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- CHAPTER 1

INTRODUCTION TO MOBILE CELLULAR SYSTEMS

-

11 Background
Mobile btélec.ornmunicatio'ns is certainly one of the major breakthrnughs; The
.poss'ibility to r_naké‘and receive calls through a small wiréle_sé handset, whefevér you |
| are, has an o.bvions'a'ppeal. Wireline telephony allows us to reach aplace, if soméone '
is there to answer. Mobile telephony allows us to reach a particular person, wherever
the person 1s. Mobile teleéominu_nication is not a very recent technoio_gy bli_t is a
rapidly evolving one.b Expensive vehicle mounted sets .'havve been available for 30'_to
_ | » 40 years. A majb;' step was made at the beginning ofthe 1980’s when analog cgﬂnlar B
 technology was introduced. | |
The idea of instant communication regardless of distance is part of man’s '
- oldest dreams. The first implementation of radio Wa\.res for commu.ni{:'ation were
| renl‘i‘ie‘d“ in.th'e latc_nineteenth century for fadiotelégraphy. Since then it nas been a
widely used .technique for rnilitary communications. .The ﬁrst mobile telephone
ne&orks were inanually operated, the intervention of an operator was ._required to
connect the call to the wireliné network. The terminals were heavy bulky and
expensive. The service area was brestricted to the coverage of a single cell system'ieb
‘a single emission and reception site. | |
Between 1950 and 1980, mobile radio system evolved to bécome aufornaﬁc' and
the_,'»co:syts decreased due to the intr_odn_ction of scnﬁcnnductor fechnology. Capacity

- increased a little but femajned two small compared to potenﬁal demand, public



tele'phony remained a luxury product for chosen few. During the 70’s,..l‘a_rge .s'c'ale‘

integration of electronic devices and the development of MiCroprocessors opened the

~ door to the implementation of more complex systems. Because the coverage area of .

‘one antenna 1is mainly limited by the _transmitt_ing power of mobile stations, systems .

were devised with several receiving stations for a single transmitting station. They .

_ ‘alvlowed_ coverage of a largef area at the cost of additional mﬁasu'ucmre complexity .
But vthe real break through came with cellular systems,- where both transmitting and
recei\'fing sites are numerous end whose individual coverage areas ‘partiaily overlap
The cellular concept was introduced by the Bell Lebs, and was studied.in
~ various places ‘in.the world during the 70’s. In the US, the first cellular system, ‘the |
AMPS (Advanced Mobile Phone Service) became a reality in 1979 in Chlcago Nordic
-Moblle Telephone (NMT) systems started operations in Sweden in Sep -1981. The
TACS derived from AMPS, was put-in service in the UK in 1985. Majorv cellular

netWork in opell'ation‘ in Europe in vearl)" 1992 are shown in Table 1.1 withi'n the US -

| the concept of cellular radio was developed prlmanly by AT & T and Motorola The
.companson of first and second generatlon Analog and Digital Radio systems are given

in Table 1.2 and 1.3.



- Table 1.1 - Major Systems in Europe in 1991

_ Country - | systems ~ | Freq.Band Date of launch Subscribers
' : ' (thousands) .
' United Kingdom | TACS oo |85 | 1200
Scandinavia (Sweden, | NMT . - | 450 o181 |
Norway, Finland, o : : . , v v 1300
Denmark) : _ 900 1986 |- :
France Radiocom 2000 | 450,900 - | 1985 | 300"
o - | NMT 450 v 1989 90
Ttaly - |rrMs - |as0 1985 |60
‘ - 'TACS %0 1990 | 560
| Germany ~lcaso . |40 ~ jiess . |00
‘Switzerland | NMT 900 | 1987 180
The Netherlands NMT - |450 1985 130
A . 900 : 1989 :
Austria - INMT 450 1984 | 60-
: | TACS - {900 1990 60
Spain NMT 450. 1982 60
TACS | 900 | 1990 60

" TABLE 1.2 : Comparison of First and Second-Generation Cellular Radio Systems: Analog

