTTAWA

C DISCRETE FREQ SPACING =SBANDW/LDIM KHz
c.*#ﬂ“**.“Q#Q“’Q**ﬁﬂ*'““"'*'Q*ﬁ*“ﬁ#*ﬁ*#*“ﬂ*ﬁ*“*’**ﬂ**ﬂ****ﬂ
‘ SUBROUTINE LINGB(B, TF)
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD -
COMPLEX TF(1)
SBANDW=FLOAT{ LSAMPL ) *BAUD
NO1=LDIM/2 + 1
NO2=NO1 + 1
00 10 1=1,NO1 oo
AI=FLOAT( 1=1)*SBANDW/FLOAT( LD IM)
PHI=3.151592%(B/{ 10.%*5. ) J* (Al *#*2. )
TF(1)=TF(1)“CMPLX({COS{PH!),~-SIN(PR}))
10 CONT I NUE :
DO 20 1=NO2,LDIM
TF(L)=TF(LDIM*+2-1)
20 CONT I NUE .

RETURN

END
oA I0IR I S0TD 0005006004000 00090000 0000000 000.98 0 0000 459840696000 0006959404420 09090 20,4030 96900
c LINEAR AMPLITUDE DISTORTION

CQﬂﬁﬂﬁ'b#QO'QG*”G“ﬁ*“'D b D L L L S 2 N v VI LA L L L T T Y T T Py

SUBROUTINE LINaMpP(Z, TF)
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB, BAUD
COMPLEX TF(T) .
SBANDW=FLOAT{ LSAMPL ) *BAUD
NOT=LDIM/2 + 1
NO2=NO1 + 1
A1=Z*SBANDW/FLOAT(LDIM)
DO 10 1=1, NOT
Ad=(1-1)*A1/20.
TF(1)=TF(1)%{10.%%ay)

10 CONT INUE
DO 20 1=NO2,LDIM
AZ=(LDIM+2-1)*Al/20.
TE())=TF(1)/(10.*%AZ)

20 CONT INUE _

RETURN

‘END *
c*“‘ﬂﬂ#“ﬁﬁ*“***QD*““&QQ9**’“*&0*'“h#*n“*n*b***O'ﬁ**h*&ﬂ**ﬂ“”w*ﬂ*
C PARABOL!IC AMPLITUDE DISTORTION

c“QQ.’**Q..**ﬂ*ﬁ*QO‘.“*ﬂ'*.**Q#*QQ*»*#*QQ*****Q#“****&***“*“Q*W*’*

SUBROUTINE PARAMP(P, TF) -
COMMON /NUMB1/ FBW,ALPHA,LDIM, |OFF, LSAMPL
COMMON /NUMB2/ NSNR,NSYMB,BAUD
COMPLEX TF(1)
SBANDW=F LOAT { LSAMPL ) *BAUD
_NO1=LDIM/2 + 1
NO2=NO1 + 1
AL=P*( { SBANDW/FL IM) %%z )
DO 10 I=1,NO1 )
AJ=[(1=1}#"2_}»Al /20,
TF(T)STE(1)%(10.%%A))

10 CONTINUE )

‘\
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22508810
22508820
22508830
22508840
22508850
22508860
22508870
22508880
22508890
22508900
22508910
22508920
22508930
22508940
22508950
22508960
22508970
22508980
22508990
22509000
22509010
22509020
22509030

: 22509050

225054050
22583330

22509070
22509080
22509090
22509100
22509110
22509120
22509130
22509140
22509150
22509160
22509170
22509180
22509190
22505200
22509210
22509220
22509230
22509240
22509250
22509260
22505270
22509280
22509290
22509300

22509310

22509320
22509330
22509340
22509350
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1

c'*’*“**'**Q“l“0““'*#Q&ﬂ“ﬂ**ﬁ*“ﬂ'&*.&“ﬁ‘&'#

c

c*ﬂ'*ﬂ-

10

20
50

30

40

-

DO 11 I=NO2,LDIM
TE(T)ETF(LDIM+2-1)
CONTINUE

- RETURN

END

SUBROUTINE SINAMP[ ISIN,D,K,TF)
COMMON /NUMB1/ FBW, ALPHA, LDIM, IOFF, LSAMPL

"COMMON /NUMB2/ NSNR,NSYMB, BAUD

COMPLEX TF(1) . s
SBANDW=FLOAT( LSAMPL }*BAUD

NOI=LDIM/2 + 1

NOZ2=NO1 + 1.

