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A recursive matrix equation is derived to describe
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weignts and sampiing phase. The eigenvalues of the
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CHAPTER 1

INTRODUCTION

1.1 Historical Perspective .on Terrestrial Microwave Radio

Microwave radio systems have been employed since
kthe'1940'sfl]'for the commuﬁication of long distancé
telephone traffic, network television signals. and more
recently, high-speed data and éomputer information. A
tér;estrial system uses high gain (highly directional)
antenna systgms and a chain of repéaters, each consist&ng of
a receiver and-transmitter to carry signals from point to

point-along the earth’s urface. A& typical long distance or

"long haul" system copnsSists of a large number of radio

repeaters (100 to~Z008) [2] spaced-é% an average distance.of
45km. Each repeater is allocated a channel bandwidth of
between 20 MHz and 40 MHz at somk carrier frequency between

2 and 11 GHz, in a wide band freguency alleocation, Because

the whole freguency allocétion is £o be used, there aré

édjacent channels which usually use thé opposite antenna

*

Vpolériéation to increase adjacent channel discrimination. A
spetific system usually operates in a set freduency bénd
according to government régﬁlation[3j 6r international
agreement{4]; ahd a typical communi;ations path‘has‘the

characteristics given[2] in Table 1.1.
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TRANS CANADA TELEPHONE SYSTEM REFERENCE CIRCUIT DBSCRIPTION

TABLE R .

'REFERENCE CIRCUIT LENGTH (RADIO ONLY) . 6560 KM .
NUMBER OF RADIO SECTIONS . - B
SECTION LENGTH 820 ° KM .7
NUMBER OF HOPS IN REFERENCE CIRCUIT 144" o,
NUMBER OF HOPS/SECTION L6 - .
HOP LENGTH LT - 45.5% KM-
NUMBER OF VOICE CHANNELS/RF CHANNEL ' 1344, .
- NUMBER OF BS-3 SIGNALS/CHANNEL 2 - .
RADIC FREQUENCY BAND . - B GHz PER SRSP 306
' ' * ] ISSUE_ 2
? .
- TABLE 1.2 -~

TRANS CANADA TELEPHONE SYSTEM AVAILABILITY REQUIREMENTS '

OVERALL ANNUAL AVAILABILITY INCLUDING

OPERATIONS AND "ACTS OF GOD" 9,93

39.9%
OVERALL ANNUAL AVAILABILITY OBJECTIVE INCLUDING | .
EQUIPMENT AND. PROPAGATION OUTAGES ONLY 99.8%-
OVERALL EQUIPMENT OUTAGE CéNTﬁIgUTIONs -, : 0.01%
OVERALL PROPAGATION OUTAGE- CONTRIBUTIONS 9.01%
OUTAGE- THRESHOLD : BER < 10~

t .
ONE HOP PROPAGATION OUTAGE OBJECTIVE .
{REFERENCE HOP RAIN AND MULTIPRATH) : ~694 X 10_4

ONE SECTION EQUIPMENT OUTAGE
INCLUDING 1:N FREQUENCY DIVERSITY : :
PROTECTION SWITCHING OR HOT STANDBY 0.125 x 10-%



?he first systems used analog trequency modulatlon
o

of the radlo caxrler and carrzed 240 telephone voice

-

c1rcu1ts.per channel as a frequency d1v1s;on mpltipleked

signal{l]. Analog FM.systems have evolved to:the point of "

*
+

carrylng 1500 telephone voice circuits in a 20 MHZ

. channel[l]- in the 1970 s, the advent of dzgltal swztchlng

Y

and the greatly improved technology of- tlme domain sw1tch1ng R

v
"‘

and mult1p1ex1ng has,favoured‘a'swltch o d1g1ta1 modulatlonf

>

.o :methodg, even theough. the dlgltal radlo systems are: more’
expensive[S]} . i " ' o . ..

L - . . -
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152 What Is Meant By High Capacity? -

« . -, - .

. . - . = .- -. . . " .,. . ) ) .
’ " When we refer_to adnlcrowave radio as having high

capacity, it is meant-that we are dealing with large channel

L

bandwzdths and/or hlgh b1t rates Also it is assumed ;hat\

-the channel bandw1dth is be:ng used as efflclently as is-*
. . ;
. practicable; giveén the “state_of the art" in technology.

.Tybic&l.bit'ratES for digital radios are presently 9Q
Mbits/S'of:l35'Mbits/s for 20 MHz and 30 MHz channels angd

typz?al eff1c1enc1es are 4.5 "bits/cycle.

. .
> . o

1.3 What are the Alternate Technologies? A

-
- -

The main alternatives for high rate communications

are satelllte—*elay microwave~ systems and lightwave flbre

optic cable systems. There are reasons Lo favour these . -

""
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alternatives odver terrestrial microwave radio, in-some

- - . -
~ -

applications. For ezample, transoceanic communications and

broadcast communications favour the use"‘of@s;;ellité

systems. Eib}e-optiqflightrwéve systems havehlarqpf

] >~

bandwidths than radio and are immune_to.interferenﬁe*and

-

. propdgation problems. Two dréubacké_of lightwave systems
- relative to terrestrial radie, are the need idf.é "right of

- . way

»

require longer time periocds £for planning and implementation

than.tértestrial systems. Thé‘attrapiive‘feat%te;of

.

“terrestrial radio systems for telephone communications is -

. -

the fact that the "microwave, routes" consisting of tdwers,

- .

buiildings, and antenna systems are already in existence. so

-
.

tﬁat the plgnniné and implementation of additional-capacit?

on an existing route can be done in a short time span with a

b relaxigelyrsmall amount of effdrt; when only the radio.

electronics needs to be added.

Y

1.4 System ?efforménce Measures

»

-

When a microwave radio system for teléphone system
use 1s constructed, the most important consideration is the

cost per telephone voice channel per unit distance. In a

+

digital system,.an equivalent measure is the cost per unit

* -

bit rate per unit distance. The main pérformance measure is
the system availability, which is the percentage of time

that the systeém is operational. Typical system availability

v

and system installatién cost%.'-sdtellite sysfems

4



- .

reduifemeqts'ére given in Table_1.2ﬁ One accepted standard
{U.S.A.) " for being considered operational is that the bit
error rate (BER) be less than 10~3, The.standard used in

Canada is 107%. Another way of expressing dvailability. is‘as

the percéntage of cne second incremenkts of time Lhat  are

¢ +
£
-

of measure has'sgen defived f;oh.éoﬁsédetations of data
service q;aiity as oﬁppéed to Copéidetation'of voicg-cﬁa%néf
performance [l], End to‘énﬁ‘availabgLitg object;veé are
tvpically Q§P§B% for a BER'of‘lO;3 ot 99.5% in error-free
'Eeconds so.th&f the most éifficult systems from %n
availability point of viewfére the‘ldng haul or mhltihop
systems. The..Oz%lallowed outage is approximate;y 8 minutes
per month. In the case of availability based on a BER
threshold of 1073 the 0.02% of affowed outage is divided
equally between two BédfCﬁS) namely, outage due to equipment

failure and outage due to pococr propagation conditions.

Egquipment outage‘is controlied by good design practice and

. ] ) L . - e ;r'-,.'._ "
ree of.errors [l]," i.e. error-free seconds: This ~later type
- h e . . - . N " ) . .

by the use of standby equipment or a standby protection,.

channel. Controlling the cutage due to propagation is more
complex, especially when digital modulation methods are
considered. This will be the subject o0f investigation in

the following sections, anéd indeed throughout thié thesis.

.



1.5 ~ _Propagation Outage

Outage due'to prooagation condltions‘can be

separated into three 51gn1f1cant processes[G] {7]. The maln

K

source of propagatlon outage at lower mlcrowave frequenczes

A
-

is atmospherlc multlpath mhlch causes dlstortlon or loss ofv
the de51 ed- 51gnal leadlng to degradat}on or the BER to the
lO 3 *hreshold It 15'usUally assumed hat the radio hops f
__are,de51gned Wwith' antennas and towers pos1t10ned S0 that

ground rellectlons or water reflectlons are 1n51gn1f1cant‘

The second. source whlch contrlbutes to outage is. atmospherlc.o

absorption. Atmospherlc absorptlon is .primarily due to rain
or moisture and is 51gnlflcant prlmarlly only-at.the'hlgher

frequency bands of BGHa and llGHz Atmospherlc absorptlon

due to rain 4is usually referred to as ra1n fadlng The‘thlrd.

source of fading is called obstructlve radlng or "blackou*f N

fadzng[?} It is caused by large changes in the refractlve
index of the atmosphere These cause .a_transmltter to
receiver path, which 1is normally;line of sight, to be
blocked bf‘obstructions on the ground. The cccurrence of
obstructive fading is rare. With adequate clearance of the
line of sight path, with respect to”the ground‘or
obstructiohs, it:can usually be iunored. Both rainland
multipath can cause flat amclitude versus frequencf fadinéx
.uhich is'referred to as rlat fading. Multrpath can‘also.
cause fad1ng in wthh the amplltude varies signif 1cantly

with frequency ‘ This is referred to as frequency select1ve



< - . A . .f
or time dispersive fading. . Lo -

When'analog FM radios.were used, the degradatlon due to

multlpath was determlned prlmarzly by the slgnaI attenuatlon

3 3

. or fade depth toward ‘a noise threshold The time’ dzsper51on.

reffects otothe multi péth aere not con51dered to be_

- <

szgnlflcane Emp1r1ca1 probablllty dzstributions of ‘fade

depth.were, ased[B] to predlct the probablllty of outage when

-

the‘radlo hop*waS;deszgned w1th a given fade margln. Pade

margin is‘the dif erence {in dB) between the no- multzpath
recelved algnal leveL and the recelved signal level which

would cause the nlnlmum acceptable level of pe;rormance By

1977 it .was recognlzea at Bell Northern Research{G 3] and

_'Bell Labs [10 11, 12 13, 14] that the probablllty of outage

-even foL 51mple low Level dlgltal modulat1on methods tended
td - be- doanated by ‘the . tﬂme dlsper51on efiects of the
.’ multlpath and- when typlcal fade marglns of 40dB to 5048
weré'used the probab111ty of outage for digital systems
‘was much h gher Lhan predlcted by the fading theory which
-had been used for FM analog systems Also, ~at this time,

_'Bell Northern Research .6, 9] first noted the synergistic
\1mproyement\ava11atle from the comblned use of a space
 61ver51ty antenna (two element vertlcal array) system and a
‘51mple adaptlve Lrequency domaln equalleer About the same
tine, severel authors-from'Bell Labs [1%,11,13,}5j'unoertooh

* N wiln . ’ . .
various approaches’' to obtain .frequency selective fading

models which‘would be useful .in predioting muitipath outage'



' for. digital radios. Since 1978,, the fade margin to the
thermal noise thteshold has been‘EEEerred to as the "flat
fade- margln" to dlfferentlate it from an "effectlve fade

_margln" obtalmed in the presence of frequency selectlve
Sy .
.gading.

. One bery nsefui mcdel for multipath fading, developed
by-Rummler[13} is a baaeband equlvalent model ‘and has a
. voltage transfer function of the form,

HedE) = a, (1 - b, exp(-32n(£-£,)7).) - (LD

where the parameter a, is the direct ray amplitude and the

~

‘parameter bo'is the relative amplitude of the second ray

with rEspect to the direct ray at a relative time delay of"

- . This model has a'minimum'or notch at alrrequency
offset .0of £, Hz away-frem zero‘or midband freqnency and has
mrnima or notches which repeat at i/r intervals in‘frequency
although, the only one of interest here is the notch at £q
sinee Rummler determined tne model from measnrements taken
overa.bandwidthof_oniy 26!182.The flat fade compohent due
te the parameter a, can he interpreted as being due to an
additional ray or rays which nave relative delays too small
to produce significant amplitude variation versus £
and is not usually due to sone real flat fading mechant
. In order to find unique sets of values to deacribe observed
fading events, Rummler found it convenient to fix .the

relative delay parameter v at 6 Ins and then determ

empirical probability dlstrlbutlons for eafgfgﬁfthe other
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model'parameters. Since observations were taken in,a-
bandwidth of 26 MHz it is emphasized that the model is valid

cver appr0h1mate v that bandwldth Usually the amplleude'

f?dlng parameters are referred to in dB as, . .

i
I

o = -20 logyq a. a, > 9 (1.2)

o = -20 logyo (l-bJ) . 1 > b, > 0- (1.3)

[0 8]
i

where AO is the flat fade depth 2ue to multipgth and B_ is
the notch depth due to the frequency selective part of the
multipath, To include non-minimum phase fading in RummIEr's

model “he sign of the relative delay = is switched. In

o -
i

éhapter 4, a physice} two-ray model.is defined in which the

relative amplitude parameter i5 allowed to be greater than

‘one. The relae1onsh1p between thls model - and Runmler model

Y

will ‘also. -be.given in Chapter &0 -

“Once it became known that the outage of a digital

-radio could be strongly affeéted by the time dispersive

effects of-fhe multipath, it-beeame commen for equipmeﬁte
manufacturers and reseahchers Lo pL8581t an oueage 51gnaeure;
which is .the locus o‘ values of notch frequency and notch
depth for'a relative delay of 6.3ns that cause a BER pof 10'3
5; hlgh signal to neoise ratio. Normally, an Buﬁage signature

would contain one curve for minimum. phase multlpath and one .

-
r

.for non-minimum phase multlpath.

s
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1.6 Current Trends in Digital Microwave Radio

- [ -
4 - ~ M . '

The: first gene:ation of 1ong haul digital radios'hed

spectral eff1c1enc1es of between 2 and 2.25 bits/Hz. When

-

expressed in terms of the numbe? of telephone v01ce'channels
o ~ oo .

per unit bandwidth, .the first gereration digital radios had

less than half the efficiency of the analog FM svstems-they

were replacing. This was due in part to the fact that the

telephone voice channels are hot efficiently source coded

and In part to the fact"ﬁhat the high SNR usvally found in

microwave channels had not been exploited by the use of more
complex and efficient-. modulation methods. Since the usable

radio specitrum is a finite resoche and the inefficient use

of this resdgurce. leads to dwindling supply and hlgher costs

/
for new serV1ce, thewe has been considerat e 1nterese in the

-~ - -

last few years in improving the capacxey 0% dlgital

£

-microwave radios[16,17,18,19,20]. The second generation[l)]

of iong haul digital microwave radios which ﬁ@ve-been

emerging in the last two years have been designed with

‘capacities of 4.5 bits/cycle. The modulation method used in

these implementations has been almost exclusively &§4 state

quédrature amplitude modulation (64QAM). Quadrature

amplitude hodulation (QAM) is obtained by summﬁﬁg.a sine_

+

wave and cosine wave at the carrler frequency ﬁhich have

.each been anplltude modulaeed by multz-’eve* data streams

- -

which are normally independent. Two 8=level data streams

are used to obtain 640AM. A few authors. [20,29,30,31] have

-
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also studied the use of 49 state quadrature part1a1 response -

(49QPRS) modulatlon Thls modulation can be obtalned from a
QAM-modulated sxgnal_by filtering witu‘a ¢cosine shaped (in-
frequency)’fiiter. This filter Sums every two adjaceﬁt
symbois and thereby reduces the bandwidth by a fagtor of
two.‘A.IGQAM input-siganl to a cosine shaped partial
- response filter provides a 49QPRS outputp

; The use of multi-level modulations to improve
égectral efficiency, has comupunded the already difficu{t,
‘ problem ofluultipath distortion contfolled ottage, and has
igtroduced a new prebiem to the design of digital microwave

radio systems.

L.7 Trausmitter Power Amplifier Linearizaton -

In the past, primarily only constant‘envelepe
modulatlon methods were used in both analog and dlgltal
microwave systems. The use of. constant .envelope modulatlons
allowed operation of the transmitter PA at its saturated' 
_eutput power. wjth multiléuel digital mudulatione, the -PA
muet be'operqted with the output 'powet reducea by at 1ea$t
10dB froh its ‘saturated outputileVel to maintain the
requ1red degree of llnearlty "This, means that a Pa wuth at
least ten times larger saturated output power is requ1red tq_
ue}nteln the same transmit power level. Since PA eosts.seem'
te rise almost egponentialiy with their.saturated”output‘

power capability and since the ouerating'cqsts'élsoigofup




linéakly, it is important toaconsideﬁ-the.ose'of s

linearization technigues so that costs ang per formance can

be maintained closer to the levels previously experienced in

constant envelope systems T ..

e

Three prev1ously suggesied methods of coping WIeh PA
nonllnearltles[zl] are: predistortion of the Pa input s1gnal -

g
to obtain’ an undistorted output, superposed modulation, and

-

feed—forward linearization of the PA.-

- Predistortion can be done in continuous or. dlscgete

-

tlme [21,22,237. Dlsoheee bgpe adaptive predistertion wh1chf

was invented bf Davis and Boyd[23,24] has been used~in
several applications of 64QAM[22,23]. Adaptive predistortion .=

P

offers better performance without being copncerned about A’

parameter variation, however, non-adaptive predistortion

-

I

.control has also been used in several of the latest &4 QAM

radios [17, 18 19]

- -

Supe.posed moduTatlon [21 251 1is .the weightedt vector

‘.additlon of two or-more-constant envelope 40AM signais.to

obtaln the desired multi- 1evel ‘modulation. 'The dfsaovantgges

'_pf_phls meohod are the need for more than one PA and-the‘;

.

requirement for p;ecise power balance between, them.

-_‘Feedforward erfo; control [26,27] lineatrizes the Pa By

e
-

comperingfthe input and atﬁenhated outpuﬁ signarsw The

w result‘is'amplified‘and subtracte& from-the output to obtain

-~ -

‘an undlstorted output signal. It is s 31mple and vet

[}

effeétlve approach but requlres at least two PA s. e

“ e
. h . .
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| In this thesis, \Ene of the oldest methods of adaptive
distortion correction in electronic systems will be used to
?Tnearizé the transmitter power amplifier. This method is
feedback TéB]. The main problem in using feedback for
linearizing a microwave radio PA in the past [26] has been

that the cﬁhmonly used PA's were either travelling wave

tubes (TWT) or else klystron tubes. The TWT is a slow wave

¥

Stéucture andf?he klystron is a narrow bandwidth structure.
For the signail Qﬁndyiﬁths under consideration, both have
tco high a signal transit time for the stable use of
feedback even when ;ction is taken t§ linearize only the
envelope of the RF signal. However, by the use of solid
state PA's which can have;}ow transit time and by using
feedback action to 1inearizéf;he modulation envelope oniy,
- the use of fegdback in this application becomes feasible.

-

1.8 Adaptive Egualization of Multipath Distortion

In 1977, the first digital microwave radio system
with demonstrated performance of long haul availability
requirements was introducea py BNR [6,9]. As stated
previously, it was shown at that time by Anderson, Barber,
and Patel of BNR that combined space diversity and slope-
amplitude adaptive equalizers would provide the required
availability. Sinée that time almost every manufacturer of

digital radio has included a space diversity combiner and an

q
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adéppive frequency domain equalizer as ogﬁib%s_ﬁp the

receiver IF subsection. In the second generation of_long

haélldigital radioc (4.5 bits/cycle) this same practimé has

been used along with an additional adaptive!tgansversal

) eqd&Lizei at baseband T16,17,18,198] in 6rder.to‘meet'the

-

1ong haul- availaﬁility’requifements The outage 51gnatures

-—
- -

achleved in the second generablcﬂ equipmentsrange begwee“

LSdB and ZDdB for the allowable notch dep“hs for noich

f;requency offseus ranging up to an absolche value be;ueer

'BMhzland,l2MHz from madband (equivalently zero fregquency).

LY .~

From measured £ield results{l19] this cutage. signature

provides the rehuired Jong haul availability when it is used

in conjunction with space diversity.
-" ) -

- ’ - - ‘. . to
In this thes;s, an adaptive decision feedback egualizer

(DFS? wi;h 54£dfwa;d and 5 backward taps iS'developea andg
implemented fn.a 4.5bits/cycle digitél ragio. Thé objective
is to egualize an‘ihfiﬁi;§fn6tch depth £for high SKR witﬁﬁﬁt
the use of space diversi%@c and.thereby, reduce the outage
ﬁue'to multipath fading.;'Tﬂis particular applicationwf a
JOFE has been studied bybomputeriéimulatiﬁnf[Gé,3£]. A
nove}_featuré_of this DFE im@leﬁentation 1s the jointiy
adaptive édjustment-of the eqqalizér tap-weights and the
regé;ver sampling phase (timing fecovery) Reéentiﬁ; Duﬁek
et ai f%G]lhave 1mplemented a 51mpler DFE 1n a d;gltal radlg

appllcatzon anc Leclert et al.[60] have also 51mulated.the

gpplitation of a-DFE in a digital radio applicaton.

'
a

C

-
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The first use [32] of EEpBback,equalization-détes back
‘to work by Milnor [33] and MacColl [34). In’'this esarly

work) only post;ursof inter-symbol interference (ISI) was

. constidered. Later, Austin [35] considered both~precgrsof and

- -

pest-cursor ISI by‘uéing a forward equaiizé;‘to équalize
the precufsbr ISi..The first minimum méan squafé error
(MMSE) adipstmeﬁt algorithm Eor-a DFE was‘obtained bv
Monsén[32,3é]. " Monsen also examined the adjustment and
tracking 0f a DFE in a multipath fading enyifonment'(a
troposcatter.channelj[3§,37,49].‘ George et al.[38] compared
the usé of a DFE énd a linear egualizer %h edﬁalizing_phe
channel impulse réspénse‘Using an adaptive éontrollmethqd_
invented by Lucky[39].to obfain both a MMSE and a éero
forcing (ZIF) ;olutionrto the gzb—ﬁéight‘adeEQmené p;oblem.:
_de%y’s[BB] single bit guantized up-down counter,method'o?‘
jadaptation is bothlrobust and extremély simple Lo implemen£,
at a cost of added adgptatidn time, and is the metﬁﬁd used
for implémentation-ig this thegis.

Jo{ntly adapgive estimation of €arrier phase, timing
phase, and‘équaljéer tap-weights in order to minim}zg‘the
MSE has béen considered by Chang [40] and Kobayashi[4l]
Qure;hi [42] has consideredijointly adaptive timing and. tap-
weight adaptation for partial response sysiems. SaliSerg

[43},. Gitlin et al. [44], and Sailer.[45] have considered
- MMSE timing recovery methods éﬁE'Falconer [467] has examined

the joint estimation of carrier phase and tap-weights. In

~
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this thesis, we will investigate, _;a_oth, theoretically and
experimentally, the jointiy'édaptive‘ MMSE estimation;df‘ghe
carrié}thagé,fgiming'phasg and tap-weights. We ﬁote that
it was recently found by Niezgoda{64] that'timing_recovery
methods.nOt based 6n a MSEJapp:dach.wng more thap an orde£'
oﬁ magnitude'worse_in MSE undey'ﬁultipath faéihg'eonditions..