_ _ System - _
Parameter AMPS’ NAMPS* | NMT MCS.1.1. | C450 | TACS ETACS
(U.S.Canda) | (U.S>) (Scandinavia) | MCS-L2¢ (Germany) | (U.K.) ’
o S I "(Japan) | 198% 1390
Trénsmissi_on L o ‘ 1 »
frequency (MHz) ' ‘ C o . . .
| Base - - | 869-894 469-894 935-960 870-885 461-466 917-933 935-
Mobile . 824-849 824-849 . | 890915 . | 925940 | 451456 | 1960
o . R : , : : - 872-888, 890--
, , _ | 915
Duplexing method | FDD - FDD . | FDD |fop. | FDD  |'FDD
' “Multiple-access FDMA | FDMA _FDMA FDMA FDMA _FDMA
method T A , :
Channel bandwidth | 30.0 1 10.0 25 1250 |200  [250
&Hz) . S o 12.5 | 10.0
Total channels | 832 . 82x3 | 1999 | 600 22 | 1000
: ] 1200 ] 444 - .
Voicé ) : » | -
Modulation | Analog Analog Analog - Analog Analog .Analog
Peak PM PM PM - |PM PM PM
deviation 12 t5 t5 +5 | x4 1 x95
(kHz) o :
qu_ltrol_' : _ ' Digital Digital_ Digital ’ Digital -~ .| Digital Digital
Modulation FSK _ | FSK FsK FSK - FSK | FSK
Peak Deviation +8 +8 - + 3.5 | 45 1 +25 | +64
‘| (kHz) . -1 10.0° 10.0 1.2 0.3 5.3 | 8.0
Channel rate (kbps) " :




TABLE 1.3 Comparison of First-and Second-Generation Cellular Radio Systems: Digital

. -

Lw\mx P—(egbc,{‘\m C/DGIOI(

W IH ',\}(ai T v vn ’@f{aﬁ\oﬁw .

.Systerh .
| Parameter Gsm® | PCNP IS-54 | PCD® 1S-95°
‘ ‘ (Europe) | (UK, (U.S,, (Japan) U.S.)
' - Canada) - o
| Transmission frequency _ S o ,
(MHz 890-915 1710-1785 | 869-894  |810-826 | 869-894
Base 935-960 1805-1880 | 824-849 '940-956 824-849
' Mobil | e o
Duplexing method FDD FDD FDD FDD FDD
‘Multiple-access method | TDMA | TDMA TDMA | TDMA CDMA
‘Channel bandwidth [ 200.0 200.0 30.0 25.0 1.23 MHz
(kHz) i | -
Traffic Channels per RF | 8 16 3 _ 3 60
Channel =~ - : ' . 3
Total channels | 125x 8 375x8 | 832x8 160x5
Voice carrier 'RPE/LTP- | RPE/LTP- | VSELP VSELP QCELP
Speech rate LPC 1 LPC 8.0 12 8 |
* (kbps) 13.0 13.0 7/4-DQPSK | 7/4-DQPSK | DS/CDMA -
Modulation GMSK GMSK 486 |42 -

Channel rate 270.8 270.8 o

(kbps) - -

Channel coding Conv. Cony. Conv. Conv. Conv.
Base - mobile . | 1/2 172 |12 /2. 172
Mobilebase | 1/2 [ 172 1/2 172 1/3

fpt/[ P - LPC- - fagiohnod
J ol e frea t::/




1.2 REQUIREMENTS OF MOBILE TELEPHONY

" There are four ‘basic problems _fa'céd by niob_ile comﬁlunicaﬁohs.

| v‘(a)v "How to ensure‘privacy and invtelljgibilityb of commuhicati(_ms.

(b) How to provide for. the growth m nﬁmbér éf users both in dens.itvy. as well._ as
diveréity. | | |

| © ) _» | How to alléw ﬁser mobility While in COnvefsation. -

(d)  How to overcome transmission problems such as noise interference etc.