AJ=SBANDW/FLOAT{LDIM) .
C1=BAUD/K . -
IF(ISIN.EQ.T) GO TO 50

0O 10 1=1,NO - '
AZ=D*COS(2.%3.141592%AJ* [ FLOAT(1)-1.}/CT)/20.
TR{L}=TF(1)*{10.%*AZ) .
CONTINUE -

DO 20 1=NO2,LDIM

TFEL)=TF(LDIM+2~1)

CONTINUE

RETURN

DO 30 1=1,NO7 .
AZ=D*SIN(2.%3.141592%AJ*( FLOAT(1)-1,)/C1)/20.
TE{T)=TF(1)*{10,%*AZ) '

CONT INUE

D0 40 I=NO2,LDIM

AZ=D’SIN(2.*3.1&1592’AJ”(FLOAT(LDIM*Z-IJ-1.)/C1}/20.

TFIIISTF(1}/(10.%%AZ)
CONTINUE

RETURN

END

Cﬂ-***#*ﬂ*Q“*#*”QQQ****‘****ﬁﬂ*Qﬂ*“*““**ﬁﬂﬂd‘*#.'“““*&*QQ#

¢

RANDOM NUMBER GENERATOR

cﬁ*“Q“”*6“’Q‘OQ*ﬂ**““ﬁ“*#*“*ﬁ’ﬂ“”“““*ﬁn LA AR A & B LA 2 LT 2 T2 T T 2

300
10

SUBROUTINE RAND( IR)
INTEGER IR({256}

REAL R(256)

DOUBLE PRECISION DSEED
DSEER=123457.D0
N=256

DO 300 I=1,N

R{ 1 )=GGUBFS{DSEED)
IR{ 1)=TFIX(R( | )*2040, ;
CONTINUE .
WRITE(6,10) IR -
FORMAT({ 10X, 15)

RETURN

END

Y

*“:““*"““ﬂ*ﬂ*ﬁﬂ*““““

SINE OR COSINE RIPPLE FOR AMPLITUDE DISTORTION

“*“*ﬂﬁ““”'*ﬂ*“ﬁ-“ﬂ““““ﬂ*“*“ﬂ“’“““““Q*“ﬁ*‘ﬁﬂﬁ““”b#*'ﬂ“ﬂQ’.'Oﬂ
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REFERENCES

1. Y. Tan, S. Shinmyo, M. Murakami, and M. Tsunokuni,” "2
GHz band digital radio equipment employing 8-tevel PSK
with cosine roll-off spectrum shaping,” Proc. of the
I[EEE-ICC'78, pp. 33.3.1-33.3.5.

%. s.c. Barber and C.W. Anderson, "Modulation "
considerations for the DRS-8 91 Mb/s digital” radio,”
Proc. of the IEEE-ICC'77, pp. 5.6-111-5.6-115.

3. G.R. MeMillen, M. Shafi, and-D.P. Taylor, TSimultaneous
adaptive estimation of carrier phase, symbol timing and
data for a 49-QPRS DFE radio receiver,” |EEE Trans.
Commun., Vol. COM-32, Pp. 429-443, April 1984.

4. H. Yamamoto, "Advanced 16-QAM techniques for digital
microwave radio," IEEE Trans. Commun., COM-13,
pp.36-45,1981.

S. . Horikawa, T. Murase, and V. Saito, "Design and
performance of a 200 Mb/s 16-QAM digital radio system,”
IEEE Trans. Commun., Vol. COM-2, pp. 1953-1958, 1979.