Siller_{48j and_.n;nsen'té9} have  giver éurve§
accounts cof @ultipa§h.propagatipn,énd cduntermeasures inl
microwave chanhel; ;nd troposcatter channelé respectlvely,

.

while Qureshi. [50] has given a nutorlal account ‘of the

- . . -
- -

techniqués available for xhe'adaptlve equallzation of
telgphqne.upice chanhéls. 'Many'oivthese“tebhqiquéslare'ndw

being. applied. S T

1.9 Scopé of Thesis.

-

Thgre are three main objectives in ﬁﬁig thesis as
follows,.. ‘ ‘ |
ij Show that eedback can be used from the outputﬁpb a-’
direct RF modulator and solid state power amplzfler in
series to linearize the power amplifier. By llnearlzzng the
power'ampiifier it will be shown that the ampllfler may be.
operated up to its 0.548 compression point . with little or no :'
effect on the ‘BER of a multl—level.modulaulon such as 16QaM.
‘ii) Show that é Decision Feedbéck_Eqdali;er'(QFE) 6an
be used tq.obtéin greatly imprdvédféauipﬁent cutage

signatureé'without the use of spadé diversity or a slope-



adaptive_frequehcy domaie equalizer.’ Sbecffiqelly. it will
be shown that a 3 orward plus 5 backward tap DFE employing
1301nt1y adaptrve sampllnc nhase and tap- we;ghts can egualize
an 1nf1n1te Qotch depth and can track between the mlnzmum

phase (§5§ region and the nonnmlnlmum phase (NMP) region of

\a;twq ray frequency. sePectlve multlpath channel as

-
-

characterized by Rummler s model. g - .
"'iif) Show how to ob;aip a single matrix recursive
'equ;tfon for the joint adaptation of tap-weights and
eampiing'phese {5 a form apﬁlicable to the methed of
steepest déscént; which by an orthogenal similarity
ftrenstormaezon can be expressed as a set of independeﬁt
:Lirst order difference eguations. Each dleference equation
.coptalns an eigenvalue of an adjustﬁent matrix. The
eigenualees so obtained can be used te obtain the adaptive
algorithm parameters so as-te’ensd;e_adapﬁive system '
stability and t%acking performance.
In order to'demonst:ate the attaining of the figet

two objectives, a.4.5‘bits/cycle 48 state quadragere
partial response’ (49QPRS) modu;ated.digital radio has been
constructed. It operates-in the'4GHz.band at é bit rate of
90 Mbits/s' .In the eraﬂsmltter the lznearwzed dleCe
modulator and power ampllfler ope;ate to produee a
linearized 16 state quad;aﬁure amplitude modulation (16QAM)
which»{s then-apblied to a transmit ﬁF‘multipleging or
"branching £filter. The brenching filter also provides paréiall

5
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.
-

.?esppnse filtering to obtain the 49QPRS sigﬁal and to
restrict the transmit spectrum to a 20MH=z hand—as specified
by the FCC{51] mask. F?gure 2.1 is a block diagram of the
transmitter. The receiver contains an RF'mpltfblexing or
branching filter: an RF:preamp, a downconverter, an'IF'
£ilter which proviaes out:oflband signallrejection,.an AGC
amplifier, a manuaily ad;ﬁstéble IF tn§nsversal.equa1izef, a.
demodulator, and the jointly adaptive DFE. Figure 3.1 is a
block diagrah‘of the Eeceiver. The DFE tap-weights ané
sampling phase areialfra£§aiﬁed digitally using_thé single
bit quantizéd‘ggédient methbd-develo?ed‘by Luck§[39]. The
tap-weight édjustment' is decision @irecteds while . the

sampling phase adjustment is based 6a.a one bit quantized

'a

estimate of the derivative of-the_pregampled signal.
Chapters 2 ahd 3 deal with the designs of &the
transmitter énd the’reﬁeiver respectively. In Chapter 4,
eigenvalueslare deﬁerminea for the joint'adjustgent of
tim;ng and tap—weights.vié.the steepest descent method over
a range of pérameter values of the two ray multipath
channel; Althodéh the.imﬁlemented system uses a nonlinear
method'of Eapreight and timing adjustment, it will be séen
in Chapter'S,l-QEggé measured lab results are presented,
tpat the.caiculated eigenvalues explain the observed lab
performance. Cﬁapter 6 provides conclusions and suggestion

: ! .
for future work. o . )



CHAPTER .2 Lo

TRANSMITTER DESICN

~

2.1 Introduction

r

Y

The design ©of the linearized “ransm

"considered in three parts as shown in Figure 2.1. The first

- ’

part is the transmitter interface carcd which accepzz a @0

—

-

Mbit/s Dbinary (ECL levels) data inpu% and provides *we <our

(a3

level outputs at-a rate of 22.5 Mbaud and which are ecgualily

likely with a meanh value of zero volts provided the inaput
. i . t

data is sample-to-sample independent and equally ‘likely. The

"second part is the .feedback linearized transmitter, which

accepts the two four level data streams .and provides a .50aM
modulated outpub centied at 4050 MEz with & power level of

approximately one Watt. The ““hird pact is the transmi= RF
- . . - - - .

filter which provides partial response <iltering to obtal

by, .

[43]

- -y

490PR modulatidn from +the 160AM modulated inpur.

In order to gairm a *better understanding 0% the

operationt of feedback liqeari:atfonfof a QAM modulator and
peweér. amplifier an analytical simulation was performed. The

simulation is described in Sec

ion 2.2 and the resulss of

t

the simulation are given in Section 2.32. In Section 2 4 all

=,

.
-

the details of hardware implementaton of the Zfeedback

linearized transmitter are given. In Section 2.5 the design

details pertaining t¢ the transmit RF filter are given and
19 . )
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-2

is presented.

in Section 2.6 the deéién-of

the "transmit

-
-
cer

21

interface card

~ - ” e - - "
: ' . . I A - iy .
2.2 Simulation of Feedback Linearized Transmittyr
r v . - . .
1 ' : N . : - . . -
L ‘He ttansmltter SPCtIOD fuuctlonal‘block diagram

sequendes are Fzrst added to- the negat*ve ueuod&

<

shown Ln Fzgure 2:2 is_ flTSt desctlbed

.

he baseband cata

Pa

ated
iated

. "oukput datc sequences to‘torm in- pnase and quadtatutp pnase

etror szgnals

¥

equa1ly likely,

~The

»
»

and have.zero mean.,

- A

The‘etror

- .

uput data sequeuces are quate nary,

‘Sicnabs*aze

passed through a compensatlon network 'The compensated ercor

B

-~

. modulated'51gna} ‘at 4

Gads FET PA. The PA'gutput is. split unequally with"t

por

r .

other_portion

L4

. * 47 Yo
fépplieﬁ to an RF multiplexing fll er which”

tion being demoduTated to obtai

. $haniﬁg;t6 obtainathe’EBQPRc signal.

4 GHZ,

n-the

is

T
4

ne

output to thExdemodulator 15 ‘phase ad]

I.

demodulate the PA output
:negatiye feedback at the

operatlon of the fee&back lobop is the use of “he GaaAs

-

PA A TWT PA oY other slow.wave dev:Ls:P could not be used

., to the long transit

gperation is minimi

in a hegative

input summer.

.
-

times?

ation of the physical_

which is amplified by

the 16 QAM ﬁigh power

Also cr:tical

s:gnals are applled to a~QAM modulatot -o ptoducp a ¢6 QAM

-

a 5 ésw

p he smdll
error signaf;.fhe
output hth? ‘s,.,

ovides pulse

carrier

ted &

cenerator

sense to previde

Critical

- -
-0 T

-
by
-

-

E

cdue

to the

ize,

lo0p

-

I=]

to minimize .
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e, "7 llobp transit times.. .

.- . - To determine the dedree of linearization achieved by

- - . . .
L] M LI § .

. . the feedback linearized transmitter' (FLTY and.also to aid

a L » - v -

in the .design and construction of the egquipment . a

- - 't._
’ 1 mylati -2f the™ FLT« response ¢ iata seguenc 3
. S ‘51my_§(1on >. ehe‘rL [fesponst to a data seguence was

< performed. The model used is exactly as shown im Figure 2.2

’

except:tﬁat the basebangd. pole implieé'by the "single cavity

. ¢ . < . A

.. flleeb" w111 not necessarlly be*due to a filter placed in

-

the loop It could be caused by the finite hangwidth of any

’ i of ehe loop compo“enes I'n any caseé, the compensation

L - *

,n'i'netwqu will be, adjusted to maximize loop bandwidth

. v

con51stent w1€h good loop Stablllty‘

. - - . The data sequences used were a 256 ovaOW sequence

. .. and. a 16 symbol sequence. The 256 symbol seguence was formed

as follqws. A 255 bit PN sequence was repeated four times’

< . . - z - ' 2 N ,

: ;b8g1nn"ng at a_register value of 00000001 (assuming the

WY

Legwseer is” shlfeed 1eft) to obtain a 1020 bit sequence. One

zero Is added .at ‘the beginning and three zeros are adde ak

f .

the end tec form a 1024 bit seguence, The 1024 bit sequence

- .

o @S then t;ken four bits at a time t® obtain a l6-arv 256-
symbol gequence yhibh contains every permutation 0f two  with
. replacement of the poseible 16Q0AM symbols. The 16 sy@boi
sequence 1s formed in a simila;)way'and has every‘possikle

16Q0AM symbol. , - ‘

The output signal is calculated by obtaining the
v T ¢
? e 4

differential equations and’nonlgnear equation of the PA and

-
.



2

[ M *
- !

- -

.solving the set af equations numerically. The éequations for

the compensation network and the PA outpu: filkter are.-

~

Vi = (Wp/wzdVe + wpV, - wpVy o . o £2.13
Vf = mCVO - chE ) . ’ ‘ (2.2
where Vs is the complex input voltage

V., is the complex error voltage

-

- V., 1s the complex PA output voltage

is the. complex FLT output

w" 1]
Ve(s) = Vo(s) ‘ . L 2
. L SHu :
and - . i
’ : [Pt S+W .
. . b 4
vy = = (—2) v(s) (2.4)
: wa‘ S+wb -
The FLT loop error signal is given by,
T Velt) = Vglt) - veltesgl .- (2.8
~

where V4 is the bom@ﬂex FLT inpu%t.vcltage .
+ ' - - . . v .
f ' “Tq is the loop Lramsit time

The time dependence ‘is assumed in ‘all. eguations and. iz °

eXplicitly shown in (2.5} to indicate the .effect -0 thel.

V!)

- transit time T in the loop model. The Gaas FET PA trans

rty

er

equation is,

-

VO = RO EXD{jQO}. ' - . (2-6)
: 3/2 1/3
Rg = ( arctan[Pr/ 1) / : - (2.7
- ' , . ! )



A

o _ arct§n[im(vi3/§§xyi?] -

(0, = N (2.3
. . - 2
'+ /45 ( n/2 - arctan[ ( (5/2)1ogyo(P.) 3T 3 )
) * . . . -
- Pp = Ay Vy Vs (2.9

1 1. . N

‘where Ry gs.the_éA'butput voltage magnitude

| ”@o'is_tﬁé PA éﬁtput phase

P, is the'idea; P& output p&ﬁer'

Aﬁ is ﬁhe P& scé{ar small sigmal voltage géin
" This P& model was derived to fit°the typical power transfer
and phase transfe%‘charaékgristics of the parﬁicular 32:%
(Fuj{tsu (GB3374203-02)) being_used. It is importént to néte
the use of the word "typical“ to des&fibé the PA tfansfer
char;cteristic, since the small signgl gain and compression
characteristic vary'Significantly‘with‘temperature while the
saﬁ;rated output-éower varies much less than the small
Fsignal_gain. Figure 2.3 shows thé cutput power versus input

power,anleigure'2.4 shows phase shift and AM/PM conversion

versus input power for the model given.

“

2.3 Results and Observations from Simulation

-

Before diséusging the results three poiﬁts should be
madé: Fitst, none of the simulatio; parameters had been.
optimized for performance. Second, all the results presented
are with“a.Eransit time of 0.1 ns evén though tﬁe hardware

locop has larger.-transit time. This is not a problem as long

as the phase shift due to time delay is not large enolgh to



Y

X

B e 4

-

g-1

2.

1apoy huzom.u:nzw SnsIaA 3nd3ng 1ar3rrduy 13mMog
| | ,CwBP>  ¥IMOJ T LNGNT

B -2-

"Z ainbig

a‘vy-

A e-

a-e

ar-e-

MBP> d3IM0d LNdLno




27

..S.n 2'o a°t- @ar-e- E.m..... @y- B°6- @8- P~ B'B- B'B- B'OI-

[3pOoH 12Mo0gd Indu] snsiadA WdHUY DPU® 19JSuel] aseyq Javzriduy Mmzwm b'¢ ainbig
HEP) M3IM0d LNdNT .

g 1~

.

(BP/P> NOUOISH3IANDOI WJIWY B8 (P 1ldIHS. 3SVHA




28

_ cause instability. Thirgd, the back-offs quoted are input

power back-offs relatlve to the 0 dB 1nput p01n in Figure
'2 3. At the 0 a8 "input p01nt in Figure 2.3 the anpllfler
ga1n is 0.7 &8 bef;w the small 51gna1 galn This 1s also
referred to as the ¢.7 dB combression po;nt. Also, the input

power implied is not the average over all the symbecls but is

the power of. the largest symboi.

Figures 2.5, 2.6, 2.7 and 2.8 show the output'signal

" . for the 256 symbol sequence with and without reedback-fo*

contlnuous tlme and then for samples at mid-symbol. The

P

transmltter small smgnal bandwxdth in.eithet, case s abou*

3 3 tlmes the symbol rate The "no feedback" case 1ﬁ Flgute

2 5 afd 2 6rhas a 51ngle pole mocel It is seen that the

Feedback 1ntroduces :trrt-ersvmbt::"l *nterference (IS“ at the

P - - :

pulse edge ThlS ;nterfereﬂce becomes more substa. tigl as

the symbol nagnetude rncreases. as is seeh in rigure 2.8

LIS

where at the sam“le 1ns€ant Eh re ;s.‘ notlceable I5I - on y

- S

in the Targest 51gnal states Observed agalnst ﬁwme f*his_

‘- L
‘

looks llke the rlnglng" norma’ly obse'ved 1n an uncerdamp dr

+ - .

11near second orde“ Feedba k system As long as the natata’

PRS leter shownx1n pmure 2 should_smoéth the'ring;hg and.

- -

make it of llttle concetn The: main‘obsetvation to be made

here, however '-s that the feecback daes recduce *the

L &

nonllnearlty of the PA ;:;f_;= Y j ot -

trequenqy 15 s*gnlflcanely larger uhan the_symbol rate the

L3

<

[8

-t

-
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-

7peak eéye closure. The results in Figures 2.9 and 2.10 ‘are

. ‘ . - R
- N b . . - -

In order to quantlry the 1mprOVemenc in~ perrormance

- .

the peak eye closure is used (see Lucky, Salz and Weldon

tE52]) as a measure of performance. The peak eve closure at a

* -

'particular sampling phase is defined 'as the maximum distance

] -
'
. -

of "perturbation of an ideal signal state toward any decision

threshold, expressed as a fraction of the ideal distance. To

-

_do.this Lthe outpuc Was, multlplzed by a co p’en consca G-

- L

'whlch minimized che mean square error between che input and

output szgnals at the sampling instant over the, data

- » -

sequence and then searched for the largesc eye c1osure

Flguge 2.9 shows the 11near percenfage peak eve closure’

-

versuS'lnput~power for apen_Laop. and 10-¢8 and 30 dB loop

gains. Flgure 2.10° shows the same results wzth logarlthnlc'

_all'for loop bandwidths 3.3 times the'symbol rate. Tigure
2.1l 'shows some simulations at a 1oﬁer_loop-bendwictﬁ. By

using feedback the peak eye closure due to the DA

"nonlinearity is reduced significantly} The peak Eye‘clésure

is divided by approx1mately 10 and 40 for 10 dé and 30‘d8

- loop gains nespectlvely, when the PA input level (assuming

-

ideal PA) is below the 0.7 dB compre551on pofnt. Above the

. 0.7 dB compre551on point the “30 -dB 1oop "crashes™ whlle the

P

" 10 dB loop Stlll malntalns peak eyé'closure 5 tlmes bEutEI

- - -

than with no, feedback. . .

LI
P

-

S

*
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>2.4  ‘Implementation of the Feedback Linearized - .:-

s

. . _Transmitter- .

L ?idege 2 127 is the implemented version of tﬁe FLT.
The 1mp1emented version is the same in- functlon as the
functlonal block diagram in Flgufe 2.2 except-that the
51ngle‘cev1ty filter included in the functional block
diagram_is'not implemented. As this'first_attempt at
eonstructing the FLT is experimental; it was assembled using
e:diecfetetconnectorized components.  Each block-in Figure 2.12
representg a discrgte~SMA eonnectgrieed qnit.-AII;
~interconnections were done using semi-rigid coaxial cable.
By using a discrete.component realization, the physical size
of the feedback loop was mech larder than it could be, if it
was cons%ructed as one stripline or microstrip unit. The
coneequence g; using discrete components is that the delay
.stime for the loop was longer than desired. In addition, 1t
:was eeccessérg to use = second‘RF amplifier which had more
gaiﬁ than desired, and therefore, an attenuator was‘alSO
- required (10dB) to.then reduce the gain;‘rhe reéulting net
1.oop delay time is 6.9 ns of which approximately half is due
te the physical length of the loop.
: ’ This large loop delay‘limited the loop bandéidth Lo
;less than 30MHz and the loop gain to approximately 10d4B %o
'ma{htéin loop stability. The schematic of the summer and

"-EOmpensation netwé:k is given in Figure 2.13: The matched

poie—zere network in the compensation unit provides the
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-

_transfer funcfioh of Equation (2.4) with the pole Oy at.a

-~

'Erequency of 6. 3MHz and - the zero w, at-a freguency of 35MHz.

-

The DC voltage offset network in uhe compensatlon network is
set to minimize the- unmodulpted carrler osc111ator component
whlch escapef.ehrough ‘the QAM modulator Slnce.thé
compensatxon.weowork is not adjustable the 3dB; ya;}able
attenuator seen in Flgure 2 12 after the RE intermeﬁjate
‘fpower amplifier (IPA) is used to adjust ehe‘ioop gain;
between 9dB_aﬁd 12dB. As loop geiq is adjusted to;ards 12dB
a large resonance*peak in the freqoency fesponse of the Ioop
begins‘to_appear arouhdeBMHZ- As the loop galn is adjusted
towards 9§B; the loop frequeﬂcy response beglns to drop
significantly around ZUMHz S0 the open loop gain was left

set at l?dB as a 'best compromise.. -

o8
wn

Transmit Filter Design - -,

The transmit RF filter has Five separate functions.

These functions are: R -

i)-frequency~doméin multiplexing of‘the transmit signal L

-—

with a. number of other transmit-signals; ) -

ii)-spectral confaigment to conform with government
reguiation{ ‘ ) )

iiig soectralﬁcongafﬁmeht tolensgre thet the adfécent“~
channel interference is controlled to a suﬁfieiené degree;

iv) pulse shaping to minimize ISI;

-

e




shared antenna s}stem*as-seep n ngure 2.14, f.

'51tuation w&th respect &0 adjacént cnannel i

. -
- L -

-

. v) matchlng of the transmlt spectrum _o the recezver

-—

-amplztude response to ma31m1"e the receiver s:.gna1 to n01se

-

ratzo before detectlon . R S

- - s e . - » e -

The—first reuu1rement is falriy stra:ghtforward It is_

- -

R—
easily achleued.ln.al mlcrowave radlo systems by the-fact‘

that the mlczowave couoled cavrty fllters typlcally used

w111 reflect othe’ transmltted sagnals in the. multlpleﬂ

‘network back thrbdf\na multlplexlng c1rcu1ator and on tb the

- - '|| -

TAall the other requarements are conf 11ct1ng and an’~

add1tlona1 compllcation arlses from the thlrd r qulzement

-
e >

it has-been determlned El?l that\the mos

d(iffcult

erference is

the case ofoa digitai modulatzon nterzerlng 1nto an

-

(‘adjacenf'analog FM channel.- It 1s outszde the scope of thlS

- \ -

'thesis to consider this case. It is’ mentloned hete to

-

empha51ze the fact-that~meet1ng the second requlrement

-—- g - .

stated above dpes not guarantee that the adgacent channel

w111 not be degraded ~Thls 15 especiale 1mportant when

-

.

outage performance. under multlpath condltlons 1s consxdered

- - -

Adjacent channels operate on the og3051te polarltatlon (in

-

the 4GHz band) aﬁd it has been observed [56 9]that the‘

Cross- poiarlzatlon dfsdrlmlnatlow (XDD) of the antenna can

o]
- - ‘

be degraded durlng multlpath condztlons

s - 3

The otber three;LEQuarements relating to the
tfansmit filter were stpdied for this particular application
. ‘. L P '
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by ﬁcMilieh[S?]. The féyrfh and fifth'réquirements above
invoiye both the transmitter filier and.t e receliver filtér;
For QBQPR-modulaﬁion at a data rate o 90Mbits/s, the ideal
Lransmitter power spectrum, assumind matched filtering and
<2ero I35I, occupies an RF bandwidth of ZQ.SMHz. Thié power
spectrum does not fit within the FCC mask which we are using
as a spectral emission limit. A soldticﬁ te this difficuit§
is to‘overfilterhghe trahsmit spectrum to just meet thé FCC
mask and éhen filter the réceivedfsignal ﬁo obtain a zero-

ISI signal i.e. the d%sired QPR spectrum. This approach

A

allows us to meet all fhe requirements except the noise-.

matching oﬁé."McMillen hgs,;alculated the noise mismatch
loss assuming that the receiver ampiitudé rgsponse is.
adjusted for zero—IéI and the transmit spectrum meets the
FCC mask by 0.5dB at fhe band eﬁge for various_practicdl
filters [57]). He also.examined the interfering power in
the desired channel due Eo an adjacent channel with the';ame
transmitter for these same filters. His rgsults show that
the noise mismatch loss and the interfering power due to an
édjacent ch;nnel vary insignificantly for four through to
sgveﬁ-caviby Chebychév type filters that meet ‘'the FCC 'mask
by 6.568. The'transmit.fiiter modél selected was a Chebychev
type bandpass,filéer ﬁith 5 poles, a 12.8MHz equal ripple
bandwidth, and a .01dB ripple in the amplitude response.l
This was decided on the basis of the noise mismatch loss,
the adijacent channel interfering power and the ease of

a- oo
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réaliéation of the transmit filter. and the receiver
; amplitudéfresponsgs‘Fo;‘the case seledted the'mismétsh 1555

was 0.6dB and the interfering power due to an adjacent

chénnelfwith the sémejtfanémitter:specfrum_was -23dB

relative to thejdesi;ed chann&l received powerf-This amount
.offfhté:feriﬁg_pOWEr seéms large, hqwever.;in anQ system -
application, theiédjacent'channél is using the oppesété
polar{zatiﬁn, so.that the total rejection of the adjacent
channei ié—approxihately ?0@3;. -

The t;ansmiﬁ iiitép assembly which inciuded two
wavééqide citculators and the waveguide filtép:wés‘

construct%ﬂ.by Comdev Ltd. -

(%)
[0)]

- Transmitter Interface Card .