1.2.1 Ensuring privacy & intelligibility of communication : This is ensured by use
of multiplexing/dé-multiplexing ‘techniques and using speciai coding/tokens for users -
identity. A number of voice/data channels are multiplexed. to forrh the informatidn

i signal which then modulates a radio fr_equéncy,caljﬂer. -

‘ 1.2.2 APi'obiem éf BandWidtﬁ vis-a-vis grthi) in number of users. Given a radio
' fféqueﬁcy band, the bandwidth réquired_for each channel of -_communiééﬁOh, and the. |
' anni)er of channeis forming the _multipléx, it wbuld be possible only for_ ﬁnﬁted '
-numb_éf of us'ers to commpﬁicate ‘simultanec')usly. Now to seé‘ how the problem 'v.of :
‘growth in number of users can be bv.ércbnic lef us consider two geographical areas
__spaced far abart., ‘In Athis cas}e‘,v it is possiblé £o ré—'use the same fadiofréquenéy band '
| »fc:>rl communications cenfined td tﬁe respective areas. Sd, if we notionaHy divide ‘.thev>
: gébgraphical area of the network tc; b¢ seerd int_o a number of small zonéé ,tcélled

cells) then the available radio frequency band can be subdivided info' a number of =



| .sllt-)_bands,v ahd ’adjacent cells can be a]lorted rlcn-,overlapplng .sub-barlds and cells ‘
| SUfﬁcienﬂy_ far apartv(With‘ no common bou_hdarie__s) c‘arr be allowed lt_o 're-us_e the ,_sub- :
'_ bands. ‘Some pattern of radio frequency barld Are—l.r_se can be followed..

. Thus, so lcng as the ntrmber of ecmal lu'sers witlu'n -a cell é.ree does: novt_exceed'v
the.nuvr.nber of -chénnels of ’ cqmrrlunicatioﬁs- permitted by the r,adi:o_frequency sub-bé,nd )
: ave.il‘zible for use m rhe cell, there is no-difﬁculty m prcviding .communlc;rthn fac111ty
" ovve:r"the whole netw_crk. T he uneven density of telecom users in different parts of the |
' ne_two_rk' .denslty cf ‘t‘elecom» users in different parts of tl1e rlefWorl( can be 'tackle'd by :

the following techniques: | |

(al) Making the size of cells srnaller in dense areas & larger in sparse areas so that

| number‘ of users per unit cell area never exceeds‘ the :allo\:aved hrmt
: (b) Divlding-’the radio frequency band so that the number of sub-bands» are less but
| each sub-band is wider thus allo»lﬁhglez‘i.ch cell to accommodate m_cr_e charinels. :
(c) Adopting RF band re-use pattern so that the less number of sub-ba_nds are re-: |
: used as. quickly as possible and 'the channel interference 'is not troublesr)me,,_
Use of digital rnodulation & charmel.'codin’g schemes engble this to be realized: |
Thus, we a_rrive at the bésic structure of the digital cellular net\n;ork - a. A
geogréphicel are‘a. notion_ally divided into a number of cells of sizes deperidirlg .on the

vtrafﬁc and user density.

- 1.2.3 Providing mobility to the users : A cellular networl{ consists of a rlurriber of

cells with a base station with a transmitter located in each . cell and the ‘users



| ‘ ._communicate using wireless radio communication. In addition, there is a Mes_sage

B Syvitching Centre (MSC) to enahle a user in one cell to beiahle-to.communicate' w1th

_ an‘other -user located in the same cell or 1n another cell. The message ‘vswitching: ‘centre

| does the _]Ob of hnkrng (or sw1tchmg through) the channel of commumcation (vorce

.band) on the approprlate radro frequency camer of the caller with the channel of L
commu'mcation of the called party on the latters appropriate radro frequency carrier. :
- So long as both the parties roam within their r'espec_.tive cell areas there is no

_ problem m mamtarmng the communication hnk Q_nly if one or both pa‘rtie_s move intd _
o ,adjace:nt cells while in conyersation then, to mamtam uninterrupted cominunication,

| the MSC transfers the voice channel from the original radio frequency _carrier_of the

-prev1ous cell to an available slot on the radio frequency carriers of the new cell (s) |

E ~ This transfer is effected fast enough compared to the radial speed of movement and

.information flow rate so that the communicating parties on the, move_ do_ n_ot'feel any ',

' ‘-interruption.