6. Y. Saito, K. Morita, and H. Yamamoto, "5L-D1 digital
radio system,” Proc. of the [EEE-ICC'82, pp.
2B.1.1-28.1.7.

7. P. Dupuis, M. Joindot, and D. Soufflet, "16-QAM
modulation for high capacity digital radio system,"”
|IEEE Trans. Commun., Vol. COM-27, pp. 1771-1782, 1979.

8. T. Hill and K. Feher, "A performance study of NLA
64-state QAM," IEEE Trans. Commun., Vo!l. COM-31, pp.
821-826, June 1983.

9. B.T. Bynum and E.W. Allen, "135 Mb/s-6 GHz ‘transmission
" system design considerations,” Proc. of the IEEE-
~1CC'83, pp. F2.5.1-F2.5.6.

10.  T. Noguchi, et al., "6 GHz 135 MBPS digital radio
system with 64-QAM modulation,” Proc. of .the IEEE-
ICC'83, pp. F2.4:1-F2.4.5.

17. P.R. Hartmann and J.A. Crossett, "135 MBS-6GHz
Transmission system using 64-QAM modulation,” Proc.. of
the IEEE-ICC'83, pp. F2.6.1-F2.6.7.

207

1}



13.

14.

15.

16.

17.

18.

19.

21.

24.

208

J.D. MecNicol, S.G. Barber, and F. Rivest, "Design and
application of the RD-4A and RD-6A 64-QAM digital radio
systems,.” Proc. of the IEEE-ICQ'84, pp. 646-652.

M. Borgne,. "Comparison of 16, 32, 64 and 128 QAM
modulation schemes for digital radio systems,” Proc. of
the IEEE-GLOBEECOM'83, pp.1.7.1-1.7.5.

K. Feher, "Digital C&mmunications : Satellite/Earth
Station Engineering, " Englewood cliffs, NJ : Prentice-
Hall, -1983, Chapter 5.

K. _.Féher, "Digital Communications : Microwave
Applications,” Englewood Cliffs, NJ : Prentice-Hall,
1981, Chapter 8.

R.L. Freeman, "Telecommunication System Engineering :
Analog and Digital Design," John Wiley & Sonk, New
York, 1980, Chapter 4.

K. Feher, E.M. Karkar, and J.C.Y. Huang, "On §.67
b/s/Hz - 256-QAM and 225-QPRS modems for T1/SG data-in-
voice (DIV) applications,” Proc. of the IEEE-ICC'85,

Pp. 453-458, June 1985. .

W.R. Bennett and J.R. Davey, "Data Transmission,” New

- York : McGraw-Hill, 1965, Chapter 7.

E.R. Kretzmer, "Generalization of a technique for
binary data communication,” |EEE Trans. Commun.
COM-14, pp.67-68 Feb. 1966.

, Vol .

‘e -

P. Kabal and S. Pasupathy, "Partial-respon:.:e
signalling,” IEEE Trans. Commun., Vel. COM-23, pp.
921-934, Sept. 1975. :

A. Lender, "Correlative (Partial response) techniques
and applications to digital radio systems,” Published
as Chapter 7 in K. Feher, "Digital Communications :
Microwave Applications,” Englewood Cliffs, NJ :
Prentice-Hall, 1981.

K.T. Wu and K. Feher, "Multi-level PRS/QPRS above the

Nyquist rate,” IEEE Trans. Commun., Vol. -COM-33, pp.
735-733., July 198S. : -

J.E. Mazo, "Faster than Nygquist signaling,” Bell Syst.

Tech. J., Vol. 54, pp. 1451-1462,. Oct. 1976.

G.J. Foschini, "Contrasting performance of faster
binary signaling with QAM," Bell Syst. Tech. J., Vol.
63, pp1419-1445, Oct. 1984. ‘

M

\'l



P

25.