. Figure 2.15 is a block diagram which Shows the
operation of ihé transmitter interface card. The interface
card performs-thrég functions which are:

i) conversion of one.binaryv30Mbit/s data stream into
two quaternary 22.5Mbaud/s data st;eams;

| 11) it.ﬁrovides_a clock frequency reference of one part.
in loe_stability or accepts an-external clock frequency .
.referencé; — | -

1131) it providés differéntial encoding.so that phase
ambiguities in fhe receiver may be resﬁlved.
,Becgusé of the four-way symmetry_of the‘QBQPRS

~

signal space and the 16QAM signal space, the receiver cannot



c e

4s

- distinguish between the correct one out of four phases. This.

problem e§43te in any two—dimensronal signal set with 4-
.quadrant symmetry[SB] One solution to t;1e problem rs to .
"use d1fferent1a1 encodlng to remove thls amb1gu1ty Wlth’

160AM the differential encoding only needs to be applled to
the most'Eignificant in-phase ({1-bit and the§most
, 51gn1r1cant quadrature phase‘(Q) bit and thls is enough to
determine the phase or quadrant of the szgnal The remaining
bltS are Gray coded w1th1n each quadran: This methed of.
codang the data-to remove phase ambzgulty without
unnecessarlly lncrea51ng the error rate due to differential
encodlng of other than the most 51qnificantiland:Q bits was
sdggested,by Weber - [587. fhis'encoding'method is
implemented,in the interface card using a PROM look—up table
method. The PROM used is the 256x4 ECL‘MCM10149.

The remainder of the 1nter£ace unit is relatzvely
straight’ forward The 90MH¢ clock osc111ator was supplied by
Vectron Laboratories Inc. and the digital to analog (D/A)
convertor used was an MC10318 which had about an 8ns rise
t{me. Rise time is more important for the D/A than settling
time because of the amount of filtering done by the transmit
filter and other filters in the system. The other functions
were performed by standard ECL series devices.

Figure 2.16 is a schematic showing the D/A output
portion of the interface card. It is Seen that'the B/a

-

output to the FLT portion of the transmitter is alternating .
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curtent (AC) coupled. This capacitor is chosen so tﬁatvthe

- -

-

power of the blocked low freqqgncy cqmponeﬁ; is more than

60dB below the fotal power in the signal. SN .
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Data Encoder Block Diagram
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IMPLEMENTATION OF THE 490PRS RECEIVER

3.1 Introduction

In-Fiéure 3"1 the receiver block diagram is giveﬁ.
The RF filter) the RF amplifier, the downconvefter, the IF
filter, and the IF AGC amplifier are all typical of recent
microwave radios with the éxcebtibn.beiné_that there are no
phase eﬁualizers included anywhere in these components.
Since there is nothing new in thesg comﬁonents and since
they were obtained from outside the univer§ity, little

‘attention will be given to their design: The remainder af

~

the receiver sygtem'was degigned and‘built as part of the
work of this thesis. The bandpass IPF transversal filter is

intended to equalize most of the linear amplitude and phase
distontion,dué to the wvarious .components of_‘the radio

_eqdﬁpment while the adaptive DFE is intended to egualize fhg

small amount of resiaualrequipment diétortionl'and of
. ; . . ) -
course, the time Varying_iistortion due to the muytipéth
channel. ) * . ’ | "- .

. The bandpass transversal filter is impzementéd iﬁ

-

modular form with one complex tap per module so that taps

‘may be easily added or taken away as'rgquiréd for

experimental purposes. The DFE is implemented using five .

= ) . ’ ) “—"'“"'-‘\
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synchronous complex éorward taps and five qomg}éx backward
taps. As is no;ed in Chapter 1, five taps are used in both
~directions so that a 40d8-nopgh [30] due -to multipath fading
may be équalized for{£igh SNé‘s. A%so,‘it'%é anticipated
that in the microwave féding‘enqironment a; inéfniﬁe notch
can be equalized Qith this Structureu

-_Béfore outlining thé oréani:ation of this chapter a
few of fhehgélient‘féatures pf the DFE will be described. A

block. diagram of the DFE is_shown in "Tigure 2.4 and the

assocliated synchronizatiof circuitry is shown in Figure,

-

3.13. The DFE's tap-weights and the saﬁpfing phase are
édjust%d te minimize the beak error distértgon and thé mean
sguare error distortion respectiveI;.‘The equalizer tapj
weights are adjustéd digitally usipg Lhe-up-douwn countg?
method of Lucky [39] in afdecis{on-§irected 5ode. ?ﬁe
sampling phase is also adjusted dfgitﬁlly by the same Jp-
down counter method, but according to the produét of the
slope of the unsampled equalized’data with the decision
error, as suggested by Chang[4lj:and Kobyashi[42}.}80;hvthe

tap-weights and the timing prase are adjusted according to

+

symbol interval, that is every 44ns. In addition to

adaptation of the tap-weights énd timing phase, the DC value

»

at the guantizer inputs is édaptively,adjusted to maintaih

the summation of the estimation errors at zerc. This is also

-

done using Lucky's up-dowq'counter method. Ohe last feature

i

information obtained from the received signal in*® every
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to be mentioned heée is‘the fac; that the on-axis and
Eross—axis fap—weights affecting one .axis are adjusted 
separately fcqm the on-axis and crosg-axis tap-weights
affecting the other axis, so ghat a total of 40 tap-weights
are being/ééjusted. In this chaéter all references to tap-
'weiéhts are feal valued tap-weights, and aﬁ "on-axis" tap-
weight refers to the real part of the complex tap-weight
used in/ggaptEr 4, and a "cross-axis" tap-welight refers to

I

the imaginary part of the tomplex tap-weight used in Chapter

—

[y

In Section 3.2 the first part of the receiver up to
the_ggfput of the IF AGC amplifie; is described. In Section

3.3 the bahdpass transversal equalizer and demodulator are

-~

Jdescribed. In-Section 3.4 the implementation of the forward
-equalizer (FE) and baékward equalizer (Bé) tap-weights and
the quantizers are desc¢ribed without concern fd; the
adaptation of the equalizer tap-weights or carrier and clock
recovery. In Section 3.5{ 3.6, 3.7, aﬁd 3.8 the paraméter
adaptation, sampling phase-.estimation. carrier phase
estimation and differential decoding are described. 1In

Sections 3.4, 3.5, and 3.6 special attention is given to

rationales for the design alternatives selected.

3.2 Receiver Front End Implementation

The RF filter, RF AGC amplifier, and downconvertor

are constructed as one unit and were obtained from Raytheon
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Canada Ltd. The RF filter isLa low insertion loss five
cavity waveguide filter .and contributes little to the -in-
band frequency response ané to the signal pulse shaping.
Its ma&n purpose is RF multiplexing and rejectionxof the -
receiver imaée frequency, etc., sihce it isla super-
héterodyne recéiver. The ﬁF AGC pre—amﬁlifier provides-the
receiver with a noise figure 0of 3.5dB. It has an AGC
'included méinly to grotect against.up;fading (incredses 1in
receive signal level due to éonstructive‘iﬁtefférencé of the
multipdth) fhich could®™drive the RF preamplifier into
saturation. The déwhconverter, converts the 4050 GHz
received éigﬁal to an IF frequency -of 67.5MHz. This_'
frequency is nonéstaﬁdard and was chosen‘bécause it was the
third harmonic of the symbol clock rate which would allow
tap-weight adaptatién of tﬁe IF bandpass-tranS?%fsél
.equalizer without the complication of having to resolve the
on-axis and cross-axis Eap-weights ‘with respect tQ‘ a’
'[Qifferent phase‘for each tap of the bandpass transve:sél£ 
equalizer. "

Thé IF filter was not phase-equalized. as stated in
the introduction. This filter was built by Allen Avionics
Inc. The purpose of this filter is to provide rejection of
the adjacent channel, and to provide an app;oximate noise

match to the transmitted sjignal when there is no multipath,

AS wWas stated, in discussion of the transmitter filtér

design, the noise mismatch loss even when the receiver
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‘response is de51gned for zero ISI is only 0 GdB 50 that by

. choosing the 348 bandw1dth of this. f lter to be sllghtly'

4

:larger than the transmi ted 51gna1 s 3dB bandu;d*h and-

approxzmately equal to the zero ‘ISI -receive ‘1lter 3dB

bandw1dth the neise mlsmatch should be approxlmately 0.6dB

and the remaining ISI due to the equipment and not the:

multipath is left to be equalized by: thé‘baﬁdpass

transversal agualizer. The measured amplxtude response of“

. the filter is shown in Figure 3. 2
The IF AGC amplifier which was obtuihed from

Watkins-Johnson Co. 'has a 55dB AGC rangé. It was modified

-yl

to operate at an output power of —3dBm to obtain betterf

linearity. Its normal output power was 7.5 dBm. ”7*

.

-
—

3.3 Bandpass Transversal Egualizer Implementation-®

~ -

A block diagram of the bandpass ttansversal
equali;er is provided in Figure 3.3. The symbol period
delay elements were realized by .using coaxial cable
sections. In order to provide isolation and t¢ ﬁ;intaig
signal levels_ét each tap, integrated circuit amplifiers of
about 104B gain were used with each delay element. The
complex tap-peight multipliers were realized by splitting
the signal into quadrature components and murtiolying using

twc DC controlled double balanced mixers which are designed

specifically‘for gain control applications. The mixer

»
"
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outputs are summed and amplified to provide én adeqﬁate
boﬁer level for the demodulator. The mizxer attenuaﬁﬁ:s can
also be controlled by an external DC voltage but no use was
made of this. Two delay elements ang cdmplex‘tap~weights are

buiit per circuit card so %that taps could be added as

desired,
3.4 Bemodulator, Ferward, and Backua{d Egualizer
Imolemention
. i
* The IF received signal enfers the demodulator after:

having passed through a fixed matched filter(matched Lo

transmitter spectrum), an AGC amplifier and-a manually
H .

adjustable transversal equalizer. High level mixers used for

demodulation are operated more than 10dB below their 148

compression polint to make nonlinear distortion

h s

insiénificant. A quadrature hybrid which provides coherent
f:eqﬁency references for the mixers is not critical in its
phase balance since in the DFE the tap-weights,affecting the
I-axis and the tap-weights affecting Q-axis operate
iﬁdependently and will cokfect ah? phase imbélang%fin thé
demodulated signal cf less tﬁan 10 deg?qes withoué
significant noise penaltyi After demodulation, low pass
4

filters are included oﬁly for removal of carrier feedthrough

and unwanted mixer products.

B 3



. five taps, and the quantizef is given in Figure 3.4. The
‘demodulatgd 49QPRS signals at the forward equalizer (FE)
inputs have a 99% p;wer bandwidth of approximately 11 MHz, a
.symbol period of 44.4 ns and 7 aﬁplitude levels. Since the
partial response signals are confined to the ﬁyquist
bifdwidth and since the sampling phase is adjusted to
minimizg_the MSE, £fractional tap spacing }s not considered
and the FE taps are spaced at 44.4 ns intervals. The FE is
an analog continuous time implementation. The main regsbn
for belng anaiog is due to the backward equalizer (BE). The
"delay in the feedback loop has to be less than the 44.4 ns
symbol period and the add‘time for a five tap summatipn
using MSI ECL takes %Loo much of that timp to keepthe toﬁaL
loop de}ay uncder the symbel period. This 1imitatioh(will
:likely exist for DFE's with three or more backward‘taps
|
until suitable LSI GaAs devices become available. To"
continue with the FE description, the delay elements are
realized by the use of miniétg;a 100 ohm transmission lines
which are wound inside an epoxy.encapsulated cylinder and
are printed circuit board (PCB) mountable: The gip delays
are realized by using.nominal delay élements of 40ns and 5ns
and selecting vélues to get within 0.5ns of 44.4ns. Since

all the delay elements foE the FE are connected directly

without bu@égfing i1t is critical in attaching the
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1 mﬁltipliers and in terminating the ends of the transmission )

" ‘ . .
.line not to cause any mismatches. Echoes formed over three
) i

guarters or more of the eotal line length would be cutside

-

the range of the DFE ang hencerbou;d n6£ be qualized by the
DFE. The input return loss to the aeléy_line strucfuge wag
better than 27qs'up te 11.25MHz. Single cpip linear Iour
‘quadrant multipliers are used )for éap—weight multiplicatio&.
Figure 3.5 has a partial sche&ggEc of one of the tap-weight'.
multipliers. The coupling capacitor at the multiplier output
is chosen so ihat éhe power-of the blocked low frequency
signal is more than 6083 below the total. power in the
signal. The summing of multiplier outputs is éoﬁe by paésive
resistér networks andjﬁhe resulting signal loss is made up
-with single chip.differential amplifiers. This combining
netwogk and amplifier schematic are shown in Figure-G.S.
Generally, throughout the DFE, differen£ial inputs angd
ocutputs are used to minimize distertion and interference
from other signals. A photogrdph'oi‘the circuit board
céntaining the FE is shown in Figure 3.8.

The output of the backward equalizer (BE) is combined
with the seven level FE outpdt to produce a four level
signal at the quantizer circuit input. As shown in Figures
3.5 and 3.7, thé FE and BE outputg,gre both summationé\of
the in-axis and cross-axis tap—deights. Quantizing and

sampling are performgd by a four bit A/D convertér which is

capable of 100 megasample/s rate. A differential amplifier
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with a 3dB bandwidth of 90MHz is used preceding the
quantizer to obtain a suitable signal amplitude at the

quaﬁtizer input. The high bandwidth is necessary to obtain a

small enough delay time for thé feedback data. A schematic

of the summer, make-up amplifier and the gquantizer is given

in‘Figure 3.6. The two most significant bits represent Qhe
decided symbol while the third and fourth most significant”
bigs are the sign and magnitude‘of~the difference bhetween
the.deciged symbol and the equalized symbol. ‘

Several methods ¢f implementing the backwa;d equalizer
were considered. As discusséd earlier, the.bropaéatidn deiSy
of the quantizer, tRe BE, and the summe@ﬁpust'be lessfthan
the syﬁbol period o§'44.4 ns in order éh;t thé previous
deéision§ will be available in time gt.the quanfizgr input:

(The delay element in the feedback‘path of Figure 3.4 has a

delay which is less than 44.4 ns by the amount of the

. inherent circuit. propagation®delay in the feedback path.)

. As stated earlier, the delay requirement made a digital

imblementatioh_impossible.using ECL logic. The maim
ﬁottlenecklin'a digitai implementation 1is the summation -of
the output.gf ten on-axis and cross-axis tap-geights. Svén
with thg maximum degree of parallelism and pipelining, the

four levels of addition necessarf to add ld tap;ﬁeight

-outputs would take almost the whole 44.4ns of the maximunm

delay time allowed. The remaining alternatives were two.

First, a digital to analog converter_(D/A) could be used
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< 1mmed1ate1y after the quantlzer and then the FE structure

could b used for the backwag@ equallzer (BE). Second “the

digital" output of the guantizer could be passed through a

shift reg;ster (to~ proglde the necessary delays) and the -

L3

. . . . . , 3 . .
tap-we1ghts could “be 1mplemented asfmult1p1y1ng D/Aﬂs The

-

flrst method 1s less costly since fourqquadrant multiplying -

D/A's at thlS speed are more than ‘our tlmgs thefgost of the

~

analog four qnadrant mul 1p11ers used, however. the secohd

-
: =

method is used because the margin on the dele?'time
. ' ' . 0
hrequirement is much better._?he four quadrant multiplying

D/A's are constructed by using two fzst D/A's with 10 ns

conversion time and one 10w cost, low speed 8 bit D/A.

Figure 3.7 is a schematic of the m%ltipi}ing b/A‘used to
perform the hackward tap-w%ight_mult&Piication. The low
speed_D/A cohverts the-tap—ﬁ;ight ﬂ?lue whiﬁh is in B bit
digital form'te two complimehtér& current. sources which are
used as the reference currents for the two high speed D/A’'s.
The high speed D/a's each convert the two bit decided symbol
values to analog forp.'g§ subtracting the. two D/3 analog
outputs, the DC components dde‘to the digital inputs are
. both. removed. This removal of the Dé‘component is important,
~since the DC component varies from_symbol to symbol and the
only other way to remove it wodld be with an op amp which
also-would have too long a delay time. The outputs of the
multiplying D/&i‘s‘are combined. using a resistive combiner,

just as in the FE, since again, that is the only way to do

3
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3.5 Tap-Weight Adaptation

66

the 5ummétion in a short enough period of time The total’

dec151on feedback locp delay obtained was approxlmately_

l27ns. The quantlzer A/D took 6ns the tap-weight multiplier

teok Bns, the make-up ampllfler driving the quantizer a/D

Yook 8ns, and the physical length of the loop caused Sns of

‘delay’ : ‘ o _ -

The portion of the DFE described-so far (shown in

Figure 3.4) is contained on six S100 gl30mm by 254mm) sized

PCB's and one l'20mm by,  160mm PCB. The smaller board-

contains the demo?ula;or and low pass filters but not the

carrier oscillator. Two:S100 sized boards {shown ie Figure
3.8) are used for the4forwafd equaiizer -two (shown in
Filgure 3.8) are used for the Eackward equallger tap welghts
(the multiplying D/A&° sy, and two (shown in Figure 3.8) are
used for the - gqguantizers and backwar@ equalizer shift
registers. These last two EIso contain all the gradienf
calculations for the forward and backward‘tap-weights:an&

for the clock and carrier recovery’ loops to be discussed in-

the next: two sections. : '

Adaptive algorithms which have been developed for

‘the adjustment of tap-weights are usually analysed with

respect to stationary received data. However, if the rate of

N

change of the channel due to multipath is very slow compared

with the symbol rate of the system, then the adaptive
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algorithm can track or Flearﬁ“xthe cﬂanging chénnel'
'-.character;sfics as time progresses.' Bellq{éS]'fas
characterized fading channels by ;heir,delayiépregd aﬁd
hpeir Doppler spread. Monsen has described the "learning
constraint” for.a fading channel as follows; In order to
sucéeésfull&_track the changing channel. conditions, the data -
symbol fate should be muﬁhlgreater than the Dopplef
ffeduency spread dﬁe to the.multipéth. The Doppler freguency
spread due to the multipath in é microwave channel has been
determined to Be in the crder of one Hértz[69]. Since the

»

syﬁbol rate of .this system is 22.5 MHz the data symbol rate
exceeds the Doppler spread by-107-times, and there is ghch
more than adequate time to track the changing cdhdf{;ons.
" This surplus in\ﬁracking capability can be-used to
advantage, by tradiﬁg off some of the pgtential tracking
-spegd for ‘a reduced complexity adaptation algorithﬁ. This is
importéﬁt, since with a symbél period of¥44.4ns there isn't
much time fdrany degree of complexity at all.

‘Three different algorithms were considered for
adaptation of the tap-weights. These were the Least Mean
Squgres (LMS), a decision-directed zero forcing (ZF) of
Lucky[392] and George.‘Boweh. and Sﬁorey[38] and a modified
zero forcing (MZF) of Hirsch and Welf[{70]. The zZ°F algb:ithq
was invented by Lucky [39], but George'ét al. [3B] were the:
first tg apply it to a DFE. The LMS algorithp 1s feasible,

hoﬁever. it adds an extra degree of complexity 'in the area
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-~ .
~

) ' C. =
of the FE taps and it would be .necessary to use an anailog

implementation of the algorithm. ﬁucky's method, to be

considered, is the one bit quantized gradient method that is

. decision-directed and that uses binary up-down counters to

accumulate the one bit gradiéntcestimates before addusting-
the tap-weight. Thls method offers. extremely simple gradlent
estlmatlon and the posszb:llty of all digital implementation
of the tap-weight adaptation, although the accumulators are

more complex than an analog ihtegrétor when MSI TTL is used.

. Hirsch and Wolf considered.Lucky's method (the- one under -

consideration here).and found it :to be unsatisfactory in

their application of a linear egualizer to vestigal sideband
data transmision over telephone channels[70]. They deriyed a
modified zero forcing (MZF) algorithm.which Gorked well.
Their MIF algorithm couid also be.vtewed as a modified LMS
in that it could be obtained from an LMS.algorithm by Simply
appiying the signum function to the input data values and
estimated.érror.éuantities in the estimated gradient
calculation and then using an up-down countef accumulator

for the one bit gradient as done by Lucky. George, Bowen,

- and Stétey[38] considered the application gf both the MZF

(using the name applied by Hirsch and Wolf)_ and the IF
algorithms to a DFE and to a linear equalizer. Their results

were opposite to that of Hirsch and Wolf in that the 2ZF

.algorlthm was faster 1n acquisition and provided lower MSE

in all cases except the low SNR case for the DFE where the

~
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MSE_W&S'comparable. also as'one ?ould expéct, tﬁe DFE was
. better than'the linear egualizer at low or high SNR in both
acquisition time and MSE. This difference in resuité could
be due to differences in modulation or to differences in the
édegree of channel digtortibn. It has been observed [52] that
~decision-directed acquisition can ha?e problems'wheﬁ thé
data eye is initially ciosed and it has peen shown by
analysis [71] that a deciéion—directed asquisitiqn can
.converge to undesire@ #ap—weights for long but finite
periods Bf time. Thereore, i; might be wise to.consider the
speed advantage ;eparted by George et al.{38] more as a
. t;acking advantagé rathér-thah an acquisition advantage,
when more severe channsl distortions'are'cdnside;ed. If more
severe channel distortions were to céuse problems for
traéking of the ZF algorithm, these might be‘expected to

‘materialize for the linear equalizer and not the DFE since

there is no distinction‘between ZF and MZIF with respect to
the BE portion of the'dFE. For this reason and becéuse
aecision—directed adaptation is easier to implemen? than the
ﬁQZF'adapta;ioh, it was decided to use the ZF algorithm.
Since the digital radis application typically has high
SNR‘S,‘ahd the ZF algorithm and LMé algorithm provide the:
same performance at high SNR, .the ZIF algorithm is favoured

over the LMS because of its lower complexity and ease of

éigital implementation.



A sihplifieg d%agram oi:fhg,tapiwéight adaptation
processfis_shgun in Fiéure 3.9'fo?ithy tﬁq,fo:wérd and t%o
batkward tapg as inJFigure 3.4. Thiéiié an implementation of
the ZF algorlthm u51ng a one bit gradient estimate which is
:the same as that gonsidered by George et %-.L38] Wwith the
exéeptions that- Ehey considered binary basebadd
transmission and hkad no carrier recové%y and also seemed to
‘havé used hard-gired_;iﬁiﬁg. .