A12-4' Overcoming Trans mission g;g hlgm Addmonal comphcations affect:mg

, rehable commumcation anse out of signal disturbances as a result of the envn'onment '

radro"frequency., sensitivity, range and _power leVel requir'ements' of the sender’s o

‘instrument and frequency synchromzation problems as also in 1dent1fymg d1fferent
- ,'users causes of s1gnal disturbances are -
@ The signal strength deteriorates  as the distance from base station

increases - phenomenon is called path loss.
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125

_‘(.c) |

The presence of burldmgs h111s etc glves nse to shadowmg effects -

detenoratmg the srgnal strengths the phenomenon is called log norm al

fading.
Because of various reﬂeCting- objectS of the surroundings signal may
reach the rece1ver followmg more than one path leadmg to. a number’

of fade dips as a result of mterference of these signals w1th different

phases & amphtude this is called Raylergh fadmg effect Number and

locatron of these fade dips depends on the.carn__er radio frequency also. ‘

Reflected srgnals may arrive after considerable time delay bemg

reflected from a far away object - a phenomenon called t1me d1sners1on

leading to inter symbol mterference. '

Techniques Used to Overcome Transmission Problems.

. To over come the adverse effects a number of techniques are used. These are:-

(@ Antenna (space) diversity For base station antennas - a gain of 6 db is

possible with 5 to 6 meters spacing between two antennas at one BTS.

(b) Frequency hopping. To take advantage of the fact that the fading pattern

is frequencyv dependant, the carrier frequency is changed among a' number of "

frequencies during a call - probability of simultaneous fading of all carriers |

being very low.

(c).Channel'coding'and inter leaving



(d) To oVercom'e noise ef_feéts' and _t;he fact that noisé moétly occur in _burs#s,
.blo_ck : bodiﬁg & -convoluti@n “coding téchniqﬁ_es ére used.; in ad'diti,on-,' |
interléaying is also lresoftevd to. |
- (e) To overcome time dispersion effects c_qualizaﬁon bit packing technique is

3 “adopted.

13 CELLULAR NETWORK CONFIGURATION
"Th_e ﬁincti_ori_al -entities in a typical ,_cellul:vni nethrk that are of particﬁlar
: interest here a;fg-:- " | | | o
: (@) Cellular Subscriber Stations (CSS)
(B) Base Stations (BSs). | |
(@ - Mobﬂe .Swit"ching_ Centcrs (MSCQ :
(d) = Home Location, Regi.ét:ers (HLRs) |

(@  Visitor Location Registers (VLRs) -

: 1_.3.1'_ Cellular Subscriber Stations - -CSSs te.rmix.la'tc.ih-e radio lmkon th‘é usér sid_é .

of 'thé-user-to'—n'etwpfk interface. They are also referred to .aé Mobile Stations (MSs)

1.3.2 ‘Base Stations - The primary role ‘of a BS'is to terminate the radio link on the
network side of the user-to-nét\ybrk interface. This involves an element of cdntrol as
' AWe_ll as RF,IF, _and.base band processing. In some implementations, the controllers

_ are co-located with the transreceivers. In others, a single. controller supports mul_ﬁplc



remote 'transreceiVers. Regardiess of their physical location, however, BS controllers
are | limited to processing mformatron d1rectly related to the estabhshment '
maintenance and release of one or more radio hnks That i is, BS controllers manage
c‘hannels which are part ,of connections. CSS registrations and request for service are

passed on, essentially as received, to the MSC for processing.

1 33 -v Mobile SWitchihg Centres - In addition : to the call process:ing' fu_nctions :
~normally performed by a central ofﬁce MSCs do the following:
E (a) ) Select and coordmate the broadcast of system level parameters
| ) Pr_ocess CSS ‘registrations. o o |
(c) Qoery Location Registers.
(d) Manage the _paging process. |
(€  Select the BS best able'to‘ha_ndle .‘.a call.
- ® | Establish connections between the PSTN and the .BS.assigned .to handle
| . the call. ~ | | | |
. | (® = Coordinate handoff activities. |
o | In short, the. MSC performs the bulk of the'Wireless'and wired call 'processing
in einstmg ceHular systems Each CSSis a551gned to a home MSC when it is placed"'.
in serv1ce Land line sw1tches route calls- placed toa CSS to the home MSC of the :

CSS The home MSC is then respons1ble for locatmg the CSS and routmg the call. .