30.

31.

32.

33.

34.

35.

36.

209
g N

‘A. Fihel and H. Sari, "Reduced-bandwidth 16-QAM : A
power and bandwidth efficient modulation technique for
digital microwave radio systems,” Proc. of the |EEE
ICC'85,‘, Chicago, pp.15.6.1-15.6.5, June 1985,

M.D. Eggers and J.H. Painter, "Optimal symbol by symbol
detection for ducbinary signaling,” |EEE Trans. Commun.
Vol. COM-31, pp. 1077-1085 Sept. 1983.

G.D. Forney, Jr., "Maximum-likelihood sequence
estimation of digital sequences in the presence of <=
intersymbol interference,” |EEE Trans. Inform. Theory,
Vol. 1T-18, pp. 363-378, May 1972. )

C.A. Belfiore and J.H. Park, Jr., "Decision feedback

_ equalization,” Proc. |EEE, Aug. 1979, pp. 1143-1156.

D.D. Falconer and F.R. Magee, Jr., "Evaluation of
decision feedback equalization and Viterbi detection
for voiceband data’transmission-part I," IEEE Trans.
Commun. Vol. COM-24, pp. 1130-1139, Oct. 1978.

D.D. Falconer and F.R. Magee, Jr., "Evaluation of
decision feedback and viterbi algorithm detection for
voiceband data transmission-part I1," IEEE Trans.
Commun., Vol. COM-24, pp. 1238-1245, Nov. 1976.

D.D. Falconer, "Application of passband decision
feedback equalization in-two-dimension data
communication systems,"” |EEE Trans. Commun., Vol.
COM-24, pp. 1159-1166, Oct. 1976.

D.D. Falconer and G.J. Foschini, "Theory of minimum
mean-square-error QAM systems employing decision
feedback equalization,” Bell Syst. Tech. J., Vol. 52,
pp. '1821-1849, Dec. 1973.. ‘

K. Feher, K.T. Wu, J.C.Y. Huang, and D.E. MacNally,
"Improved efficiency data transmission technigque,” U.S.
and Canadian patent disclosure, University of Ottawa
and Pascal Associate, No. 256-8148-1, Oct 1, 1984.

A. Lender, R. Rogers, and H. Olszanski, "4 Bits/Hz
correlative single-sideband digital radio at 2 GHz,”
Proc. of the IEEE-ICC'79 pp.5.2.1-5.2.5.

K.T. Wu, |. Sasase, and K. Feher, "Improved efficiency
15-level modified duobinary PRS above the Nvquist
rate,” Proc. of the IEEE-ICC'85, pp. 31.3.1-31.3.5,June
1985,

K.T. Wu and K. Feher, "256-QAM modem performance in
distorted channels," |EEE Trans. Commun. Vol. COM-33,
pp. 487-491, May 1985.



37.

38.

38.

40.

43.

45.
46.

47.

48.

h

M. Subramanian, K.C. O'Brien, and P.J. Puglis, "Phase

- dispersion characteristics during fade in a microwave

line-of -sight radio channel,” Bell Syst. Tech. J.,
Vol. 32, Dec. 1973.

G.M. B-abler', "Selectively faded nondiversity and space
diversity narrowband microwave radio channels,” Bell
Syst. Tech. J., Vol. 52, Feb. 1973.

|. Sasase, K.T. Wu, and K. Feher, "Comparison of
improved efficiency 225-QPRS and 256-QAM in distorted
channels,” Proc. of the IEEE-ICC'85, pp. 15.3.1-15.3.5,
June 7985.

R.W. Lucky,. J. Salz, and E.J. Weldon, Jr., "Principles
of Data Communication,” New York : McGraw-Hill, 1968,
Chapter 4, ‘

G. Bianconi and L. Calandrino, “Adaptive baseband
equalization in digital M-QAM radio systems in presence
of multipath propagation,”™ Proc. of the IEEE-ICC'8S,
Chicago, pp. 15.7.1-15.7.8, June 1985.