There ié one‘remainind feature pf'tﬁe tab—weight
adaptation to bereseribed. In Figure 3.9, derivati&n of
tap~-weights 1Is shown to. be dependént only on one or the
other of the I-axis or Q-axis error signéls instead of the
complex error signal which includes both the I-axis and Q-
axris error sggnal. In genéral,'for a complex baseband signal
the gradient is a product of the complen data and the

.
complex error signal. anwle@ge of the signﬁéf the real and
imaginary parts of-the compléx errbr signal is not
sufficient to determine the sign of the.real and imaginary

parts of the complex gradient. To aveid this problem, and

for another reason to be discussed next, two sets of tap-

'

welights are derived; of which, one set.is dependent snly-on
the I-axis error and the:;ther set is dependent only on the
Q-axis error as showﬂ in Figure 3.9. The tap-weights which -
are adjusted according to the T(Q) axis error signal afféct

the I(Q)-axis equalized data. The big advantage of doing

this lies in_the'abiiity of this implementafion to correct

g“.
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any small amount of gain or phase.imbalance introduced by,

S

modulation or demodulation or to correct fcor linear
distortions occurring in the baseband portions of the system
including the equalizer itself. For five forward and-five

backward taps this doublez the number of correlators -

‘required from twenty to forty. )

. The circuit implementatiBn is now described.
Referring to Figure 3.9, the.qugntizer outputs two pi:S'for
gach dgta sfmbol‘and'two bits which represent the sign and
magnitude of the.differencé-betwéen‘the equalized four léve;
daté and the decided data. If the decIsions are correct ﬁhis
1s the error in the receiveé equalized data with %espect_ﬁo
the trapémitted éata. The sign of the decided sémbols is-
shifted throggh a.shift fegistef.'The sign of ﬁhe efror is -
delayed so‘that'the first and second taps are the future
and present data and thé-third and fourth are the pagt data
withf{espect.io the efrorl Tﬁg éigﬂ.bits are then mulitiplied
USingiexciusive-or gates to obtainlthe gradient for each
tap—weightl F-Y gr;dient is céiculatedAeach ;gmbol period, The
éfadient.informatidn is then accumulated using the up-down
EOunter method of Lucky, which will now be described. The
up-down counter is énitially set to C. If it.counts to 2C or
'to 6. an 8 bit tap-weight register is incremented or
'decrepented and the cguﬁter is reinitialized to C.

_ The.action of the up-down counters is as'followé.

Assime a small positive error € in a tap-weight The =--.

; . 7 i
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efqbabglity Pg ofpe.cee;eq;.gradieﬁﬁ'indicatien
eorresponding-to that tap—weight'may be only sli&htlyr
g%eéter than 0.5 due to thermal noise, residual ISI aﬁh
misadjustment noise. If. the valué of C is large enough then
the probabllzty of a correct adjusement PC pf ;he equalizer
tap 3pproaches very closely to one andg the tap- NEIth‘
adjustment neise is T'educ:eci of course as the-value of C is
1ncreased the average tlme be;ween adqutmenis-is_longer and
the algorithm tracking speed is decreased. Lucky [39)]
obt alned approximate expre551ons for these relatlonshlps

The p;obablllty Pg of a correce gradient indication is,

. : 2de L '
P = 0.5 + P_<0.01 {(3.1)
g 2n0* © ‘ - E
where . 2d is the distance between signal states

€ is'a emall tap—ﬁeight erfoé
¢ is the variance of the thermal noise, and
- resifiual ISI at the decision circuit input which is
assummed Eo be Gaussian with zero mean . ‘
Pe is the probabilithof symbol detection error
The prpbebiiity P, that the tap-weigﬁt is adjusted in the

correct direction is {397,

- - *

Pe = 1 —((1-Pg)/Py) | ‘ | (3.2)

. close to"One. The mean number of counts (baud

intervals) K between tap- welght adaustments is[39],
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K= (3.2)

T 4de
for P clo;e to one.gs the tap-weignt error gets large the
probability of the gradient sign being correct goes to one,
provided that the B;R is less than aaproximately 0.01, ané
the mean number of counts betweem.tap—we{ght adjustments
go==s to C. As*the taé—weight error‘goeé to 2éro. the mean’
number of'baud intervals betiteen tap-weight adjustments goes
tg C*. For an approximate worst E&ée'SNR‘of‘around 2048 and
téb—weight érror pf 0.005, to achieve a probability ¢f‘
correct tap-weight adjustment 5f 6.95 a value of C equal to
60 would be required. For convenlence, a value ofjfés was
used. For lafger tap-weight errors at the high'SNR typicali

Al

¢f a microwave channel, the mean nunber of baud intervals

. between tii—weight adjustments would be 128 and a tap-weight

c;uld hypothetically track over its full range in 2x128§:

baud intervals which is abou: l.4ms which is more than

adequate, cpnsidefing the- Doppler spfead of the channel:The

counter is designed sc that the value of C can also be

ceasily éet to B, if desired.

'::Ifgyas decided to use 8 bit quantization for the
;ap—weighté for two reasons. - George et al. [38]found in
Eﬁeir.simulatibn of an adaptive DFE fqr & cable channnel at
low SNR that when the signal was-quantized to B bits, & bit
quantizéd'tapfwgight values were just sufficient..but when

the signal was quantized to 10 bits the resulting
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quantization required for the tap-weights was only 6 bits.

Since we are considering an analog represenfation'of the
signal, it seems then that 8 biis should be sufficient.

Then, because of the Convenience in &igital' implementation,

.8 bi=x quapt?zation was used for the tap-weights. The 8 bit

-tap-weight 1is converted to analog, form Zor tap-weight

“mulfiplication using a D/A as shown in Figure 3.7 for a BZ

- . . . ) C -

tap-weight™ : : : :

The forty correlators are implemented using ECL and TTL
logic. The accumulator portions are built on ten S100 sizeg

boards as shown in Figure 3.11a. The gradiént portions of

-

the adaptation circuitry are included in the .two quantizer

N

boards shown in Figure 3.8b. Obviously, ¥he buik of the"

components are in tke accumulators. a ¢

3.6 Carvier and Clock Recovery -

The approach taken in carrier and clock recovery is
. ‘ oo -y . .
Lo Jjointly obtain.a minimum mean squared error ¥n the DF

»

[ &3]

’ » ’ . ,,:‘ -
"owmiput with respect to the carrier phase, the clbck phriase
. 2 . -
o N :

and a minimum mean peak error .(b¥cause of zero fo;cing@fﬁgﬁh
respect to the D?é tap—weights. The ﬁMS; approécé;is taken
because Niézgoda[64] determined fhat Mue%ler's "A" algorithm
[76)] Eeg;adéﬁ the MSE by more thaniag order of magnitude for

s0me cases of multipath fadipg relative to the MMSE
d¥termined clock phase. Niezgoda [64] also cemonstrated by
simulation that an LMS based joint clock phase and tap-

i -



- b -

-

weight adap ;ve DFE with five forward angd £ ive backward taps.,

K3

coa1d urack in elther direction between mlﬁlmum ahase and

non-minimum phase regions of the multipath model. To use_the'
LMS algorithm, it isS necessary todGerive a gradient of the.

. . . - [

- b S

W

MSE withWresgect to the-cafrie:-phase erzor.

nd clock phase’’

error. an is done with. a method 51m1 ar to those of

.

Chang[&l’; Kobayash1[42] Saixer[éS],-qnd Falconer[462;

7]
3
(87

'Two;timing fecovery methods are éhown in. Figure '3.12
- . ‘-

igure 2.13. These methods are 'similar. except that in

g

it
e
1Y

first case the gradients are ufed .from both I and 9-axis and

the gradients are filtered by -an analog low pass filter. In
o . ;

, - . . £
the second case, gradlent 1nformatlon from’ only one ax¥s is

used and is accumulaeed by an Up-doun couweeL method, which

is the same as that used fog the tap—we:ght adap ation. Both

.

these methods were tried on the lablratory system and the

digital method was fgﬁnd to be superlor. More will be said

o about the'performance.of each loop in Chapter 5 of this-

thesis.

- ' Now,. the details of the clock recovery
"implementatioﬁ will be . given. A one bit slope detector for

clock recovery is obtained by using a high Speed compabaeox

B -

‘to compare the unsampled equalized algnal 5ns hefore and Sns’
after the sampling instant.. & one bit error estimate 1is

i . .t Loy . - s
obtained using the third most significant bit.of the four

.

bit A/D used as é'quantiZer. The gradient as ‘orned by the

exclu51ve -0r operaelon on the slope and error bits and the

- emec Tmmr . [

<
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z .onelnit gradieﬁt is accumulated gsfné the séme up-down
counter technique-as used for the'fap—weignts, with tﬁe

n . value of C,eﬁdal Eo 128. an 8 bit'reéister is used to hold
- the estiméte of the clgck-frequenéy. A D/A gs used to

N - . control a crystal contrclled c}bck VCC -through an

-approximate differehtiator hetwork. This nétwork‘respondg-:o

a stFp change in the D/A output to cause.a‘sﬁort term

adjustment of the cléck'bhase-and‘a lbng.term aajuéﬁment of

. the clock frequency. fhe.D[A in;erface to thervcé is shown
in Figure 3.1¢, ' _? “

The gradidnt for the timingrrécovery_looﬁ is
cbtained on the gquantizer circuit-board';hown in ?igﬁre 3.8b
where all other-gradients are cal;ulated. The gradient is
aecumulated iﬁ the same type of accumuiatAQUCirc'it boarc as

was used for the tap-weights and is shown in Figure 3.11la.

4.

" The clock VCO is contained on the circuit board shown in

Figure 3.11b which also contains all the clock distribution

circuitry, the differential decodér, ané the four hit
- . -parallel to serial combiner which recombines the data into a
- 20 "Mb/s data .stream. The complete baseband system is shown

e

in Figurenilllc:‘Contained‘;n the SlOO';ard bex is

. - - )
.. : . . L .
- everything from the demodulator mixer outputs‘to The 9t
-~ =~  Mbys.data output. ; :
-0 AN . R D .
T s A s = ' e
~, e N s .
R
.- ——
'ﬁ‘q‘ - - L



3.7 CarrYer Recovery T

L\

. . Pl

Two methods aYe proposed for‘implemeﬁtation of
carrier recovery and ‘are shown in 1gures 3.12 and 3.13.°

These methods are proposed since carrier recovery has not

- %, .
L ] .
been 1mp1emented vet, for a number of reasons. Since carrier

I
rt

recovery.is only required for frequency.estimation o he

r

carrier (this is explained shottly) and not carrier p e,

0

id

+

the logical course of implementation gndé cdebugging ©f-=he

laboratory system was to get the clook rzecovery and tap—

M

weight adaptapion'operationEI using a arbitrary phase hard-
wiregd cérfier. At the point that this was accomplished, it.
was apparent that there were.several hardyare'implementation
problems existing which'woulé Liﬁit the possibility of
succeééfully operating the carrier recovery system without

conside&abfe hardware modifications. Due to theseubroblems,

S
-

and because the results obtained with the hardwired carrier
./_‘ - ..

were Significant, it was decided to write this thesis on the

basis f a system which is fully implemented with the

exception of carrier recovery. The carrier recovery method

¢=1n Figure 3.12 is a traditional decaszon~;eedback type The

dlfference;\between the two methods are: first, in Figure

~

'3.13 the present decided Q-axis data is correlated with the

present I-axis error instead ¢f the present estimated I-axis
data; second, in Figure 3.13 there is only half the
traditional structure} and third, in Figure 3.13 the

gradient informétidn is_everaged digitally, by the up-down

i



‘counter methcd. For the tirst diftetence ncte
metqus are equ1va1ent 1n the sense that the correlatlon
estlmates are the same. ThlS can be seen by. observzng that
~the decided I—axis data is uncorrelated w1th tm\/uec1ded
Qfaxis data and may be subtracted from the estimated I-
axis data without changing th; correlation. This means
7-that the gradieﬁt‘for carrier estimatich'isAequivalent to
< .
the gradient for the IEst forward tap cross-axis tap-weight.
This is not surprlslng since any arbltrary phase error 1n1
‘the carrier oscillator can be resolved by the equa11?er
ptov1ded that tap-welght adaptat}on can Ltrack the
difference in frequency'hetween the signal and the
oscillator. This causes a a ndn-uuique MMéE soluticn when
the carrier phase is included wuth the tap-weights and is
demonsttated mathematically in Chapter 4 and is discussed b;
Falconer[46] Assuming that the magnitude of the last tap

N

complex tap-weight in the FE never goes to 'Zero then the
ambiguity can be removed by sett;ng the last tap cross-axis
‘ tap%meight-in the Q-axis and I-axis sides of the FE to zero.,
This applies to the structure in Flgure 3.127 For Figure
3.13, only the cross-axis tap- welght affectzng the I-axis

side. would-be set to zero. with respect “to .the second

differehce noted, the reason for using the structure in

]

F1gure 3.13 1nstead of that of Figure 3.12 is the same as
dzscussed in the last section. That 15, the carrier phase

would be adjusted to minimize the I-aXis error, while the-
. v .



cfoss—a“iﬁ tapLﬁeight to the Q-axis side minimizes the Q-

akis'error and because of this independence of ad]ustment
gain and phase imbalances in the system can also be removed
by. the equalizer The implementation of the carrier recoveryl"
"loop suggested in Figure 3 L3 is  favoured becadse of, tne
experience gained with the clock 1oop, the advantage.of”
1ndependent I -axis and Q-axis adjustment, and the ease of
implementation. However, a|definite conclusion'onlthis will.”\

have to wait for experimental verification.
N S |
3.8, _Differential Decoding and Data Combiner..

s

Implementation:
. ) v «

The differential deoodind is the invefée operat ion"
to the encoding pProcess done in the transmitter and also
combines the parallel data streams back - into one seriali
90Mbit/s data stream. & Significant difference between the_
transmitter encoding and the receiver decoding lS that the 
encoding operation is a sequential Circuit uhereas the
-decoding operation is a combinatorial circuit. Again ‘a PROM
look-up table_is used and, not including.the timing~
circuitry,e'only_four_chips are used. A functional Block. .
diagram.of the decodef and data combiner is.shown in'?igure
3 14 along with the analog portion of the clock recovery'

loop
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CHAPTER 4 . R

STABILITY OF THE JOINT ADAPTATION OF‘TAP:HEIGHTS4

a"l:

o coe _SAMPLING PEASE, AND CARRIER.DHASE .

. .~ 4.1 _  _introduction

- .
- -

- <" " In-digital ‘radio communications systems. three very
important functidns.are carrier recovery, clock recovery,
o .%% and data equalization.’ Most high capacity systems use

....

-

reference ' pilot; so that . adaptive carrier .phase and timing
phase ..systems are-reguired. The presence of time wvarying
myltipath. .~ distortion  reqguires the use ‘of adaptive

I

. .~as adaptive antenna arrays or even combinations of the | two -

rd

. e

-

radio'r systems,. ‘the usg of &n adaptive- antenhan‘array

;ﬁcdmmonly' ;célléd' ‘space. diversity') -and an  adaptive

frequency domain egualiZer 'have  been - favoured bver an

r »

adaptive’ time - domain equalizer. In the “second generation”

'of‘digital microwave radios three have been’ ugedﬁl,lﬁjf ‘As

PRI - [} -

mentiqnéﬁ ‘earlier, it is the intention 6£-Ehis?tbe$ié' to -

‘pursue ~the .exclusive use of time dcmain':éduaifzdtion for

correction of. the multipath -distortion .ekperiénced:- in

mié;owavé/radio communications. Without the .benefit of space

87

suppressed carrier modulations and.have no ° symbol time |

- ®egualization- or some other adaptive.gorrection method such’

. methods. 7 In  the” "first generatiom”.of dJdigital microwave.



-aBsence of-any theorv descrlblng stabllltv’ conditions for

.-for the equalizer'aﬁd'the timing recovery. The -tap-weight

.-
’

L i K 88" )

- - ) . - -

divers;ty_antenﬁeé,and agaptive frequency domaio'eouelizergﬂ
the demands placed -~on the carries 'end-_ciook retovery-

functions are greater as are, of course} the demands placed

- on the equali;er itéelf, For thi§-feason, a_cloq&‘reCOQerﬁ
mefhod -which operates jointly with the Jdecision feedback ,'{”

‘equalizer(DFE) -to minimize the mean squared error(MSE) was

used . in the laboratory experlment This method was first,

-+

‘suggested by Chang [41] and later Kobayash1 [42]'._ her

v

popular clock recovery methods have been shown [64] to be an;

_order or magnLtude worse in MSE than -when a jomnt minimum

"Msz (MMSE) approach is used., The most difficilt problem

encountered in the design of the experimental radio was the

.jOIntlv adapezve carrier phase, tlmzng phase, and DFE. This

'lack or_theory.pas prompted the work in this chapter.

First, in this chapter, we will briefly review thé.

basic . theory for MMSE adaptation of a tranéveréai.equalizer

‘and then * express the operation of the DFE - in the same
-hotation s0 that the results will be applzcable to both

DFE's aﬁd transversal equalzzers (TE). Next,-we will exémine

the gradrents with respect to tap-weights, sampling phase,

and oerrier phase and show that minimizing the MSE with

. respect t0'tap—weights_ also minimizes the MSE with respect’

to the carrier phase for any arbitrary carrier phase and - we

are then 1efthith two equetiﬁns-to solve for the.joint MMSE

il
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'gradienﬁ and timing phase gradient aze thenféxpgnﬁeﬁ By use
of Taylor's series to expréés the gradients as a furfction ot

-
. o}

tap-weightf or . WEIght error voctor and timrng‘phase .error.

Thlb allows us to express Lhe system adap#a fon as a single

matrix equation in the form of the . steepest descent
. - . L%
algor1 hm 0r the expected value of the LMS algotithm. The, |
§ " kY B :

adjustiment matrlx of thls rocur51ve equation 4s a non-

- ¥ L L. [T
R + - - .

. Toeplitz, real symmetrlc matglh Theugeal'pargmetér vector

-

- . - =~ - . LN
'o{‘;heéequationfcontaLﬁs Qhe:real and 1mag¥nary parts o the
“tapawelght error wvector .and';hE'"sampling na Se erYor.

‘ hnow7edg9 of thP eﬂqenvalues of the adjustmént matrix, then
ues . ..

provides us+ & meuhoc of predlctlng the stability of the
joint adjustment. Aigorithms which use instantaneous wvalues
or short term Lime averages as.estimates of Lhe cradiént ars

then briefly. diséussed. Finally, he ezgenvqlups of the

. * e C ¢ , R

joint adjustmient mahtrix -are calculatpd for an ideal sy'stem

0 * ' - - N ' . r . - " M - hd -, 3

in  the presence of multipath fading, ~as characterized  hy
~ Rummler's f£ading model. . .
- . . M 1 .

. . R .'. T e ’ n ' ‘ ._ * .l '.'.J .
. - Throughoul this chapler Lhe nolation used 15 similka:

Lo that used by Haykin[68].

4.2 ° ._Svstem Definition

~be considered:

-

The complex received data signal

\'u(t+ﬁn+M11)T)exp(j®)
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enter

3 ) . :;.t 9 l N

S. an M tap transversal equalizler, referred tJ_as ‘the

 forward equalizer (FE). The FE Qﬁ*puf is fhen summed w;th'

the -output of an N tap transversal equalizer . cdlled the

' backward equalizer (BE) to obtain the quantizer .input

-

]

z(t,h,a):as follows,

»

‘ . M-1 ”~ . B
~2Z(E)n,0) = T ap u(t+(n+k)IT) eN(jo)
o . k=0 ) ‘ S
(4.1
B -
+ I 'b] d(‘n—j) gT(t—nT—ts)
J=1

é(nig  is the complex decided data at time n -

ay i5 a FE complex fap—wéight_

) : T ) : -

bj o is a BE complex tap-weight

gp(t) =1 _ for .=T/2 < t < T/2 /’ s

=0 elsewhére

-

It is assumed #n ‘this chapter that decisians are made

witho
trans
will

';repge

decid

ut ,errﬁr- and the decided data é(n) is équal Lo thé':
mitted data (desifgd feéponse) d(n){ and therefore, I~
uée tﬂg %jﬁbol .dcn)' throughout this chapter gb'
senf the Aecided-déﬁg. " The complexféstiﬁate of the*

ed data é(nj isg giqén py“ .

AUn.tgiop) = zltn )ty (4.2)

where ts‘is thé Sampling instant

e

¢ 1s the carrier phase ©.

o



- o ‘ _ = o .
. .e‘, = !
Eﬁi - : 92
The quantitizef defermines the correct data and’ also the.
- > o - -
& LR . . ' - *
instantaneous error at n as, . : i
# » . -e(n,hs,oc) f.d(n;ts,ac)_- an)flﬁ‘“(f-3)
v: T The estimate of the data at the qﬁantititef input can beﬂ
expressed as,™ ' | .. o
- . . - ',-_. X : - W
. @Qﬁ,ts,oc) - Etn'tS‘oc}"f'_; N < (4.4
'twhe}e u(n,tg,0.) and w are the sampled data vecto? and " the
' weight or7tap-weight.yecto} at . time n defined'agg
: a(t+(p#m-1)T) exp3io) :
_ u(t+{n+m-2)T) exp(jo) -
- u(n,ts.ocj I R W } )

vl - L s | ultenT) exp(ie)
d{n-i) gr(t-tg-nT)

d{n~N) gp(t-t -nT) 0=0

-

k) "f“\‘-‘

R
v

wl
o
*
&

W.here_‘. o ) L . ?

W
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"

S ' T 93
) ' - * " .
- by . .
', b = . (£.8)
. . bNJ ' . . Lo ¥
~also the Eorwaid"aﬁh backward dagéfveﬁtgr are,”
Lo DuttstasmET) exp(jw)w S
.Efcn'“sgoc)_='h. B M lfitg
- u(t+nT).exp(jpj S oﬁoc-
‘ - L e
R
. -'d(n—l)-gift—tSan) ,i' Héi'

d(n-2) gp(t-tg-nT)
Eb(n.ts,mc) = h= S

A: . _‘ - ‘ . *-.__‘___,- .
_ N &G(h-N) go{t-t_~nT}. :
- j?i -‘_ L . T R S -‘.77,‘ } (4‘1032.L“

B L3

"If we are discussing a transversal equalizer. (TEY at’ the
& .- o . ‘ ' _ . Lo 7.. . .. . . =
. same time ‘the backward data vector could be defined as,

B(tH(n-1T) exp(io) | - o =

.Eb(n'tslmck)‘ = . - ) . "-t:tS

u(t+(n-m)T) exp(jo) |~ “o=o
S (4.10a)

>~

-

In either case the data vector .u may be written as, -

.-
I3

_ o jugnitg, o)

u(n;ts.oc) T ~

- u(n,t_,0.) T .
b_ 13 » ; N .

R (4.10b).

As shown in Equations (4.2) thrdugh,to-\bquatipnn (&LIO), 

- -~



-~

.}sampled data vectors can be def;ned even though the sampllng
-is done at the quant1t1zer 1nput " The. mean square error is

) expressed as,-
cdltg,0) = EL e(n,tg,0.) eln, £t ,0.) ] e\

¥ He ¥ . T .
=20 Cdin) - W uln,tg,00) ).« d(nj = uin,t 0.3 w ) ]

_H R B H :
. =-1g(0) - rgu(fg.0) w - w rdu(h' o ) + W -Ry(tg,o ) w
' e (4.11)
.where * . - . ) By
: rd(O) = E{ d(n) d(n) ] . o : (4.12)
S . o . -* -, . .
(: A Edu(tsrmc)‘=‘g[ d(n) S(thS'.mc) J‘. - h (4-13)
BU(I'-:‘.S'OC}' =. E['E(“ét-s_-_“’c) B'“'ts""c? ] . (41":)

where it is assumed that ¢ 'and @ are jointly stationarw and,

Tg{0) is the autocorrelation function of the desired

response at zere lag. o
,‘du(ts'° Y 15 the M+Nx1 cross correlatlon vector of the .

desited response and the. matrlh

Ru(ts;dc) is the QM+N)x(M+N),aurocorrelation matrix of

the daﬁa_vector u(h Lg.00) N - h

CTapltg o) is ehe Hermitian- transpose of rdu(r

4 c)

E?n,ts,mc) ia the transpose of;E(n,tS mcj

it .should. be “noted that, for . the specﬁal-icase of a

-

transGersal--equalizer (TE), the autocorrelation matrix is



indepéndent of o, however, -'since u(n.ts.ocs
stationary with respect to £." then,

-The' ‘autocorrelation

_ - also.be expressed as follows,

ot

- where

Tar(ts @ch|

Taplts.0c) |

e

Res(tg) | "Rep(ts, o)

H T -
Efb(tSch), Bbb(Fs) =

= P

- .