10



| _1-_.3.‘4. Home Location Register.; HLRs are used.to support automatic _roarrling. Ea_ch
system has one or more HLRs assocmted with 1t each one respon81ble for mamtammg
~a series of records for a group of CSSs The HLR entnes for each CSS mclude ‘

; (a)z . A Mobﬂe Identlﬁcatlon Number (MIN) to Wthh the CSS w111 respond

(b)  The Electronic Senal Number (ESN) burned 1nto the CSS dur1ng its

o manufacture. v v
- ()  The ‘set of "fea.tures_ 0 which the :CSS" has subscribed (.e.,
_'acﬁve/inacﬁve). | | |
B .(d)' _ Profile setti‘ng‘s andb'data__ e.g., call forwarding'_on/off and fo'rward-_to
numbers, respectively). | | | |
e The CSS state (Ii.et,‘ active/inactive). | | v
® A pointer (Point Code and Subsystem Number) to the last VLR to-have-
provided the HLR with registration informatiOn conc_e'rning 'vth_e CSS.
- Every CSS rs assigned to a HLR when' it :isplaced in services an’d. giyen a

.MIN A CSS may have mu1t1p1e MINs and as such, may be serv1ced by mu1t1ple.

I-ILRs However for a glven MIN/ESN pa1r there is one and only one HLR .

: supportmg it. Also, wh11e standards deﬁne the mterface between a HLR and other

| components 1n a cellular system (i.e., MSCs and VLRs) to allow the HLR to. operate

‘asa standalone unit on a mgnahng network many current 1mplementat10ns have the )

'_I_HLR co-located with an MSC and VLR Th1s has more to do with how mtersystem .

-capablhtles are belng phased 1nto ex1st1ng networks than wrth performance concerns.

o



_. 1.'_3'.5 : Visltor Location Register - VLRs are used in conjuction with HLRs to .. _
.-l»support automatlc roammg VLRs perform two functrons they assrst in locatm‘gv a
'CSS for call dehvery, and they act as local, temporary reposrtones for subscrrber

B proﬁles avallable locally, reduces trafﬁc on mtersystem srgnalhng networks and |
fl_rmproves call setup tlmes |

. _VLRs may Operate as stand-alon_e umts, or be co-lo_cated with M'SC's. Their |

| . .pl’a_cement 1s a tradefoff betwe..en' two fact'o'rs:.‘ to support VLRs as stand-alone» units...

': servmg multrple MSCs to support real—t:tme call delivery by prov1d1ng service
:proﬁles to MSCs it may be advantageous to co- locate VLRs and MSCs |
o 1.4  OPERATION OF CELLULAR SYSTEMv |
The cell ‘is‘ an area generall'y' shown in a six sided honey comb shape, because
thrs is the sirnplest way to illustrate the workmg of the sy'stem and also because.' 1t
approaches a circular shape that is the ideal poWer couerage' area. | |
Radio Txn in Cellular System The radio txn used in a cellular system 1S
.narrow band FM. The important characterrstrc of FM receiver is s the capture effect _'
An FM receiver while det’ectirig two transmissions on the same frequency -will ig-nore . =
E the weaker s1gnal and lock onto the stronger one wrthout any real loss in the srgnal.’
| qualrty To keep tlus sort of 1nterference to m1n1mum the RF power used to transmrt _
' the signal between mobrle subscnber and the base station is constantly momtored
‘ 'measured and ad_]usted to the lowest level of power that w1]l give effective
| , vcommunrcatron However th.lS is done on another radro channel rather than the vo1ce

- channel

12



' 142CSS T.racyki._vng.

o When an instrument is turned on, it'enters into the idle state. In this condition,

.. vi_t'is only dotng' the electron_i_e hotxse keeping rot_;tin'es that at_"e nece'ssary‘ to pvrepa‘re’ 1t
‘to feCeive or make calis. The teceivef scans ,-‘the de}signatedset up .channels and.. selects

" the._strongest and locks on to it,fo‘r‘a certa‘int‘ime. Since each cell 1s a_ssigned_ a

" ‘fdiffetentset up channel, locking on to the strongest one implies selectin'g_-'the nearest

| BS Th1s eliminates the load on transmission at the cell site ‘f’or‘locating the n;obile - '

3 f,:» umt After every.:60 seeonds‘,v the self location» prOce'c_lnre’.is r_t:peated. Thj's"is to cate_r"