Y. Saito, S. Komaki, and M. Murotani, "Feasibility
considerations of high-level multi-carrier system, "
Proc. of the IEEE-ICC'84, pp. 656-671.

V.K. Prabhu, "Co-channel interference immunity of high
capacity QAM," Proc. of the IEEE-1CC'81, PPp.
68.8.1-68.8.4,

V.K. Prabhu, "The detection efficiency of 16-ray QAM,"

-Bell Syst. Tech. J., Vol. 59, pp. 639-656, April 1980.

J.J. Spilker, Jr., "Digital Communications by
Satellite, ", Englewood Cliffs, NJ : Prentice-Hall, 1977,
Chapter 11.

-

K.T. Wu and K. Feher, "Error rate considerations for

64-,256-QAM and 225-QPRS with co-channel interference”

Proc. of the IEEE ELECTRONICOM'SS, pp.662-665,
Toronto, Oct. 1985,

Y.L. Kuo and T.J. Aprille, "A baseband equalizer for a
T6-state QAM digital system over mastergroup band

analog networks," Proc. of the IEEE-GLOBECOM’'82, pp.
F3.6.1-F3.6.5.

D.E. MacNally and J.C.Y. Huang, "Propagation protection -

techniques for high capacity digital radio systems, "

Proc. of the IEEE-ICC'84, pp. 1007-1010.



49.
30.
31. -

52.

35.
56.
57.

58.

33.

60.

\ - . . ¢ - 211
- " [ .

K. Ac->ki, et al., "The adaptivé-trans;versal equalizer )
for 80 MBPS 64-QAM radio relay system,” Proc. of the/
IEEE-ICC'84, pp.1003-1006. - . N ‘

R.W. Lucky, "Survey of communication theory literature
: 1968-1973," IEEE Trans. Inform. Theory, pp.725-739, .

R.W. Lucky, 'fTechﬁiques for adaptive equalization of
digital communication systems,” Bell Syst. Tech. J.,
Vol. 45, No.2, pp. 255-286, Feb. 1966.

D. Hirsch and W.J. Wolf, "A simple adaptive equalizer
for efficient data transmission,” IEEE Trans. Commun.
Tech. Vol. COM-18, pp. 5-11, Feb. 1970.

J. Proakis, "Digital €ommunications,” New York :
McGraw-Hill, 1983, Chapter 6.

G.L. Fenderson, et T, "Adaptive transversal
equalization of multipath propagation for 16-QAM, S0
Mb/s digital radis,” Bell Syst. Tech. J., Vol. 63, pp.
1447-1463 Oct. 1984.

A.A.M. Saleh, "Frequency-independent and frequency- -

~ dependent nonlinear models of TWT amplifiers,”” |EEE

Trans. Commun., Vol. COM-29, Pp. ]715—1720, Nov. 18&7.

A.A.M. Saleh and J. Salz, "Adaptive linearization of
power amplifiers in digital radio systems,” Proc. of

the IEEE-ICC'83, pp. C8.4.1-C8.4.5, 1983.

W.D. Rummler, "A new selective fading model : . N
application to propagation data,” Bell Syst. Tech. J.,

. Vol. 58, pp. 1037-1071, May-June 1979.

W.D. Rummier, "Digital radio outage due to selective
fading-observation vs prediction from laboratory
simulation,” Bell Syst. Tech. J:, Vol. 58, pp.
1073-1110, May-June, 1979. o
G.J. Foschini and J. Salz, "Digital communications over.
fading radio channels,” Proc. of the JIEEE-ICC'83, pp.
c8.1.1-c8.1.7. ~ * ‘ ) .

N. Amitay and L.J. Greenstein, "Multipath outage
performance of digital radio receivers using finite-tap
adaptive equalizers,” I'EEE Trans. Commun., Vol. COM-32, -

pp. 597-608, May 1984.