Edf(tg,ocj is. the Mﬁl‘croés—correlation‘vectg

~

the "desired reSpéhse ~and the data  vector

) e~ v - ’ .- ~
- . . b:-(nl__k's,l mp) “.. . -

.correlational’ vector of the desired response™’

and the data’ub?n,t;,éé)'

(4.15)

matrix and cross-correlation vectoer can

(£.17)

r of -

'EdPCts;mé)" T is . _;he o lei_; ',crossj';i

N Rffkfs) is the -MxM autoéorrelation_mafrix-;6f.f

and

Ef(“'ts}oc)‘A o "

Ryp(tg) “is " #he NxN autocofrelation"maifix'

Eb(n-tsrwc)

Efb(tS'oc) is the MxN.;crbss-co;gelaFion

matrix of ue(n,tg o.) and-up(n,tg,0.)
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N - - . -~ L e Ta . ._,;.::
oo ~ “-—~The definitions of Rec, Rp, and Ry, are-ebtained from, -
:;o‘. .4.-“' o ;"_»‘ B . . - ! '- \' o . - -\-.'_'.';.' '
—a. _-— - - . T A -
S s T .
S R ‘_ * .- e u _ ?:h.._._ . Tt T )
s _ Ru(tg,0c) = - | ugln,tg.0.) ggﬁ(n'tsimq) Up(n,tg. o)
- fam, . * . N Rhant? "
-l I I TR
S R . o
N - e — -"l' A
e E i . T T : S : T e
. - = - . : _ 3
. ~ He(n,tg,00) Ef(?;ﬁs'Qc Ug(n.tg.0.) Upén.tg. 000
-~ ' ‘l:ur. *\ s
Bt i % i . 7 j* ‘ -
vy b
."-:—". Ebg“ltsvoc) Ef(n-‘-—:§-®~c] ED(n.FS-QC) Eb(n'tshmcj b
g -
N '.-«;\ B e e B (4.18)
-t = Ll - - T .
R R 2 < - T i 0T -
. - . ;ff(ts) = ='[ E‘f(-a.'t'svmc) Efkngtsn%) } -
" T e - : (4.19)
o : .:J-“.:Z i h‘- _ ol N T - -
- q : . ;bb(ts) - E_[ Eb(n,‘tsvmc) Bb(“vt\slwc) M (4 70)
T e . « - o = .
a- : * - T -
o - = B v - 1
L Rep(ts.@g) = Bl up(n.tg.00) un(n.tg. o) | (3 219

w

e

E case there is really nothing te be gained b

B Eff.f‘ Rbb-' E{bf; hONQVQ:’ ,

~

mo

guantities, .

d

' - . . -~ . . o . . - .-. —~
epresentations facilitate the discussion of the nrs

t e

ire
(99
F

- -
- N -

with anf independent (verZms.h) desfzed resPonse. When it i
P \.::_. —an

N . ~ - - - . .
assumec that we are dealing with a DFE and that the desired

response’ is sample to sampig‘wiggependent{then,

-

At



) ¥y =
v ] .
Ropltg) = ra(O)l . (4.22)
Taplts,0c) = ¢ (4.23)

. — LT ’ ' : : , T
Also all the rémaining quantities in Equation (4.16) and 9
(4.17) can” be defined- in terms of the autocorselation >
Functlons r (k SRy I and rdu(k Lg.0.0, i

. - hd -
where : > . - -
=% * ] - . P * ) :'.
. - rplkte) = g p(n t ) u(n+k ts) ) S (4.243 " -
- R Ml KK < M-l -
aTgulRiEgi0g) =7 EL ddn) uln+k,tgeL) ] (4.735)
T T e ~M=N+1 < k < M+N=—1 = *' \'""?4 ~
. . A ] o Y
. > P ) - -‘1.‘ - i . - oo -
For -convenience, ' the dependence- of the autecorreéiation -~ °F
matricies ard the‘crbsg-correLation'matriciea' and <cvosz; o
qgrreiafioh vectors Nll not be stated explz. lﬂ/tron ne Ca
“dn.  We -WUSu *;ake icare  to “remember tha; “all gne‘ -

autocdérrelation §Uantities are'functions of the sampling . = -
instant -“~and- Lhat the gross-correlation - guantities _ are -
. : . : w v '

S

functions- of bpth ‘the sampling phase t_ .and the carrier >

'pﬁége_mc ST . . ]
4.3 Mlnlmlzatlon With Respart To Tap wéigh é i

L-...

2 Samollng_Phase CarrleL ?hase

- A e
-

It is desired to find a’'simultaneous solution to-the

follaaing'three eguations, . -



'_wg_JghdlI.denofe the Quanti;iés

-~

A i p .
' 98
Vi = ‘o . (4.26)
v =0 ! (4.27)
go = O (4.28)
" where Y i%_the gradient of ﬁhe‘MSE'wit ; espect to w.

.vt';s tHé?gqadient.offtheﬁmss'witﬁ réspec;-to Le

Vo 1s the gradient of the MSE with fes?ect to o

Mo+ Ly and'e, as the values

~ -

i

of W) tg. and o . which satisfy Zquativns (4:26),(4.27). and

(4.28). Also, we shall denote‘és as the weight vector which

satisfies SQuatioﬁ”(4.261 for'érbiﬁ}ary values'™o:f te and,méj

When the gradient in (4.26)'15 evaluated-[Géj‘the;well;khown

Norma@ Equation or discreﬁe form of the Wiener-Hopt Eqﬁation
. " . ' B . . . . C

is obtained as, . -

Tau = By v

i
N
F
o8]
D

b

For the DFE with independent desired résponse_'samples,,

Equation (4.29) may also be expressed as the two_equqtiéns.

- )
' (4.30)
T ag o (4031
where . -
.8
wg = | =7 : (4.32)
bs
R, = - — _ R RH (4.33)
i SEf rd(o) fb "fb R

O
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.

The advantages of using: (4.30) &nd (4.31) -over (4.29) are
that ‘only one Mth order _matbik'.inveréibn iS .FEQUiréa =

compgfeé with an M+N order inversion, to dete¥mine Wg. - In -
Jddition (4.30) and (4.31), provide more insight into. the

operation of thHe DFE: The derivative of . the MSE with"

respect ‘to the sampling phase Eé'isréiven by, - -
N H H . H . " . . cor
Vg = -Tgg W - 7 fqut ¥ 'Eu'f - (4234)' _

where the derivitives Tay and Ry.are given by,
. . - . 9% R . . -
1Ta™= B () u(n) 1 o . (4.39)

Ry = E[‘u(n)”u?p) + u(n) u?n} 1 - (4.36).

In DFE form (4.3%) is,’
: "H - g . .. B - ‘H -H H .
* Yt T olas @ -3 gt @ Rgpa b Rppa+al Rey b

. _ L (4.37)
“ a : w ) ) - ‘ . )
The derivativq with redpect to the carrier phase o, is for

'lfhe TE .case,

! Vo = 3 égu‘f -3 5& Cdu o " (4.38)
j._ ' ' . :‘” i (TE only).
and for the. DFE case, - ‘ i
Yo = 3 ng_é"* 1 §H'£df + ] EH ng.é -3 §H be'é
- | " (DFE only) (4.39)
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With -Equatiohs (4.29) to (4 39)° we may-now consider the
simultanéous solutlon of the Equatlons (4. 26) (4 27) and

(4.28). First, we show that m1n1m121ng the MSE with respect?}ﬁm-
.t . . ’ 4 4 .o

to w also minimizes tHe- MSE w1th respect to o By
substituting‘,for ’ws in. (9537)+from" Equation (4f2§j Qé“'

Cobtatn, - T T

L4
!

- H C B
= 3jr R, ra. - 3. F R T < (4..40) o
o U - . ‘ .o
o~du Ju Cduw E .;téu "? ~du, (7€ only)

By substituting for aé. and bS 1n Equatlon (4 39) we obthain,

-

. B -1 51
Vo T ) Lar Ry Zar - 3 faf Ry faf

” (DFE only)
=.0 R . o i . - (441)

- -

To obtain (4. 40) and (4 Al) we have used the fact that Ra, .
-1 -1 .
'Ra ,‘Ru are Hermitian. It 15 not surprlslng that the Normal-

-~

-équation (4.26) aiso satisfies . Eguatlon (4 28) since uthe'
--equallzer taps are"complex ‘and can resolve any bhase . shift-
It remalns then to substltute the Normal Equation into the
'Qf&dl&ﬂt equatlon for sampllng ‘phase to obtain the

51multaneous solution for ”o and’to

‘H -1 B -1 g 2.1 - L1
“fdu By Tqu - Tau Ry fau * fdu Ry

o~ -~ ~ ~ -~ - ~

For_the DFE case -we have,



L] .

B -1~ . 1. - g . .y -1
fag Ba L Ree o775y (Rep Rep * Rep Rep ) 1 Ry r4g

L . ' -~ . - -
17 .m -l

-

Since " every _ quantity except r4(0) 'in Equatiohé'(4.425 and

(4.43) is’- a function of ts. @ closed - form “solution oa

(4.42) or (4.43) is not possible. Howéver, using nemerical

techniques a fixed step size gradient method-was used to

détefmine_to and w, at time n according-to the algorithm,*

-ts(m+1).=:;;{m) Bouwosenl v bewswg 14 (4.44)

- - . - .
- -

where m is a recurrsion index and we assume,

L

tg (0) = 0 .  (4.44a)

. e -1
I we do not wish to evaluate the inverse Ra or R on

u

~

every lteration then we can also use the steepest descent or

o

-gradient'algorithm_to obtain w- and t, as follows,

WimEL) = wm) 4w [ 2 rgu(m) - 2 Ry(m) w(m) ) (4.45)

tg(m-1) = t (m) (i:_’// (4.46)

+ Lgu(m) wim) + f?m) Tgy(m) —‘g?m) Ry{m) w(m) ]

where - . S tg(0) = 0. {4.46a)

/

"H. .- e . R
T Iag.Ra Zar - Igr Ry Fap = 0 .(4.43) -

- . " e e
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- . (0,0) “

- S aco) = (4.46b) =7

- (0,0) )

. : (1,0) .
B(0) = 0 (4.45c)
A :\. ) o o - ._l
4.4 7 Stability Bf the~SteepéstiDéscént Alggfikhm

» ' -

In order’to deterﬁine the :equirémehts fof sﬁébi;;y‘-
of the steepest descent.glgorithm?we:wbuld'iikg;to express '5
" Eguations (4;§ST' and (4.46) és‘a single equatioﬁ in . the

-

~fellowing fofm,

if

E(n+1); E(n) -n v'p(n)

o(n) - u Ry p(n) c4.4‘7_)

where : )
"p is a parameter 2(M+N)+]l vector. containing both
the‘weiéﬁt er:org.ana sampling instant errors

Rp is’ a 2(M+N)+1 sqﬁare real adjustment matrix

is similar to a diagonal matrix R
. ﬁ .

and . . .

is the 2(M+MN)+1 g;adient vector with respect

%

9

~0

top
b - .

By a similarity transformation, Egquation (4.47) may then be |

expressed as a set of independent first order difference

‘equations for which the convergence requirements step size u

are easily determined. Since neither Vw-nof v, have any
. . - - - A

explicit dependence on the sampling instant:ts an obvious

™~ ’ .
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*.“ap??qdch" is 'tp;fékprgsé.fwgt%d.qufﬁt(ts) as a Téy%g;'éttl,

“series” about tHe

1 .

" optimum sampling instant’ t_ . Let fpe-=

weight.error-vertorbe, .. .. - e - AR
- b D . ; - '
N ~CrER - W {4.487
b N ~" - -‘-u_‘ . . & A
\"l\ ™ .
. . L_.u"u- . . - L
and let the sampling .error be, - -
.o = b - i . ST = N
ST Te ‘s et - R RSP
. !-. ‘i .
~ s " .
-0 . .7 : < . ) -
The series expansions of the autocorfelation,matricies and *,
cross-correlation vectors are,
R, = R, .+ t_ R, +-lft2'§' S T té 50}
RS, ~ a0 e _uo 2!'8 Suo ““ﬁ' ' ..{ ) ]
Ru SRy + £ Rup + R e2 R0 e L esyy
ph uo e _uo 217e Jue Tt T T
Tay = ¢ T N 2 U S . L (4 5’\‘
~du - ldugg e _duo 7 S1te :dud T - . Lorteess
fdu = fdu =+ te rduo + .. o . ) (4.53)

where R,, 1s t%the autecorrelation matrix evaluated at a

sampling instant .of to then,

+

—

il

o

—
(SIS

- ' .
ol Ruo‘f +

B,

. +te U o-fgye * % Ruo € * Ryp We ) (4.54)
) | + 1 t2 ( r-. + X R ‘é +'§- w‘ )'+' ]
21e ~duo 2 uo I, 7 Juo Zo
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) ~Equations (4754) and-(4§55) may be rewritten as;

n‘- - P
v
CLvLCty)

.
.
v
" -
+ - .
P
* ¢
-
.
L

where we have used the

-

Tfgug t

.H R
-ﬁduo

-~

R

-~

ao

NIEEEE

;n‘simplifying Equations .(4.54) and (4.

¥

1y

55).

(4.

.57)

.52)

.60)

56)
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90 7 "Lduo F 3. Buo € *Ryo Wo . . (4.81)
-’.. 3 R ‘-;, . I H . g : .
' iy Tduo Wo =~ Yo Iduo * Wo.Ryo ¥g (4.62)
. ? R ". ;'_ - l 2- - e K . -
8:% 0. % .te 9o T3 te o v o (4.83)
: '.: ".:17. L. - - . '6"‘1 .
g = Tigu * 2 59 c.* Bulfo ; BASEL R
" PP 12 T AI65
17 fo # 5% Bo *gite fo hon (4083
S RS S SR E . |
S 5817 80 * 5 te G0t 5 te So (5.08)
We‘may'aléo'definé andthef»quantfty.
_ B . _‘l 2‘.'-.. - . . ’
£ = rq-+ ta fo +*£|té fo - o (%.6?}
£=9.(t) | ¢ 2 R 1P

The convergence of the seriés in Equations (4.65) and (4.67)
qaﬁ be easily demonstrated combutatiopally, First, the

series for the vector g and the scaiar £ abqut "t_  (in

‘Equation  (4.63) ‘and (4.67)) can be compared
expressions. for g and f evaluated at t)_ (in Eyuations (4.

‘and (4.68)). If the difference in Equytion) (4.63) and

{(4.64) for finite nuﬁbersof;terms or the differen between
Equations (4.6?)‘.and (4.68) for finite number of terms.xis
sufficiently small then (4.63) and (4.67) may be said to

. have converged. Therefore,;Equationé (4.65%) and (4.66)‘(ﬁor

£; and g;) have converged sugficiently since those series

converge more rapidly than Equation (4.63) or (4.67). 1In

Y
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(4. 58) Jand (4.5%8) we have the gradlents as func;;ons of the

._’_

Qe;ght error vector and the sampllng error. - Tﬁe only

p?oblem is that, the welght error vector c appears thce in

-g».
) L]

(4. 59) and ‘cannot be factored. One way of avo1dlng Vth‘i.s'~

proéiem is to separate the welght gradrent vector - v

Vi into
real and imaginary components, S0 thaquwe,obtaln a 3 int
- . ) . . . . i //
-gradient vector in matrix form as, .
.
- -T . r : —‘ g A
Re[gw] _ 2Re[RLlJ 2Im[Rul] 2Re[gil Reps]
Im{9,1| = |2ImlRy;] 2Re[Ryy)  2Imtg;l| - |Im{c]
o | [2refgH) ~2Imfgf) £l t
e J . 3 .o A i e
L L. i .. ! N ' N = - . -
) . L (2.69)
"Equation (4.6%) may_bé;writtea'in the more cempact form,
v =
2 T Rp B °)

where Vp, Rp-and P are given by the corresponding qugptities
in Eguation’ (4.69)“‘aﬁd also are as defined in Eqéation\

(4.47).

The matrzx np 15 a Wweak function of the weight ®rror

»

vector ic in the off diagonal elements of the. ldst row

—~ -

column, but is a real symmetric matri® over all values of c

for t, = 0. Rp is a stronger function_ of t, as is evident

from,
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2p ~ Zro * Bso * te Bgo Dy 4 21%e Rso D2 * 7
-~ . ' T . o . (4.71)
where N o
s TRelRyol . -ImlByed 9} .
Erp‘z Im(Ry, ] Re[Ryo 1t g |
- ' ; ’ " .
A8 oT _oT o C
: - 7 T - (4.72)
- R.E[B'uo]‘-- .—I"}‘{Buol 2Re[go] ~
lL._‘ ‘-" --; ..,- ) 1Y
o~ Rgo = Im[Ry, ) ,RE[BuS] ?Tm[go]
- T ._.-' T ’ =
. *|-2Relgy 1.7 2Imlg, 1 1
) L= | =2 4 ¢a.73)
kS 0 *
Bi
- ‘ L
- - i+l . .
o s - : (4.74)
No;e that 8r0, 550 and all derivatives ofwgso are real
symmetric matricies. Each term in the éeries‘expansidn‘gf R

.

H . * . .
of Equation (4.71) associated with powers of t, greater than

-

zero,  (i.e. Rgo Dy . Rgg Dy ,...) is similar to, "by .a

~

similarity trﬁﬁsformtion, a real symmetric mat:ixﬂ’Hoﬁevq:,

it has not béen determined if any use can be made of this

facpf Also, we have not énalytically;dgtermiﬁéd'what Eanée“

‘of'timing‘errors ( tg # © in EBquation (4.51))'§an;be used,to" -

-

find algorithm stability requirements, ”usiné.'an 'approaéh

B



u'r<

- 108

Lw
i

such as we have taken.
Let us~ proceed now with further analyses for ‘the

case of ahy welght BLIror vector c for t —0 quatlpn (ﬁ;47)

can be transfgrmed to,

~

QFg(k+lju='[.E -~ H oA Q'Bckj

R

(4.75)
whetle .
27 %R0 | T
(4.76)
| R._ = R_ | _ o = . o
. AL : | 477

N I's a, diagonal matrix with diagonal elements

belng'?he eigenvalues of Rpo

Q is an orthogonal matrix (i.e. Q QT'= )

~

aﬂ# Rro

e

For' . stabilit? or. convergence of the ~steepest descent
algorithm tHe step siz® u must satisfy the following

" rélation [68]:

max ‘
- \ S ) (4. 78)

where }max‘is the maximum éigenvaluet‘Aison the ove&all Cime
;dnstant (fhclﬁd;néaall tap-welight) of the.steepest descent

algorithm is Given by Griffiths [68] as,

T S 7

. < <
—ln(1 PN - Ta S ~1n(l-px

max) min)

Tt

(4375)

where ... is-the smallest eigenvalue ' S
Tahisuthe overall time constant
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T is the time period of one iteration of the
algorithm. ‘ ~

bt

In a subsequent secfion Equatlons (4.78) and (4.79) w111 be

r

used',ln a dlscu551on of the elgenvalues calculated for a’
fonward anﬁ 5 backwatd tap DFE with Jjointly adaptive

sampling in.the presence of multipath fading.®

o -

4.5 | iMS;ghd Ouan!gtized Gradient. Algorithms

If initially we do not know the. autocorrelation

matrix “and crosé—COrrelation vector, or if the tatistics

are slowly time wvarying, then it is desired te .base an

-

" adaptive system -on estimated-gradients which ete-veitﬁefﬁ

A

instantanebus estimates or are time averaged over a short

time relatlve to the tlme variance ,of the statlstlcs of fthe

channel . - R e T
‘The Least Mean Squares (LMS) algorithm, = first
_ N A - .

developed by Widrow{6é8], uses instantaneous estimates of Tdu

and .. Rh in phase of Tdu and Ru in the _steepeste~ descent

algorithm. ‘The. instantaneops tap—weﬁ;ht gradient [683 ‘isd{
wiven by, © - | R

V(1) Zagny u(n) + aln) uin) WCnf

-4 - ~ -~ ~ . b —
- - - .

"3 .
ui(n) e{n) ‘ - -

o) P : 14.80)
wh - R ot B : .

. -‘-E[v C.n)] . - D - 7 o : e
SR ‘ - (4.81)

q
I
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an instantaneous estimate of the sahpling gradient is [42],

- - > -

- o .'*. H o . - .
W = -0 am u(n) j w(n) - E%n) [ d(n) u(n) ]
.. . Ct f?n) { ﬁ?n) E?n) + u?n) ﬁ%n),] W(n)

‘:":: . L3 . * L. ’
= - [ dn) + win) uln) 1 aln) w(n)

R . . 3*
+a [ g?n) w(n) 1] [ -d{n) + B?n) w(n) 1

.- -
= e(n)~z{n) + e(n} z(n) -

= 2 Rel é?n) e(n) ].
e . (4.82)

LT

where

2(n) = ain) w(n)
. - ~ (4.83)

and

V. = E[Vi(n)] ’
¢ L v (4.84)

Thé LMS algorithm is reférred to as a stq;hastic
algorithnm sincé ~the MSE and the tap-weights become .- non-
stationary random variables. However, the Suablllty of the
LMS algorithm for tap- welght adjustment has been determlned

For E[w(n)] to converge the step size p is restricted to

{6871, .
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"

-

For™ ELJ(n)] to comverge the step-size n is

. tofs8y, . R
- - 0 <’_u < .- 2 — .
= g ki . - L™
1-
where X; are the eigenvalues ot‘the autoco}reiation ;matrix
_" - - o - ._‘ . @ ’
Ry, -: o

~

A
(4 85)'

-’.:.

restr1cted

(¢.86)

4

The effort requ1rea to extend the stabllwty analy51s

A Y

of the jOlnt tap-w21ght and sampling phase adaptat:os from

the steepest descent, aigor;thm to the LMS algorithm has not

been determined, -pqitly. because the system as 1mp1emen’ d

does not use tﬁe_ LMS algorithm. - -Instead,

implemented uses an extension of g guantized

»

',
G

the system

adaptive

method first suggested by Lucky{39] which may be expresgeg

£3x jo= 10 ... L MeN .
‘.
'Re[w (ng s 501= Re[w (n )J i :
X, j x,3% . ? %3 ‘ - (4.87a)
‘ “x,3+Kx, 3 i o
-8 sgn(. I -Sqn[Re[ud 3(1 M)14 sgn[ReLe(w—M)]J )
1=n :
N P S =
; Ny 4%y g e e
. - asgn( T sgn{Imfug (i-M)]] sgn{Imle(i-M)]] )
< i=n . i i



Im{w, :(n )] = Imfw, <(m, <)] : S
R, 37 310, ‘ %,3 e, 37 (4.97¢)

My, 5+Ku, 5 -
éL 6 sgn( - I sgn[Im[ud j(i-M) 1] sgn[Re[e(1 M1

. i=n .
t - ,‘_-uxj‘

-

Im[w (nV )1.= imlw, 5(h, 9T : |
, 3 3% 37 y.3 v, 30 .- (4.978)
V’j'}’ V,‘j ' ‘l : .- . .
-~ & sgal 1 sgn[-Refug 5(i-M)1] sgn{Im{e(i-M)]] )
i= DV ] : . . .
T
S(n *Kg) = tglng) , . T (4.87e)
NetKg S
- 8¢ sgn(.Z  sgn[Re[z(1)]] sgn[Rele(i)}] )
- . i=ng - -
her .
where o ] )
. W, j»lS the j-th elemeﬂ!'bf*a_comﬁlex tab—wgigh;
— . _
»ector Wy . * S
Wy 3 is the jith element of a-complex tap-weight
. vecFér éy : o
ug y is the Jj-th element of the complex data vector
- . defined in Equation (4.92)
.- e tis the error defined in Equatién (4.3).
s is the guantization distance =
S is the sample time of the update of-the j-tnh.
on-axis tap-weight Re[wx j] affecting the
I-axis efror .
. v ) ~
Ky,j is the number Qf ssﬂ?&es taken between updates

. of the j-th onTaxis‘tap—weight Rejwy j]

~affecting the Q-axis error Im[e]
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The ~ tap welght vectors h ahd‘w* are defined by ‘the tap-’

weight vector w for tgi speczal case of the modulator,

-

demodulator, and baseband portion of the system being ideal,

as follows, * B oL

- Wi =W L e T T ' (4.88a)

' Relw,] = Re[w] .- - . (4.88b)
Imfw,] = -Im{w) ) .- ' - .»: . '!'@4V58&)‘

\

where. the number df,counts between taplheight- adjustments.