) for the contingency.of the CSS moving into another cell. .

b The‘ }B'Ss_ fo"r_ward’ .the reg‘istration‘ messages from CSS to an. MSC »forb
' -proeessing The serving MSC e)tarrtines"the 'MIN'and‘ forn/ards the contents of _the

- -.-reglstratlon message to its VLR 1dent1fymg 1tse1f as the servmg MSC

| | b. If the CSS has prevxously reglstered the VLR merely updates the ﬁeld used to. |

| . track the MSC serving the CSS and mforms the MSC that the regxstratlon has been'

: successfully processed | | | |
| If the VLR has no knowledge of the CSS it notlﬁes the HLR assoelated w1th'

T ess
- the SEC and MIN of both the SCC s presence and the 1dent1ty of the servmg MSC

. th also requests any service proﬁle mformatlon for the. CSS After performmg the

: requ1s1t,e_checks, the I_-ILR mforms-the VLR.under what conditions the CSS may be‘

~ served.
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B 1 4 3 Call Delivery | |
Calls to a CSS are routed via Public Sw1tched Telephone Network (PSTN) to ,.

”the home MSC asso'ciated- with tlle.digits dialed by the calling party. The MSC nowi' f

o 'sends a locatlon request message to the CSS 'S HLR seekmg guldance as to how to

f.‘_handle the call. The I-ILR in turn contacts the last VLR from which it recerved a

- '_-locatron update. The VLR contacts the ‘-_Servmg __ MSC to obtam mst_ru_ctrons asto how '.

. ._ the call should be dehvered

- Before respondmg the servmg MSC checks the busy/ldle status of the CSS If
| T _the CSS is idle, the MSC assrgns a Temporary Local Dlrectory Number (T LDN) to '
the call and sends it (vra the VLR) to the HLR that had 1mt1ated the request Th1s
. TLDN is dehvered by the HLR to the home MSC which then forwards the call (i.e. ' |

'establishes voice circuit)v to the serving MSC ouer whatever'faCHlﬁes are 'availableveg
. PSTN. Fmally the servmg MSC pages the CSS to determme the servmg BS, allocates-

. resources on the trunk connectmg the BS w1th the servmg MSC ass1gns the CSS to

o a vorce/trafﬁc Channel and instructs. the CSS to alert the subscnber

‘When the call has been completed and the CSS hangs up, a partlcular :

3 swrtchmg tone is transrmtted to the cell site and both 51des then free the vorce'--

B channel.

1 4 4 Hand Off Procedure :

As the CSS dunng a call moves out of a cell site, the srgnal strength on the

-exrstmg channel between the BS. -and CSS becomes weak and goes below the :

4



7_ :‘threshold. This signal is con_s_tantly monitoretl, so the MSC now transfers the »calli to
a. \'?_acant channel bthat will give a better signal -eithver in the same cell orl in a _adjacent l
...éne. .At the same time,b the BS 1s ‘dire_cteti to tell the mobile unit to switch to the
o neuvly assigned channel. The CSS (loes this au_tomatically .artd the MSC conﬁrms- 1t

'. . This ‘procedure is called handoff and takes place in less than 2 ms and is

L accomphshed w1thout either party bemg aware of it.

15  BASESTATION HARDWARE
1 The (leuelopment of cellular -télephony owes its existence to the‘det/elopme_nt
: -‘of,_ .}micro and mini comt)uters. 'Thevcellular._ system is a mlx ofa dedicat_e& processor '
and a. cOmbuter in each of itsstations The computer is userl at MSC 'to‘ control the '
"_vd1g1ta1 sw1tch1ng system and do all other tasks such as blllmg, traffic analysrs and_ '
.momtormg the operatlon of all cell sites. |
| For each voice and date channel»_th_ere is_.a module_ contairiing a transmit_ter, a
B receiuer,. a control unit and power sup_p_ly edui_pmer_lt. In a'dcljtio_n e_ach base s__tatiou has
a transmitter combiner and receiver' multi.-coupler that -varev designea to allovu
lconvnectlng of a number of transrmtters and recelvers to the same antenna w1thoutl :
creatmg any mterference to each other The 51gna1 recelver measures the strength of
" ‘the ,radllo s1gna1 on 'any of the -channels on the vcommand of MSC. Th1s is done for