- are definéd‘as - -
.Kx.j' = Ux;3 * Dxi5 . 7 ('s.ssé_)'_.
Ky, 5% Uy, 5 * Dy 5 m _,*"' e _'§4Q99b7:
Ku.j:='Uu,j * Dy, 3 o S (4;s§c§
Ky 5 = Uy, *+ Dy 5 I 485y
_ Kg = Us + Dg o ) '_> ' (4.89¢)
such that | ' )
U3 = Dy, 5 = +C - - B lrl- a f4;96af
“Uy.3 7 Byy = e L :44;555?"
Ug,§ - Dy 35 =.2C (4.90¢)
Uv,& - Dv.j = +C u ' A ‘ (4.908) -
Us - Ds.= +C S t4190eg
.where _ _ ' . ,‘ *

Uy 3 is the number of up-coungs of an: up down counter
between adjustment of the j-th: cross- axzs tap-

welght Im[wX j] affecting the I-axis error Re{e}]



. | ‘ | : T

D, 3 is the -number "of up-counts of an up-down counter
f”_{wbetweenméajUStyenE of the j-th cross-axis tap- .
‘weight Im[wy j] affecting the Q-axis error Imf[e]

"2C is the p-down counter siZe as described in Chapte;\3
-~ Q—y . - . 2. .

S UIE it is desiredltofconéideg_g; Yinear tap-weight

adaptation - which 1is based on the -decisions (quantitizer

-~

iqutputs)-'bbt is otherwise the same as the LMS algorithms

then we, urite,

‘-..

w(n+l) = w(n) - u ugcn—M) e(n-M) -

= ] - .(4.91)
where ™ . ug(n) = |d(n+M-1) |
atn) RS
) . . “(4.9%1ake
ldch-ny | Nemxl

The delay of M samples is included in Equation (4.81) .so
that data decisions can be used as estimates of the desired

.response. We will .continue to assume that the data decisions

are ‘correct estiimates of the"desired response. This 1is

necessary in order to ensure’that.the ‘surface on which

-

‘adaptation’is ‘converging remains convex with respect to tap-
weight variation. IA practical tefms it means that the
decisions must be in error no more than 10% of the time[71].

By taking the ‘expectation of Equation'(é.Sl) and assuming

-~



| - - “11s,
o , , . - f“ . =
independencé.,between the data vector u and the' tap—weight

-

vector w we have,

¥

Ly

Efw(n+l)] = E(w(n)] - u [ -Igyg + Rgyg.- Elw(n}] ]
. o - (4.92) °

*

where Ygug = E[ ugln) d(n) ]

Raug = El Ed(ﬁiiﬂ?“) J

(4.93)
For the DFE case with independent desiredH;espénse samples,
Sy ;
Rafu 0. Gt

Edud
.‘l .t ‘H ) . -l
Reb Rpb . | (4.34)

¥

~

where "'Rgsy 15 a Hermitian MxM matrix
be is the same MxN matrix as defined in Eguation -

(4:17)

Fl

Ry 1s the same NxN matrix as defined in Eﬁuation

-

(4.17) ' b BN
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. £q(0) is the M-th non-zero element of T gud "

After convergence of the expectation.of’ﬁ wé‘then‘Qave:

»

Yo = Raud fdua . -7 . ' - (4.96)
. . -"_. _l - . ) . . ' 7
or © 8o, % Ragy Tasgy | (4.97)

. i _ -1 H -
_ _ % T rg(0): sfb.fo . (%.98)

wherevwo is the expectation of w(n) atfter convergence,

B -'. r ) -
d : .

an_d o L‘dud = tT fu . . (4100)
" - Edbu . .

The 1important rgsult here is that the forward and backward
:1:, tap-weights are’ "'both determined by the <c¢ross-correlation

fuﬁctibﬁ of Squatioﬁ'(4.24) ;n:a simpler form than the LHSa
\\ ) -alggtiﬁhm. Thé déﬁitional simplicityﬁis gkpected éo imbrove‘
| adaptation ;imé' as demonstrated by Lucky [38] and George
L38] Eut at thé expensé cf MSE performaﬁce at low SNR's.
This algorithm is vreferrea th as the =zero forcing (ZF)
‘élgofithm_ Sécausélof therdﬁrect déﬁéhdence of the. forward
~and backﬁérd‘tapsfoﬂ,the channel impulge response, such that
Ehe algorithm _fforces- zero's" in the overall equalized
impulse responsé.' .
| At hfgh SNR values, the two algorithms hévé been

shown to be essentially identical\[BG], and thus 1in the

- H
preséht‘.analysis: we consider the LMS type of algorithm in

N

-



.

“where & is the ‘distance between 'quantization levels of W

@

order to allow a straight-forward determinatfon of system

éigqnvafqes; : B : - ..
Gersho [32] has gnalysgd a quantitized steepest

desdent (n&n—stochasﬁic) aléorithm othhe"fé;lowing tyﬁe.
S L s - s sgnloy] L a0y

- -,
- ' - -

~
.

Gersho proved thatjthe3éost funcfﬁén TMSEjéconvérgeé to some

desirad fegioh sucthﬁqty" o . _
Jmir'Ll-< 3 Jmiﬁéeo;,. - : '- ’ ;(@.}Gla)
if o is sufficiently s;_'lﬁal_l and bounded by, )
= Amin © 2 &g 173 L
ATaH —;’;<me) ( kmax')'F kmax')‘ -
' o (4.102)
Also from Gershof?E]. the mean numbér of itgrations

. . . o+
neécessary to . achievée convergence can be shown to- .be.

proportional to

2
]

kmax
A

min 

,In- “the next section we will examine the eigenvalues
" i . ’ . . [ _-' <
calculated. for the Joint tap-weight -and sampling phase

adaptive’  system.. Some of the relations presented 1in this
section will be. used to discuss the 'possible performance of

the adaptive system. = . o : . >

."
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4.6 Eigenvalues versus Multipath

.- The elgenvalues of the jolnt.adqustment matrix Ry
heve been calculated as a functlon of & two ray mu1t1path'
;model for atmospherlc multlpath ThlS model can be related

to Rummler s model and is, e ';b-' ' ;:f,a;gc
Hp(f) =2 (LoD exp(-i2n(E-£)T) ) . (4.103)

where-é is due to a. flat fadlng component of multlpath
b is the relatlve amplltude between two rays and may
.. ‘ be greater.than one
fo is the frequency offset of the mlnlmum 1n H (f)'
| from zero frequency as deflned in Chapter l
T 1s the relatlve delay dlfference between the
flrst and second ray‘ |
The main dlfference between this model, and Qummler S moder.
.1s_ that the the relative amplltude b in thls.model ie
allowed to be greater than one. ThlS isS necessary in
physical situations to allow for trahsitions between MP ané

NMP fades' Now, the relation between the model expressed in:

Equatlon 1. 03 and Rummler's model e\pressed in Equation 1.1

is given.
In the region 0 <b <‘1

Hp(f) = H,(£) T o | (4.10§a)'

a, = a | o | S (4.103b)

by = b ) o | (4.103¢)
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in the regiom - .. 1 < b L PO
g p(£) = ab (L - exp(-j2m(£-E; DT ."f(4?ip3d)
"'=~—a b1 - % exp(+j2ﬂ(£ £ )T) ) exp( 32ﬂ(f £ )T) -
Now, in the regién 1 <b -if we let‘ -
bo'% % }, | ';.' o ) (%1103é)
- a, %ea b - LT (4.1038)
then " . | . ‘
CHR(E) = —HQ(E)_exp(—j%p(fgfp)r)f e o - (4.1o§gy‘
also - B = -20 10g,0(1-b) b < L . - (4.103h)
'B'=.-20 logie(b-1). b>1 (4.1031)
D = zd'i. ‘(1+b) b1 . x (4;103')
i =20 logua(3) - Co el
] b+l . .
'Dm§=,?9.1?9*°(b_1)," b>1 ! 'u”(%“}oék)
"By = =20 log.e(l-by) " (repeat of 1.3)

* where B is the notch.deptﬁ beloi the reference value at
"B =0 and a =1

}Dm is the peak to- peak amplitade ratio

Note that éof b greatef than two,“'theﬂhotch'depihﬁs becomes
negative, -while ‘thé' ﬁeak t§ peak %mplitudé ratio D. grows
'smallér.

Empifical . probablllty distributions have been
obtalned [73] for g, bo and fo with-the relative éelay T

2



fixed. to a constant of 6. 3ns . These d1str1butlons are used.
: -
in” estlmatlng the probablllty of outagt (bit error rate less'
than lb 3) when the outage performance versus the nodel.:
yparameters of the parflcular equipment belng used ate known

- Slnce 1t is prlmarlly de51red to examlne the adaptlve svstem
performance with respect to multlpath for the hlgh SNR - case»
:and because we ‘will be" deallng Wlth transitions between MP
and NMP ' the system elgenvalues are examlned versus model
Darameters b and f o 3 L - .

. The' autocorrelation functionuand cross-oorrelation

functlons 'referted‘ Lo in Equations (4 24) and (4. 25) are

’_calculated from the 1mpulse response of the received signal.

The recelved-s;gnal‘lmpulse response hr(t) is,

a h:(t) “a b he(t) ehp(21‘ oT)  (4.104)

Chpe(e) =
where 'hg(tf‘é he(E) + ht(t—T) : " (4.105)
he(t) = sinc(E) exp(—(ﬁz)—) (4.106)
~ N T Tg .

Tg is the half amplitude time perlod of the
: Gau551an pulse
Gaussian weighting’ of  the tranemitted imoulse responee
provides _an.impolse ;esponse\which is closer-tg that whieh
couldéd be obtained ‘with practical .filters.r“although no
attembt was made to doplicate the response of the
implemented efstem. It was found that the hatf amplitude

pulse width is critical in determining the system
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performaﬁce for off band centre fadlng (f ardund 10 to .12

"MHz and b around 1). ThlS w111 be dxscussed further in |

-

' '§ubsequent pagegraphs.”.Also, a constant~1eve1 o; n01se was.

-—

_-added “to 'the. signai before the signal plus nocise was

multiplied to obtain a: constant 51gnal power level at - the

.equalizer iﬂﬁut just as an 1deal AGC ampllfler would "do,
_so that the SNR of an 1dea1 channel ‘(no' fad;ng) was equal to

. 67dB.- _F1gure 4.10 shows this ideal AGC gain- versus the

multip;th felative ampl1tude b.  Since .this gain in Figure
4.10 is dependent only on' the éiénal }evelr ifife also. the.
gelatiyeu reduction in §NR veises tggffmpliipeth reiaﬁive
eﬁplituer for varieqslﬁreqﬁenCy notchA;ffsets.fa

The. optimum tep—weighfhvegtor ahq optimhﬁ eemplinq
ihstanﬁ t, were found'usiﬁgféhe normal Equatﬁeﬁé (4.30) aﬁﬁ":
(4.31) and the recursive Equatlon (4 44). In’.Figure_ 4.2,
which"is a plot o; optlmum sampllng 11nstant versus the
ﬁultipeth Jrelatlve amplltude b, it ‘can be seen that ta"is

multi-valued in the region between b=1 and b=2 for ﬁrequenc?

: offsets of 0,. 5, and 10 MHz. This is due to the fact that

*there are minima of the MSE that are spaced at appr031mately

-

symbol period‘ intervals in time and the eff ect of the
multipath as b is waried from 0 to"2 (£gr a system’
initially acquired at a b of 0) is to cause the sampling

pnase to track forward by one baud. Similarly.'(for a system

which has initially acquired at exvalue;of,b_equal7tq 2) as-

b 1is decrgased towardsro from 2 the sampling phase ‘tracks'

L
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by one baud. The.locus-ofd ﬁjming 'poinES uhich-

the MSE and are obtained-from'a-%ystem _initially

1n the: mlnlmum phase (MP) . -
points Ghich minimize

backward-’
minimize
region will be: referred

acquired
to as the MP 1ocus ‘while the locus
MSE and are obtained from a syétem-dnitially acquired

-

the MS nad

_the no —minznum phase (NMP) region will be referred to as

A minimum pﬁiieA(HP) curve at aﬁ;gide'of N
Initially b weé set

wt

NMP locus.

Fzgure &.2 ;as generated as follows

and. an 1n1t1a1 value of zero ‘was used Forfth 01£11
.0% and

Then b was ;ncremenued by 5
ini t';l.al v

» -
o—

zero.

recur51on converged  to t

previous value t_ was ised as the new alue.
A non- mlnlﬂum phase

was repeated until b equalled 2
between 0 and 10 MHz was generated . in the
Wéﬁ

and -

to 5

7 the
This
(QMP) curve

way

for'fo
that b was 1n1t1a11y equal to 2

for fo equal

same except
to 1 or until the last iteration caused a

as seen in the case
sampling

decremented

in t, to the MP.curve,
These curves descrlbe how the
‘b foria

~and 10 MHz
should varlatzon in
algorithm,

optimuam
steepest ,

instant u:ack -a’
descent, LMSNor othef adaptive provided that the
adaptation 15 stabie and can track the changes and that” the
_so-large‘as to cause‘an' excessive number of

The uheoretzcal celculatidns and meaou;ed

is not
il Afa)

MSE

decision errors

results were done solely Wluh respect to changes in the
since the chgnges;

amplitude b, in..

than the notch

ray multipath relatlve
the adapelve svstem are more sjgnificant with respect ¢ the
amplitude- - frequency

mult 1path relative
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cffset. It |is important to note 'that the NMP 1loci for

freguency cffsets 0f£'5 and 10MHz connect to the MP loci as b

-~ decreased, but do not connect in the reverse- dlrect:ow

For 0 MEz. offsets the MP sampllng phase loci do not'connect

- e <

"to the NMP sampling phase loci for b -adiusted in either

- -

direction. This is explained by the fact that the MSE for

the MP . locus is always épproximately-equal tc or ‘less than

"the MSE for the NMP 1locus fod# freguency of fsets betweeh 0

. ) - .
and lUMHz as can Be seen in Figure 4.3, 4.4 and 4.5.

All the results presented in this section have been

[

calculated with the half amplitude width, g of Equation

(4.106)L‘set to a value of 8T, where T‘}s the symbol period.

As 1t was stated earller, the value of g is critical' in
o

_getermining the equalizer performance for

£ ‘band centre

e £

fading. Briefly, the effects of wvarving = are now

. S

escribed. For Tg greater than BT, .the MMSE becomes a
N . -
monotonic increasing function of tg for t_ in the region of
-T .te T and £, in the region of 1/(2T), and b between 0.85

vand” 1.15. . As Tg increases the monotonic increasing region

with respect to t  widens with respect to.f,, centred about

17/(2T} and ar the same time the MMSE increases over all-

multipath conditions.- A minimum does occur in the region of

4
s

a— -

it is charac;erlzed by a maxlmum to mlnlmun elgenvalue raglo

grea;er than 107. As Tg is decreased below 6T the eigenvalune _

ratlo for an jdeal channel (no multlpath) beglns to increase

s equal Lo -2T for the conditions just described, however.

-
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rapidily. mIt_ might  be :concludeo from-.fhisj that_ {b is
important to. have an gdeal channel 1mpulse response~_whioh
\goes, to zero over contlnuous time as fast as p0551b1e. for
fime .magnltude greater than the tlme span of the equallzer
" In  the frequency domaln this translates to” minimizing any
short perlod (<1/(5T)) amplltude or. group delay rlpples and
adjustlng -bge band edge amplltude 5lope te be con51stent
"with the band ~edge amplltude slope of the Fourier transform
of Equatloa (4. 105) ‘This should be the subject of future
- work ; partlcularly with respect to the realizatfon o
praotical equzpment 1mpulse responses since it may be 'that
the performance of equallzer could be muon better Nlth a
reallzable 1mpulse response than with an impulse response

based on a sinc function.

The maximum eigenvaiue, the minigumleiéenyalue, the
'ratio of the qaximum to minimum eigenvalue. and the
determinant of fhe matrix Ea whioh are all carculated'in the
same manner as the optimum.sampling instant in Figure 4.2,
are presented in Figures 4.6, 4.7, 4.8, and 4.9. Since the
equaiizer unsampled ‘signal input’ power was - held constant
over the mﬁltibath to simulate an AGC the sum of the

eigenvalues of the adjustment matrix R "ranged between 60

~P
and 100 over all values of 'b and 'f, calculated. The sum of
the eigenvalues is plotted in Figure 4.11.

By examining the MSE for the MP and NMP loci in

e
Figures 4.3, 4.4, and 4.5 it could be concluded that only
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the MP loci aré dégirgble because of the 10wérﬁ ﬁéE:t'Also;
the .perfqrmaﬁce whiie moving g:om one 1pqpé %b the other is
liable to.begpoor, and this would faQour stéj§n§‘on thg - MP
'gocus. Howevér,.in Figure 4.7, 4t is seen that for freqﬁ;ncy
offsets of 0 and S5MHz ‘the logarithm of - the Smallest
eligenvalue decreases ;very_ rapidly on the MP loci as b
inEreé§es ‘above 1.05. The question of how far the wvarious
adaptiQe aléSrithms can fallow the MP. loci then af;ses:'IE‘
the'previoué chapter. it wasiestabliéﬁéd-that an’ apﬁrop:iate
féoal for Ebe overall system time constant.is apprbximately
1 ms. Aséuh&pg a value of 0.01 for the step size ' un would
ensure établlity of the steepggt descent method or the LMS
‘algorithm over all the multipath parameters. Tﬁén, using
Equatioﬁ f4.7é) givéé an estimate of an upper bound‘on the
overall time qustant of the joint'timihd and tap-weight
adaptation using tge method of steepest descent. USing a
;value of l.mé as an upper_bounﬁ on the overall time consﬁant
implies a minimum eigenvalue no iéSs than 10‘2-3. Assuﬁing a
minimum eigenvalue of 1072 implies an upper bound of .44s5 on
‘tﬁe overali' time bonstant.of the steebesf descent method.
Theéé:resulté are not too:enoouraging. IE Gersho's conditicn
for stabilify of a one Bit qu;ntized steepest descent méthod.
are examined {(Eguation (4.52)) the';é§u1ts afe "even ~ less
encouraging. Even if 16 bit tap-weight registers were used

the degree of gquantization would s%ill be too large to

satisfy Equation (4.92). .It should be remembered,  however,
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, . that the 1mp1ementat10n belng used 1s a. decision dlrected

R N

adaptatlon which would have dlfferenb elgenvalues and which
i we know [38] 15 better in tracklng in the next chapter the
calculated elgenvalues are used to qualltatlvely ehplaln “the
;;” T observed performance: of the dec1s1on d1rected jolnt adapclve

system. _ L B

o "
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S CHAPTER 5 S Ll

LXPERIMENTAL AND THEORETICAL PERFORMANCE or- TH“,

49OPRS RADIO SYSTEM

5.1° _Introduction

In this Chapter' ‘the followlng aspeces St system

performance w:ll be examlned

i)'sit error rate (BER) versus the recgeiver signal
_level (RSL) at the RF flltercﬁnput . - ' e
ii) BER versus the transm1tter power 0utpu* level;

iii) BER versus amplltude and phase. 1mba1ances in the .

transmztter S S e . -

iv) BER versﬁsjtpe two-ray multipath relative

_ ahplituée b for fading notches at mid-band; ‘

v)r receiver tféeking betweee_the mj;imum—bhase and nenr
mi;imum phase regions "of a two-ray fadingmodel;‘_.
| vi) initial;aequisitien performance efitﬁe Eep—weightg
and sampling phaser |

vii) egaminatidnrof the.meesufed and theoretical

sampl}ng.instant-versds the-twofray'multipath reletive'
amplftude b for faﬁzng notches ‘at midLbeﬁd;

’viii) comperison:of the theoretical éhd'meeeu;ed.outage
signatures. S | : s R .

137
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.o | oo T, R -

",ﬂ- . SR AR ¥ stated prev1ously. the experlmental system ‘i's

- - - - ™

1mp1emented wlthout carrler recovery and uses a'“hard w*red"

- -
. - - 5 3 e

- R N - -

'{:'- carrler osc111ator with the tecelver 1oca1 osc1T1ator. ThlS

R . - B ._'- T

CLoE L should not ‘be a big probWem i th respect to. evaluatrbn of

e -
. ’._

“ar the potentlal performance of the D”E durlng murtlpath 51nce

—a K - PR -

- S i

'”‘.. welghts can :esolve any slo ly varylng Carrier phase eraoiﬁ

-1 .-
< l... -

In a worklng syste/g of course _carrler recovery-ls st-llf

-

requlbed, but*only to estlmate and tracK anu*frequeﬂcy

- . .';J-Ioffset in the: recelved'51gna1 The main consequence ‘of

o
- - - -' ~ - . .

'omlttlng the:carrler.recovery function is that anv

Y

o -
- .- +

performance degradatzon that may be experzenced due to the
. A .
Carrier phase estlmatzom process '1s omltted from the

-

measqred performance. AS" mentloned in- Chapter 3/\there are’

several problems exlstlng “in. the cur*ent system whlch »11‘
Q ‘. " -

have to be correceed beﬁore 1mp‘ementat10n or the cartler

1

recovery subsystem is completed These problems wzl’ also be

P A =

dlscussed .in “hls Chapter. -~

B The mulgipath fadinglperformahce of the s'ystem"wil1
) - - . =
e N be evaluated u51ng a.two tay multlpath 51mulator which

- ; - operates 1n the QGH;g'requency band accordang-to the
. Eransfer fuwction glven 1n.Equat10n (4.103) and whlch can

- 3

- szmulateaaflat fade or arrequencyselectlve fadeat theRF

- fllter input to the rece;vera

P

'w-g"f 1t was shown 1n the 1ast two chapters that he,DFE taoe'

N

qarrler reference* obtalned by ° mrx1ng the transmltterfr

T

-

s

"

-
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Ih-SeCtﬁon.S.z, we begin wikh the measured values of
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BER.versus the receiver RF input signeleievel-(RSL) These-”

_ measurements will demonstrate one of the most significant.

Qroblems existing in -the equipment, as presently

implemented. In Section 5.3 -the transmitter performance is
. .

_exemined and the effect of varying-pha%e and. amplitude.

balance’ in the transmitter on the system BER ieiexemined in

order to demonstrate the advantage of the indepetrdent ®

i\
adjustment of tap-weights affecting the IZaxis and tap-

weights affecting the Q-agis..In Section 5.4 the performante
evaluation of the reeeiver ie the presence of two-ray
multipath_is begun. In this section the measured sampling
rhase is compareq with the theoretical wvalue obtained in

Chaﬁter 4, and the ﬁeasured'BéR is examined for the two-tay

relative amplitude b:varyfng between zero and two for mid-.

band notches. The ablllty cf the DFE to track between MP and

NMP regions of a two-ray multlpath model .will also be

discussed*in this section. It is related to the eigenvalues

of the adjustment matrix calculated in Chapter 4.. Finally,
in Secti®on 5.5 the measdred outage-éignature for notch
depths between =f§MHz and +8MHz from mld band are glven and

compared w1th predlcted oﬁtage 51gnatures obtained from the
>

results of -Chapter 4. T e,

~

T
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5.2 - _BER versus Receiver Input Signal Level

-

In Figure 5.1 the measured BER as a function of the
receiver input signal-level is compared with fhe theoretidai

values for 49QPRS assuming ideal matched £iltering. The

R is

1

discrepancy between the measured and the theoretical B
. L - - ‘- . . -— a L - -

so large that one might think it neccessary to correct this

problem before exémining-any other aspects of the system

.

[

performance. HowWwever, this- problem was init ally overlooked

ng of the

'

dué o preocbupation with the debugging and test
- J ) .
DFE. The magnitude of this problem was not fully appreciated

%
-

until well into the process of collecting data and -writing
this thesis. Under 'theser-conditions, however, it is

signifiéant that the‘DEE is capable of equalizing a two-ray

 multipath fade due to a 4038 notch depth when the unfaded

RSL is -

)

4 éBm, since a flat fade causing the same

reduction in RSL (<16dB) reduces the BER to 9x10°8 \

.After all the measurements presented in this chapter

were taken, it was determined that the cause of the larg

1

diécreﬁpncy inqnoise performance versus RSL andé the non-

"linearity were being caused by a failed LNA and m{xer
. N . o -

‘assemb;y in the front end of the receiver. Witﬁ tﬁe failure,

-there was enough signal ﬂleaking” through at 4 GHz so that

the AGC émplifier_could make up the loss in signal level.

The same failed ampiifier stage was likely causing both =he

degraded thermal noise”performance and the non-linearity. By

substitufing the LNA and mixer assembly with another mixer
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‘and an IF LNA thCh was spec1L1ed to have a Noise tlgure o;
~ 7’

”13 dB and observzng that the “loss—of-lock" threshold
1mproved-by 12 dB it was'determine& ;hat the failed ﬁNA-

‘had apptoalwately a Vo1se Figure of 25 dn within an

estlmated error of 2 or 3.dB. The poor precision here:is. ﬁue

. Lo the fact‘uha; beborp the oroblen in the Aece*vpr bronu_

end was_iﬁentlFLed the-onlv avallable BER ﬂeasurlng

1nstrumenu had a power supply fallure and, as was prevlousl}

stated, ;he improvement noted with *he subst1tuted front end

- -

 was estlmaued by the loss—o -lock thgeshold 1mprovemenu. 3y

observation of the eye dlag;am qualltv Wluh the substituted
receiver front end it was also determlned that tﬁé'ndn—
11near1tv problem at high -RSL was due to the failed front
end. With a significant‘delay being anticipated to repair
.the measuriﬁg instrument and since the résuits demopétrate
significant 1mp ovemenLS avallabTe Lfom ;he use of the joinﬁn
sampling phase and tap-weight adaptive DDE even with the_
fai;ed-front end, the results taken'with the failéd_front
end &re presented. Also, I plan te continue this wofk in the
future so that the full po;c-hial of‘tﬁis system will

eventually b€ known

e
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5.3.  -_Transmitter Performance . . T .-
~-In this sectién, .tke BER performance versus

transmitter output’ pawer, BER performance versus.transmitter

modulator gain and phase unbalance, and the transmitter

-

TOutput spectrum are ..examined.

In order to determzne theleFfect of *he transﬁ “;e“
llnearlzatlon w1thout belpg masked by the poor‘receiver
performance with respect to RSL var1at10n an atteauato: Was
'used to malntaln the RSL at —34d8m as the transmltte“ powe* '

- v FEN

output was varled The result of thlS measurement is nct
plotted‘because there isn't much to see. _”he BER stays
constant at 6x10 -8 with respect to. power output fo*ﬂall
values up to and 1nc1ud\ng 31 SdBm At 32.5dBm output level
the BER is 1ncreased by two times to a value of lx10‘7.‘A
power level of 32;5dBm at the PA output corresponds to. .its
O.SdB-compressti point The 0. SdB compress;on peoint is
defined as the point in output power or 1nput power level
where the output power is O-SdB 1ess than that predlctec by
the small signal gain of the power amplifier. The
transmitter baseband equipment was not des igned to drlve thel
PA ocutput power to any hlgher output %Eijﬂ because . o: the
possibility, . when using feedback for llnearlsat;on of
overdriving the PA input. To elaborate on thws the peak to
average value of thé power in an ideal rectangular pulse
~-16QAM is 2.5dB and becomes larger by the use of feedback as

N

can be seen by comparing Figures 2.5 and 2.6. At 32.5dBm "
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average outRuL power, the peak power due to‘thé'TargeSt

.- . V V- CooTE
“symbol Lsﬂat_leaSt 354Bm. Another'l SdB ov»output pow

would'require. by extrapolatlow an 1nputffevelffor the

largest sxgnal state greater than the max1mum 1nput fevel of
1

SdBm as can be seen 1n Figure 5. .‘It is not kndwn whe:ner

the maglmum rated input'signal level of the amplifier-is for

.caverage or peak power, however, a peak power maximum is &

safe assumption to make

.

~It is dlfflcu1t to compare the performance oz the

feedback llnearlzed transmltter (FLT) with the .results of

”

e
: other 11nearzzers pub11shed recently, for séveral reasons

“In most publlshed results the PA output power is refereﬂcec

to the saturated output power. but an exact satutated power

.. output for the FET ampllfler in use could not be determined

due to a maxlmum-lnput_power llmztatlon. A value of 36.3dBm
is used'ae-the satu}ateu'output power.and the 1db and\0%§ds
compressfon pointékfor this amplifier ate-34.3dsm and
32.7dBm. Also, if is difficult to 'say.what the full
potential of the FLT.is when it is workéng with an ercor_
floof'of-leO“B. The majori%y of tthe second genehaclou
digital radios, uhich.all.use 64QAM, also use non adaptive
predistortion however, ~only a couple of publicatiocns
(74, 16] glve enough detalls to make comparlsons In one
case[74] of 1hed predlstortlon applied to a TWT, a 10d3

output backoff was requwred to maximize ‘he system galn at a.

BER of 10'6 and by a small extrapolatzon approxlmately 7d3

., -
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back-off was required «to obtain an open evye. System galn s

thelaifferenée betw%en the eransmltter output power and *he
receieet threshol& for a BER of 10 6 in this case. In
another case[16] both a TwT and FET amplzfler were used with
fixed pred:sto:tlon. They ;equlred 11.5d8 and 7dB
respectively ef oﬁtpué back-offﬁeo maxXimize the system gain
and approximately 9.5d8 and 5dB of outpui to obtain an open
eye. The FLT is providing a BER of 10'7 at approximately a.
438B output back-o0ff in the ﬁSQPRS system when the minimum
BER achievable“at any RSL is‘6x1?T8.:In theéanalysis done in
Chapter 2.'iE Wwas seen thaﬁ to geéla 4%-peek eye closu:e:in
the lGQAM_signal_se; at the PA outputmthetpower output must
he raised to_thelldB'Qutput baék—off POint.‘This is-
app;oximately‘the peak eye closufe;required to_incregse the
BER from 6x10-8 to axlﬂ‘? in the p;eéence ofﬁGaussian noise.
The FLT had the same increase in BER at an output back-off
of 4 dB. |

The system BER performance vergds the gain:and‘phese
balance of the trénsmitter ‘modulator is Areally a

conf1rmat10n of the DFE 5 abfllty-to-correct completely for

the ISI introduced by these dlstort1ons as was‘e#pleiﬁed in--

- .

LChapter 2. Of course, there is a noise penalty associated

with these distortions and in Figure=5.3 and Figure 5
where the measured variation in BER versus amplltude and

’

phase unbalance are plotted the theoretlcel velues with,

-

respect to Gaussian noise}ji;,3%$o given for comparison. The

.
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receiver was operated at an RSL of -34dBm £for these

meesurements ﬁhiéﬁ is in the reQiéﬁ)of minimum BER. A source
of error between the“measured and theoret1ca1 values is the
assumpthn of Gau551an dlstrlbuted n01se since the n01se
controleing the pe;Lormence may pe a combination of non-
linearity and noise from the-failed front end. The velidity

‘ . ; : )
of this comﬁetison 1s related to the closeness of this-neiée

y

fo being Gaussian. The theoretical increase in BER due to

amplitude unbalaﬁce was dete%mined by @ncreasing”the SNR in
one dimension aﬁa decreesieg it in the other dimenéion‘by an
amount related airectly to the amplitede unbalance. This, of
eouese, assumes independent adjustment of the teﬁ—wéights
dE%eqting I-axis and Q-axis error. In the -case of phase
unbalance, there are tHree'phaSe ehl ters in the ?LT.;hich
affect the phase quadrature. I£ is not a simple matter to
ealculaté the eheoreelcal degradatlon due te phase unbaxeﬂce
for all the permutations of: phase er ror; within the °L1. so;

the theoretical BER due to Gaussian noise in Figure 5.4 was

calculated for the gquadrature phase error associated with a

simple QAM modulator, and assuming independent I-axis and Q-

axis tap-weight adjustment of the DFE. For this case, the

theoretical increase- in BER due to phase unbalance was

determined .by ﬁepreasing the_SNR by the ' square of the

cosine of theVphese unbalance. The measured BER's for
permutations of 0° and +£16° phase errors of the modulator

and demodulator are also plotted in Figure 5.4. The
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theofeticalﬁBER‘s for equal §~axris and Q-axis tap-weigbts

- -

are much la}ger. % phaﬁe unbalgﬁce'of 8.9° is enough to
' cause a minimum decisiﬁn-ﬁ;étance of zgro[S?]n For both the |
| gain and Phaseiynbalance Eégés the theoretical and measured
.vaiues are élose. The theoretical BEﬁ_due‘to phaée‘unbélance
of a‘QAM modulator is very close torthat measured for the
dém@dulagsy'of'the FLT when the.modulator phase unbalancé is
set té zero. The slope component of the meésﬁréé results is
likely‘due to some error vin what was 't‘hbught to be the zero..
phase unbal;nce setting.

| " In Figure s.SIpho;ogréphé ofséhe.ﬁr;nsmitted
"spectrum are ghown; In Figﬁre 5.5a the: LOG REF 1line 1is
equal to the total signal power and the measurement
bandwidth is IOK%g, so that b§ makigg a 4dB‘édjustmeht to
obtain the power in a 4KHz slot it can be séén_that the

£
-

T L _
transmitted spectrum just meets the FCC .mask for 20MHz

"

. channel at the +10MHz p01nts For measurements further ou:
é; band, Flgure S 5a is limited by spectrum analyser noise
and Figure S5.5b which is measured in a 30CkHz slot

demonstrates that the FCC mask is met with increasing margin

as the distance out o¢of band increéses;

5.4 - Eerformance fo; Mid-Band Fading

In this section the performance of the receiver will

De examined with respect to frequency notch depthg due to
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~a) Transm{ﬁtef.Spectfum -

-(LOG REF- is-total ~ = _

carcier pbﬂgr)
.+ L0 kHz -Bandwidth -
S5 MHz/div

10 dB/div.

b) Transmitter Spec®rum
10C kHz Bandwidfh

S5 MHz/div

10 dB/div

Figure 5.5 Transmitter Spectrum Photographs
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R two—ray-multipath-at mid-band, where the loss of signal”

- N . v -
e -

- - - powep-1s the greatest The fading model used islgiven_in

-

,j o Bquataon (4. 103) It should be noted agazn that the'fade
e - notch depth parameter B (in dB) and .the relative two-ray -

- e -

amplltude b.ate equal to Rumnnler's model parameters for %the
case of MP fading and for NMP fading,.-B and b are related to

Rummlet s parameters B and b, by Equations.(4.103a) through.

D= W

m»to (4. 103k)'and Equation (1'3) For_ mid—bané fading the DFE

-

et WOTKS accordlng to-the opjectlves stated in Chapter 1. The-

{

o performance tor ‘requency notches away from band-centte.

2 -

=" where the ISI component of the MSE is larger, is not as good

aS'the'poteﬁtial indicated in Chapter 4 and this will be

.

‘discussed in the~next section. I

iy

. - In Figure 5.6, photOQraphs;of the 7-level eye-

R

diagram at the input to *he.DFE the equa11~ed eye diagram

,..»-‘ KL

at the DFE ‘quantizer 1nput‘ and the LQ\Jpec trum at the input
to the IF AGC amplltler are shown with no-multipath present
"Ezh\ ‘at an RSL of -34dBm. This RSL is used for measured results
throughout thlS section unless otherwxse stated. In Figures

- 5.7a through Fitgure 5.7f the photogtaphs df the equalized

eye dlagrams ‘are shown for values of b ranging fron Zero to.

-

1\ two for.fo equal to zero. in Flgure 5. 8 the Porrespond ng IP

spectrums at the IF filter output (IF AGC amplifier input)

are shown. In Figure 5.9 the measured sampliné phase and

theoretical safipling phase from the calculations of Chapter

4 are compared versus the relative two ray amplztude b, and
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Photoggaphs of Eye Diagrams at DFE Input.
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in Figure 5.10 the meaeured BER and the calculated MSE E;om
Chepter 4 are compared._In Figure 4.10; it can be seen that
an 1nf1n1te notch depth causés a 16dB loss in the-RSL and
from Flgure 5 1 it can be seen ehat even & constant versus
frequency drop of 163dB8 ln_the RSL to -40dBm 1is enough to
reduce the BER to a velue'of 1877, The meastred BER at an
infinite notch, using_ae RSL of -34dBm is only 10 times the
flat faded BER, which means that only a small degradation is
suéfered due.to multipath induced'ISI. For this reason, ;he

BE& Qas also meesured versus-b at az‘RSL of —24d5w and this
is given in Figure 5.11. In order to determine the e:rect oil
tap-weight adjﬁstment neise and sampiing phase qdjgstment
Hoiee. the measured RMS value of the on-axis tap—weight and
Lhe meesured RMS value of the samp11ng phase conerol signal
\te given as a2 function of b in Figure 5. 12

Many obs®ervations may be made on these measured
results and the cOmparison to the theory ¢f Chapter 4. 2

very positive result is the agreement between the measured

and theoretical sampling phase as the relative amplitude b

-

is varied between zero and tao lor £y equal ko eern f}*
conflrmed also from observae1on that the most d fficul

equalization region of the multipath is not at the MP to NMP

"transition {(b=1) where ard infinite notch exists but in the

approximate NMP region between notch depths of 20dsB

(b=1.11) angd 2%@B (b=1.06) where at least for this
. "L R - . . -
particular implementation the two distinct loci ¢I the MMSE



Figure 5.7

hotographs of Eye Diagrams at DFE
Sguantizer Input for various Relative
Amplitudes of Two-Ray Multipath
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Figure 5.7
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Photographs of Eye Diagrams at DFE
Quantizer Input for various Relati
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, ,(A_ v - 1.5.7
) PRI | 4
a) b.= 0 )
£, = 0 MHz ,
B =0 dB

BER < 6 x 10°°

'L, = 0 ns

-“

-5 MEz/div 10 d3/div

b}''b = .94 +.02
£, = 0 MHz ;

B = 24 dB

BER = 4 'y 109

t # -18.2 ns

S MEz/div . 10 dB/div

o = O Mtz

= 38 dB
BER = 2 x 1074 ©
O=—-20ns . \

.‘ /

3 MHz/div 10 dB/div

Figure 5.8 Photographs of Receiver IF Spectrum at IF
. Filter Output for varigus.Relative
Amplitudes of Two-Ray Multipath

"J‘ *

A



BER'= 2 x 1072 =

L. = +40 ns™

BER = 1 x 10~/

t. = +16.8 n=s

Figure 5.8 ° Photographs of Receiver IF Spectrum at IF
: Filter Output for various Relative
Amplitudes of Two-Ray Multipath



sampling pheses end. -As desc%ibed iﬁ-Chapter'é, the MP
locus was obtalned when-the system was started up (or the
adaptlve parameters were 111t1a11y acquired) in the MP
- region of the multipath and the NMP . lotus was obtained when

the system was started up in the NMP reglon of mul 1paeh

15

There are some dlfferences between the theo;etlcaT and

1mplemented behav1our with respect uO these two loci. In

theory, the MP locus exists tﬁrough both the MP and NMP |

. multipath region although as b increases inte the NMD region

.the ratzo of the maximum and mznﬂmum eigenvalues gees orders

of magnltude larger and the determinant of the channel

autocorrelatlon matywis gets very small, whereas the NMP

locus effectlvely ends . for b between 1.1 and 1 due to

excessively high MSE. .In the 1mp1emented-system the ﬁ? locus
ends-.around b egual tp-l.OB'bug_interestingly as b is
increased above 1.08 the NMP locus is easily adquired at

. . o . 13 5
. this point even though the MSZ is high. The system can thus

track from the MP locus to the NMP locus. For the case of a.

decreasihg values of b on a NMP locus'the NMP locus ends,
accogdlng to theory, due to hlgh MSE but only rarely does

the system acqulre the MP locus, and this owly_dccurs‘when

LY

_the value of b 1s decreased rapldly To summarice, the DFE

. can equal:ze any mid-band multlpath fading, and the sampling
’_J

-

phase tracking or acquisition'betweEn the MP locus, which

ends at b equal to 1.08, and the NMP Iocus is relatively

easy, while the tracking or acquisition Dgtween the NMP



W
1

apnjlpduy asnrlelay

ﬂwmmﬁuazz mmm:oz&!ﬁ:muw> aseyq burpdweg Teni13a103y] pue painseay

(epnyj|dwp eAflp|ed) q

6'G ‘8anb1g

0
o0

omu:mmmx (0]

Teatla10ayl "

|

“'o—

Tllllllllllllillfl‘l

ITllllITll!IlIllTll

(pPoidiod jogquuAs jo s3ijun) espyd Bulduwps

N\

g



161

-

B

g epnyjidwy eA|3D|oY

s og'L _ oo'L

. Emc¢mr jo &mm ue je pue apnjiidwy aatrjeiay
:umnﬁuﬁsz Aey-0M] ‘stusian dSH 1eo1391038Y] pue yiag cmu:mmmz .

01°'G ainbia

_______/__.__--________.L.m__

(ep)ss{/\f

( ¥3g YoL9207 OL

%

_ /./ \ Cy3g dN— [T
. / ISW dAN—-——-—
. | \ 438 dN— — —
R : __\. SN dN—— — oe—
: — ‘oz~



162

wgpyz- pue wgpyg- Jo s19aa’] TeubBIS paatlasay
103 apnyipduy aatjeray yiedijini Aey-om] SNS19A Ydd paansea] 11°6 2anb13

(epnij|dwip SA[IL|OJ) q

ozt ¥t . eo'L ¥O'L oo'L va0’ 0e'o ¥@'0. . 0W'0
-__——‘—____-_“___—_—__—_._____-_.ﬁ_______—h.l.

~

—o—-

( 439 ) 01bB60oj



v

acqu151t10n performance

e

163 -

'locus and the MP locus is very dlfflcul and csnallf causes

the 1mp1emented system to lose acqu151fon until action is

‘taken to reacqulre ThlS leads us lnto a dlscu551on of the

-

Slnce decisidn- dlrected adapratﬂon is being used for

»
-

40 tap- WElghtS and two DC of‘sets in the system and since

the sampTer phase and frequency are-adso acquired Jointly

with the cap—WEIthS the fzrst questlon chat one mlghc ask- .

about the system operaczon would be abouc acqulslclon'“

performance However before the acquisition performance is

_descrlbed a hardware 1mplementarlon problem which affects

the acqulsltlon performance 1s descrlbed When;a parameter

.reglster islat its ‘maximum (or'minfmum)' a positive (or

negative) count to the reglster should cause the register to

e

stay at 1ts mahlmum (or minimum) value and not to wrap

“

“around to the mlnlmum {or maxlmum) value., Unfortunatel y' i

was overlooked 'in the des‘gn scage‘thac the recgisters should.

limit rather than wrap around The register values represent

-

Fl

using offset binary, tap-weights over the range 0of

-approximately *2 in"steps of 4/256. The zero mulrzpach on—

-aals value of the reference tap 1s x1, assnmzng a phase

reference of O° It has been observed rhat once one

,parameter (usually a tap welght) wraps around, che-entire

-

system 1oses acqulsltlon and all the parameters begin to

. 6scillate by periodically wrapping around and the only way

the system can then reacquire is by‘initialiting:all the



Lol

-
-

parameter values to zero Thls wrap around problem is

another ptoblem that must be correﬁted betore the jOInt

1mp1emented Since acqulsltlon would ‘be more dszlcult wheh

carrier acquisition is also required. L e
. : . :

~Ths_acquis_it-ion performance is now_described. The

system.will acquire, for any'mid—band fade notches between

-OdB and 30dB depth in the MP reglon and up to a 204s8 depth

le4

carrler recovery subsystem as proposed in onapter 3 is

in the NMP region. It is interesting to note that the system

tan "acquire in the NMP reglon of mid-band multipath when the

~BER is as high as 1x10‘2. Thls acquisition behaviour o:fers

an explanation for the observed system behaviodur as b is

. varied aoout a value of-approx1mately 1.08. Essentially, the

t.

ab111ty of the system to track betueen the MP and NMD loci

i

'1s related to the acquisition performance at a value of b

equal to 1298 which corresponds to a notch depth 3 egual to

22dB. .

The reasons for the system not tragking the MP

locus for relative amplitudes b above 1.1 is now examined.
~

;%e theoretical MSE for the MP "locus at a b value of 1.08

-

i's just 3x;10'5,. whereas for the NMP locus the MSE 1is Z-3x1_0“3

-

so that MMSE cah.probably be ruled out as the cause of the

loss of tracking for thHe MP locus. By examining the measured

" RMS values of the reference on-axis tap-weight and the

saﬁbling phase control signal in Figure 5.12 it can be seen

that tap-weight and sampling-phase control signal noise is
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Figure 5.13 Photographs of On-axis and Cross- -axis

.. Reference Tap-Weight Voltagés dver One

. Second Time Period for various Twe- Qay
~ . 0y Multlpath Relative Amplltudes'
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© roughly constant over all wvalues of b for bdth loci, except

v . t
for the MP locus with b between 1 and 1.1 so that it appears

. that equalizer misadjustment noise is beginning Lo control
- x - ‘

~

the DFE in this region. This increase in the parameter
‘variance appears to be related to the sum of the eigenvalues

of' ' the adjustment matrix, which is also shown-in Figure

5.12. A}so,the eigenvalue sbread,or the ratio of maximum to
minimum-eigen&a}ue increases very rapidly as o is increased
above 1.05 for the MP 1loci, and this reduces the system’'s
tracking‘ability. Anotﬁer observation.is also relevant %o
the loss‘of tracking ability for the MP locus at b edﬁal-to
1.08. As previously stated; the magnitude of the tap-weights

is limited to a range of two in the implemented system ang
. ' - .

as b is increaséd beyond one, the magnitude of the complex

valuéd reference tap-weight begins to increase towards a

value of two. The imElemented DFE then loses its tracking

»

4
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ability the filrst instant that thq\sum of the reference

tap-weight. mean wvalue and the peak error due to tap~-weight

‘misadjustment noise exceeds +2, because of the wrap around

problem, which was previously described. Obviously, removing

the wrap around preblem will improve this situation. Also,

by increasing the dynamic range of the tap-weights to

greater than two, or byincreas@ng’thesize C of the up-down
counter used to control the tap-weight register (to reduce
®

thé tap-weight varian;e), the tracking range £for the MP

logl could be extended further'into the NMP region. -



A flat fade of 16dB at an RSL of —3éﬁBm causes a BER

of 1073 an ;inf,inite notch selective-fade, which also
causes a lGdB drep in RSL, caﬁsés-a BER-of 10"% From these
two observations it ié‘éeen that ﬁhg_BER for an in£i5£;e
notch selective féde &t an RSL OF -34dB3m is mostly
controlled by the‘threshold.-intefference‘aﬁé lineé:ity
problems of the recgiver..The'méasured BER vefsué the
multipath relative amplitude b at ah ﬁSL of -24d4Bm shown\in
Figure 5.11 demonstrates even more conclusively that the

unfaded receiver BER'performance"is centrolling the

168

performance with respect to mid-band multipath for all

vaiues of b except in the region between 1.03 and 1.10,
wﬁeée for the NMP -ldbﬁé it is controlled by thé theoretical
MMSE and for the MP locus it appears to be affected by tap-
weight notrse. This tap—weightinoise appears Lo be related to
the eigenvalue sum and possibly..the rapid increase in
eigenvalue spread as b is increased above 1.05. The only
cbvious way to improve the tap—Qeight noise 1n this
implementation is to increase ;he-size C of the.up—down
counter register. waever, this would also r%sult in a
decrease in tracking.speed of the system. witﬁout examining
‘dynamic fading, it can not be said whether there is any
excess tracking speed which could be traded off for reduced
tap-weight noise in this fadiﬁg region.

To demonstrate the action of the up-down counters

and the tap-weight noise just referred to, three photographs
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of the on-axis ancé cross-axis .tap-weight values are shown in

Figure 5.13 for three,éifferentjmultipath situations. The

exposure time on these photographs is 1ls. From Section

)

5.

the number of tap-weight adjusiments in a 1ls tfme period has

-

-

r .
a minimum mean wvalue of 1/(Z3:*T). which is over 1000. The

discrete guantization levels of the tap-weigh®"s can be seer
s ., oL - .
in the photographs and hence, the brightness of each

gquantization level gives an indication .0f the proportion of

the 1s time interval spent at that gquantization level. It%

can be seen that for no multipath (b equal to zero) only two
. 3 . ) )
or three gquantization levels are likely and the probability

of correct adjustiment P

c is sufficiently close to one. This

is also the case for the KMP locus for b at 1.07, even

though the theoretical MMSE is only .01 and the BER is

approximately 1072 For the case of the. MP locus at b egual
to -1.05 1t can be seen tﬁatvthe probability of correct

adjustment P_ of the tap-weights has decreaseé¢ and the tap-

- -

weight noise has increased.

-
.

.5 Measured and Theoretical Qutage Reginon

A
n

- In this section a measured b-f£, plang of the outage

region 1is examined for notch Zfrequency offsets ranging

a -

between #8MHz. It is estimated that-with the failed LNA the

SNR at an RSL of -34 dBm is approximately 41 dB. Thi

-
=
»

estimate assumes that the measured system is 1 dB from -

theory at the loss-of~lock threshold for which outages are

- .

H



measured in this section. The reason for using the loss-of-
lock threshold is explained shortliy. If£ a unfaded SNR of 63
dB is assumed then b-f{  plane presented would be at 2 £lat

fade depth of 22 dB. The measured outage region is compared

with several different tneoretical ocutage regions based on

Hh

losz-of-lock outage criterion obtained fov &fifferent

system impulse responses in Chapter 4. This comparison will

-

show that the measured - system performance ZIor frequeﬁby
noﬁches away from band centre is not up to potential, and
the.comparison to outage regicns éor differeﬁt system
impu;se responses will serée Lo give possiblé reasons for
the sub—bbﬁentiai pperation. . o7

In Chapter 2 it waé explained that the desired local
minimum of the MSE -for the sampling phase could disappear
under certain‘conditions, dependent on the actual ch;ﬁnel
impulse response. This was observed to occur for values of

the relative amplitude b betaeeh_.SS and 1.15 and.potch
frequency offsets betweenVSMHz and 15MHz. ?he reasdﬁ_fér
examining loss-of-lock crilerion is the fact that this
disappéarance of the local minima was occur;ng at normaiﬁ;ed
MSE's that were less than -30 dB and there was ne outage
(outége defined by an MSE of -20 dB which 1f Gaussian would
cause a BER of 10'3) due to ISI or thermal noise in the

theoretical calculations for any wvalues of b or f£. until the

unfaded SNR wascreduced to 35.4 dB. i. e. The system would

o)

o )
lose lock before the BER above 10'3. The measured system
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Alsoc exhibited hehaviqur,like this for off-band centre
fading but near mid-band, there was a significant difference

between'lossﬁbf—loék and BER greater than 10‘3. When this

- -

. ) i R . .t . N ‘-‘ . . ) -
loss of the local minima.occurred the Equt minimum to be

found using a gradient approach was about two symbols in-the

negative direction.. Typically, this minimum had a low MMSE,

an‘eigenvalue'spread of 107, ancd reference tap-weigh%t values
mucg ;arger than.those achievabIE in the‘imﬁlémentqd‘system.
it was found that by weighting the sinc pqlses of the
impulse fesponSe hiﬁh a Caussian function tadreduce the
mabnituée of the impulse response tails, th region where -
thére was noe usable minimum for the sampling phase could be -
sﬁrunk to nothing f&r th Gaussian pulse half amplitude
width fg equal ?o.BT. Fof_Tg equal to 16T this regian

extends from S5MHz to 15MHEz in notch frequency ofiset and

from .85 %to 1.15 in relative amplitude.

# .
In_?igure 5.14 a theofetical outaée/region for Tg
equal” t¢ 16T and the measured outage region of the
implemented system are shown using the loss-cf-lock as
described previously. The measured outage Tegion is only
_vdisplayed‘up to a notch fregquency offset of SMHz becquée the
multipath simulator ﬁsed'had'not vet been placed under

computer control for calibrated operation. The measured

rh

cesults for offsets up to BMHz are sufficient to determine

that the system is not working as close to theory as desired

and  needs further work to remove the receiver threshold and

"
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linearity problem, ané the wrap-around problem -

] The main reason for comparing %these two outage

-

regions is that the implemented sxstem may be suffering a

similar problem to the theoretical one. The eqguipment

D
.
<
4]
ry
g

amplitude and phase wversus frequency responses ar

:
differeu;‘from that assumed fo; the Eﬁéoretical case but the

net result seems to be the same. If the tails cf the

Implemented system impulse response are too large then it i3

possible as in the theoretical case that the clock recovery
loop will Iose lock due to the disappearance of the local

minimum of the MSE. This could easily be the case since a

steep roll-off IF filter 1is used in the receiver and no
amplitude or group delay equalizers were used before the OFE
except a five tap IF transversal'equalizer with the

reference tap being the middle one. v .
, | .
,'TQere are other possible reasons for the measured
- [ o
cutage region to be larger than predicted by theory. B2v
referring to FTigure 4.5, it is seen that the theoretical
MMSE (which does not include parameter guantization and
misadjustment. noise) is larger for off band centre Iacdes by

up to 15dB, yet, the experience from the NMP locus at mid-

band suggests that the MSE is not too high as long as there

'is not an excessive amount of misadjustment noise, However,

since the difference between 'the MSE for the off bani centre

fades and the NMP locus at fo equal to zeroc 1s only 548 1t

would nét take a lot of misadjustment noise Lo .cause

-

e



., o : oo 174

»

problems. Aﬁcther way Qﬁ viewing thé d;ffgcence,between
thaory a:?;ngaifréd results is seen b?\bbserving that the
measured syétem BER for no.multiﬁath implies a ﬂoise scurce
much larger than assumed in the Eheoryf'If the nocise in
.Quesfgon was assumed to be Gaussién théé.a‘SNR bf betixeen
2538 and 3088 would ha;e tc be assumed to ex;lain-thé
measured BER with no multipath and if this leveE 6f ;nput
noise was. assumed in the theoretical system then it would

be very unlikely that the resultant MMSE would be

sufficiently'éméll'for successful ope€ration, sinrc

- -
- WwWas

.
v

rh

found from the measured results for the NMP locus at a two-

ray relative amplitude b equal to 1.1 thit a thecretical

MSE of approximately -27dB telative to the signal power Was

4

required to maintain acquisition of the tap-weights and
. other parameters. -

A
L

When all these arguments are considered, 1% can only
He said that to find agreement between theory and practice,

c.oit s neccessarty to use a theoretical model which agrees

more closely with the constructed system, or alternately, to

—r

csely with the

construct a system which-agrees more ¢
thecr¥etical model. To summarize, some of the impertant

degrading effects not included in the theoretical model are:
i) non-linearity, degraded threshold, and interference,
{1) actual equipment filter responses,
. - - "

iti) misadjustment noise,

iv) tap-weight wrap-around.
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~7 -
When these degrading effects are made insignificant
- e . ) -

or are removed in an implementation, then the theoretical

results suggest that ‘the outage region for high SNR may

‘

reduce approximately te a straight line in th

D

_b—fo plane

th

+1

that reaches between notch frequency offsets ¢

R

MHz to

-12 MHz at a relative amplitude of b equal to 1.1 as shown

in Figure 5.15. The line .would not imply any outage for a
static multipath situvation but would imply an outage time

for dymamic multipath determined by’ the reacquisition time.

jo 2

If acguisition was impossible in Some regions then there

rt -

would Dbe. two outage regions determined by the direction of
-~ . . - -
crossing, and the region where acquisition was impossible. It

'should be added here £hat this:cbmplepe|é1imination of
scatic ontage £or aﬁy p”and £q e#ists for SNR's dqwn o 39
dB. For less.than thié'tbg outage region opens up very

de

guickly. Assuming. the thecretical pjiformance. a flat f£fa

margin of 51 dB .would be required obtain a conditional

probability of outage of 2% due ‘to flat fading, conditioned

¢

~

“.on the occurence of fading, and values of relative amplitude

of-l.DSAané notch offset of 0 MHz which is the worst case

for b and fo_ -




) : CHAPTER 6 * : -

.. CONCLUSION . .

6.1, Introduction

In this chapter the significant resul:ts of the work

1

are summarized, additiconal conclusions are drawn, and
problems for further study are suggested. Several of the

‘significant findings were obtained as a result of the
construction of a ‘prototype high capacity digital microwave
ey . LY

radio. Th§ fadio was designed to operate.at 4050M52'in a

20MHz channellallocétion acéording to the FCC_mask[{31]. The

data rate used was 90Mbits/s so that the efiliency of

bandwidth utilization was 4.5pbits/cycle. The modul
method used was 49 state QPRS. Since the ideal. 439QPR

spect&um does not fit within a 20MHEz banédwidth, the

transmitteéd signal was overfiltered in the transmitter to
meet the FCC ‘mask and the resultant ISI was removed in the

receiver by the use of a manually adjustable IF transversal

o

equalizer.

6.2 Description of Significant Contributions

The significant contributions in the application of

digital microwave radio are three in number. Two are
) )

177 S T
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obtained from the system implementation just described and
one which is theoretical in nature has application in sther
areas besides digital radioc. These contributions are _

LM

summarized as follows:

i) The Eoﬁsﬁructed feédback iinearized transmitter i
the first application of feedbacklfor iineari:aton 0 a QAM
modulator and a transmitter power amplifier. Since the inpur
and output signals are the baseband data signal angd
modulated bandpass signal, a coherent deﬁoaulator is uSed‘iﬁ
the feedback path. - | ' " )

11) Tﬁé DFE constructed is the f;rst application of a
" joint sampling phase and tap-weight adaptive DEFZ in high

. .

rate digital microwave radio. In addition. %he saﬁpling
pfiase and tap—weight'adaptatron is done‘digifally wﬁich is
also a first in digital miprowaveiradio. The adaptive.DFs is
the first implemented adaptive system ;n digital microwave
radio to succeséfully equalizela 40d8 notch depth at mic-

band and to track through a transi

(T

ion‘from the minimum
phasg-regidn to the non-minimum nhase region of a twcff;x
mul;ipath.

| iiif A matrix analysis was done to determine :hen
eigenvalges for the joint HMSE adaptation of sampling phase
+and tap-weights of a D?E:'Thé MMSE 1s independent of carrier
phase since the DFE can resolve any carrier phase. THis
aﬁqusis establishgg both :he“éteady state and tracking‘

behaviour of_the jointly adaptive receiver.

.
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6.3 * Conclusions and FPuture Work ’ . .

i) Although the constructed system used a zero-forcing
or peak error based tap-weight adjustment ané an MSE based

'sampling phase adjustment, the eigenvalues calculated for °

-
-

MMSE adjustmént were useful in éxblaining the observed

behaviourrof the system. For future work, it would be usefwl
to determine the eigenvalues for a decision-directec
aléo;jthm as described by Equation (4.91). -Also, it would be
useful to determine the the effect of parameter guantization

on the MSE . - -~

ii) Feedba&k works well in linearizing the.traﬁi@{jﬁﬁf

 power amplifier. For the feedback *o be practical the symbol
périod should be much greater than the loop transit time anc f.
" should be ihplemented in an integrated form fo minimize %he
loop delay time and the cost of constructing the system. One
of the broblems involved with using difect moduiation, as
requi}ed by this method is that the convenience of
connecting a transmitter modulator and réceiver directly at
IF is 1ost. This is particularly‘troubléscme during
debugging and test functions when it would be convenient. .to
isolate different parts of the system. It is suggested for
future work, to consider ano%her method of feedback
linearization where the instantaneous envelope error and '

phase error are correctecd by feedback, rather than the I-

axis and Q-axis values, as shewn in Figure 6.1. Using this



method, the,linea;izationrcould be.done without 2 ﬁodulator
or demodulator;. and the‘feedback system wqﬁ}d accept a ﬁ?
bandpass  input and; of course, provide an RF-bandpass
output. This Systeh is pofentia;iy-simpler than the FLT
.géscribed inlthis thesis, and it may be:possible to
impiemept it with a sﬁ;ller loop tEme deléy"

iii) Theoretically there is more than one minimum in

~the MMSE with respect to the sampling phase. but due to

extremely small minimum eigenvalues which makes these minima

practi;é or possibly due to

difficult to acquire °

restricted range offthe tap-wéight values, local minima
other than the two closest
not observed in the implemené%@ system. With respect to.a
variation in thetwo ray myltipath relative ampiitude, “here
-are twq d{stinct loci of sampling ;hasés whiche#minimize the
MSE. These were observed to agre® very-closely in both
_tﬁedry and pr;Etice for mid-band fades. The two 1oci'were
reférréd to as the MP sampling.pﬂase 1oci_and the NMP
sampling phase_ioci,-according tolwhich region. of multipath

the parameters were'initially acquired. The NMP sampling

phase locus cannot be tracked in the implemented system for

LT
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© @ sampling time of zero were

" relative amplitudes b less than .05 due to large MMSE. The:

implemented system can track the MP locus for values of

relative amplitude up to 1.1 .and is limited at that_péint by

increasing misadjustment noise which is related to the. sum

.of Ehe system eigenvalues, although Eap—wef@ht c¢ynamic

vy



‘range, tap-weight quantizatibn ﬁoise, and the calculated
'eigenvalue spread may also bé .involved. For mid-band fading,
performance is good in the region of relative amplitude
around 1.00. However, the ébility to track through the
region of relative amplitudé E bet&een 1.05 and 1.10 1is
felated to the acduisition performance since as the abilé&y
to track one locus ends, it is neccessary to acqguire the

other one. As the multipath relative amplitude b is

182

increased through this range, the NMP sampling phase Ibcgs'

can be acquired fromthe MP sampling phase locus. quever.
éé b is decreased thrqugh this regionx acquisition of the-MP
sampling phase locus frgm the NMP locus is ﬁore difficplt
and could only be observed occésionalfyf

iv) The acqguisition performance of the implemented
system for‘mid-band fading is good, considefing that the
tap-weight adjustment is‘decisipn—directed and . considering
tHe tap-weight wrap arcund problem. Alﬁo, the sampling
frequgncyjand pﬁase are joiptly acquired with the tap-
‘'weights. The acquisition performance is good f£or the
relative amplitude b of mid-band fadingiless than 0.95.or
greatér than 1.10 and 1s not ncticeably dependent on wheﬁher
the eye.l1s open or closed due to multipath. The acquisition
peqformance is particularly good.for the NMP sampling phase
iocus: where the eigenvalue spread is smallest. fg'can also

be noted that the region of multipath where acquisition” of

the implemented systém is now impossibie (by initializing to
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zero) is the region with either a l'arge sum of eigenvalues

-
-

or the region with high.eigenvalue spreads. There is the

potential for better acguisition if the wrap around problem
was removed or possibly iffthe=misadjustﬁént noise in the
tap-weights for relative amplitudes between 0-.8C and 1.10

-

was reduced. "

~

v) In the éalculatgd theoreiical-_perf?rmaﬁce with
respect to multipath it is”seeg that 1arge impulse response
tails which are‘outside_fhe,time span qf thé equalé;ér can
cause the dési}ed localﬁminimum n tﬁe-ﬁss with respect to

'sampling phase to disappear for 0off band centre fading.

Therefore, minimizing the tails of the .system Impulse

response iIs important for good -operation bfwtheﬂclodk

recovery function. Of course, minimizing the system impulse

response outside the time span of the equalizer will also

help to provide a lower MMSE. In future work, the measured’

system impulse response or measured amplitude and group

delay versus frequency Jnay be analysed %o .determine if fixed"

amplitude or group delay equalizers could be used to redu;e
any impulse response tails due to_the equipment, that are
outside the time sﬁan of the equalize:.and thereby, improve
the implemented system performance. |

vi} The use qf one bit quant&zed insfantaneous gradient

estimate works well in parameter acdaptation when the up-down

counter method of Lucky 1is used to "average" the

instantaneous estimates. However, Lucky's formula for
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estimating the size of the up-down counters assumes

independence between parameters and does not predict the

misadjustment noise that results in the implemented system

-

for relative amplitudes b between .90"and 1.1 for the MP

'sampling phase locus. .In future work, it wouid pe yery

useful to %theoretically relate the eigenvalues and «

1>

eigenvectors to.the misadjustment noise and the size of the

'upfdown counter_fegister C when Lﬁcky‘S'up-down counter
ﬂmetnod is used with a one bit gradient.

- vii)'?ne;independent adjustment felbe tap-wedghts
affectlng I ahms and Q axis- gr eatlv reduces sensitivity of
‘the "BER to the amplztude and phase 1mba1ances experienced 1n

quadrature modulation or'demodulatlon.3

"viii) In the implemerited system, there are several
obvious changes and improvements to be made in the Iuture.

First, all the problems noted throughout this, thesis have to:

be correctede Also, the'caprierjrecovery fdnction.must be
implementedf'Tt“is anticipated that if tnere_is a-pcoblem
wlth the system proposed in Chaptef dl that- 1t;weuid likely
be in relatwon to acquﬂ51tzon per rormance— gince'with tne
proposed system in-Chapter'3 system acquisition wouid

.1nvolve carrier and clock frequency and phase acqu151tlon as

'well as acquisition of 40 dec1szon dlrected tap-welghts. As-'p

-

the DFE can resolve any rarrier phase. the 'only 'requirement
for -carrier recovery is to determine the carrier frequency

and to'minimize any change in phase}that thenDFE'could not

Kl

R
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.

track. With this -in mind, an alternative to consider for

. - - 1o

‘carrier recovery would be a ?quaring 106p or Costas loop
which could operate-independéﬁtly of the DFE.fn addition,
iF it QSS desi}ed %b decouple the clovck or sampling
f:équenby acqui%igion from the DFE,* but retain tChe MMSE
sampling phase estima;ion. the systen sﬁgwn in Figure 6.2
could belcoﬁsidered. The size Nf of the freguency dividér in

Figure 6.2 would depend on the distahce in phase that it was

4

desired tc pull the first otfder phase locked , loop.

-

i%) The outaée ( at 10“3) region measured in the b-£,
. plané at an SNR of 51 dB using the implemented five forward

and Five backward tap DFE wés bétter than that:obtained for
s any constructed systeﬁ'in existence (measured at higher SNR)
| for notch Ereéﬁendy offSetS within SMHz of mid-band. For
notch freguency ofisets greater than SMHzZ érom mid-band the

outage signature quickly grows significantly woerse than

. cutage regions previously obtained by others. Problems in-

- *

. . implemedtation are responsible for obtaining less than, the
- full potential of_the DFE td eﬁualize multipath. In order to
determine ﬁhe fullrpdteptial of the DFE more research is
required to eliminate the limitations due to implementation
and to obtain a bettgr theoretical description of fhé system
-in Qrdér to confifm the potential operation of the
imﬁléﬁénted sy;tém. Futuré work planned to improve the

theoretical description is previously stated in this

section. If the cff-band-centre fading performance is not
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s

:satiﬁfactory after future imﬁrovementsh then it may be wise

at that point to examine the use of an adaptive slope

~amplitude versus frequency equalizer, since these egualizers’

-

are used successfully iﬁ'neaqu all the second ceneration

radio systems.

¥) It has not been emphasized in this thesis, but it is

important to consider the tracking ability of %the adaptive

3

system with respect to the rate of change of multipath,.and‘

r

this is left for future work.

,
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