. hand off _ proc.edure--’as and when required.
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 Control Unit This is a dedicated micro computer and is orié for each fadio ‘chém'nét. |

Ttis .;espons_it;,lé. foc.aﬂ the 'cén{rh_unicaﬁong,_' both ’data:'an'd voice, with MSC and it -
__-eontr61s_ and monitors the CSS o .
TranSmitter Th_is consists of a conttol umt to- controi--the _amplification ,'ievet_,'_
’. »fl-te:quency‘ gefnerat_or‘,' the exciter"and"poWef" amphﬁer. e

._.Receiyer It filters the. cortect inc_onaing sig'nal,i anipﬁﬁes ivt',:..then__passes it o_f t11'e IF
umtfor further -down'-conyersion of the s1gnal A part of .this is’ fedhack to control\ ,
;".An;emig:The ‘actnal_antenna that does. the radiat_ing is 'ustxaﬂy acentre fed col'l_finear"
type w1th two or more elements stacked one above the _othet to proVide gain or

" reinforcement of the signal.

1.6 Seguence of OQeratlon (From Speech to rad1o waves on the source s1de)

| To understand the sequence of operatlons in transnutter and recelver s1de
:.example of GSM has been taken
@ Channel Coding introduces redundancy into the data ﬂow:. increasing Iit"s rate
b'by addmg mformatlon calculated from the source data in order to allow the detection .
"vovr even the correctmon of mgnal verrors mtroduced dun_ng transmission. The result of
: Vthe channel coding is a flow of code words in the case of speech these code words |

_. are 456 blts long
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(b)) Inter leavmg involves m1x1ng up the b1ts of several code words, so that. b1ts

- wh1ch are close to one another in the modulated s1gnal are spread over several code .

wor'ds. _Srnce the error probablhty of sucCessrve b1ts in the modulated stream is very »
' 'r‘n,uch conela&dﬂ_and since charinel codin-g performance 1s better when errors are
o '. decorrelated, .int.erleaying"b axms at decorrelati_hg errors"-'ahd 'th_e:i.r‘position_ in ,code
: "-Wm’dsf After mterle_avi:ng,: the ﬂow of in'fo.r_rnation‘ is SUc_cesslon of b100ks ] one bjlock
K _ for each channel burst.

- (c ) Clphermg modlﬁes the contents of these blocks through a secret rec1pe known

L "_'only by the moblle stations and the base transreceiver station.

_ (d) Burst_Formattmg adds some binary vmformatlon to- the .ciphered blocks in

_order to help synchronization and equalization of the received_ signal, the output of

o thlS stage consists of binary mformatron blocks

©) Modulatlon transforms the bmary s1gnal into an analog mgnal at the nght ,
frequency and at the right momen_t _usmg r_nultlple access rules.v The signal is then '

- transinitted as radio wave. |

. ‘Sequence of operations on the receiver side -
L (a) o Demodulatiou Radio wav'esv are capture'd b’y the antenna: The portioh of the .-
B rece1ved signal whrch is of interest to the receiver is determined by the ultiple

access rules. Th1s portron undergoes demodulatlons w1th the help of the addmonal,'

mformatron 1ntroduced durmg burst formattmg The result may cons1st in a succession

- of bmary information blocks More sophlstlcated demodulator however are able to :



dehyer an estimated ‘probability of correctness of each vbit';‘ ,this‘ is call_edb ‘soft
decision”. | | |
| H(b): | D‘ecip hering modifies those bits, by reversmg .the'ciphering‘reci‘pe, 'since thlS
_recipe js a bit-‘by-:bit' "exclusive or"‘ 'wrth a_ciphering sequen":ce,‘ it may be performed_ |
‘. fju‘st as well when a soft decisioln.process. is _appﬁed'. RN o
(c) , dDe-'-interleaying puts the bits of thevdifferentf.,bursts:_vba'ck.invorder't_o reburld
3 the code ‘words. . | |
] . :(d) Channel Decodmg Channel decodmg tries to reconstruct the source_ _
“__'infOrmatlon from the output of the demodulator, ,usmg»the.added redundancy to detect_‘ _v
or .c_or_rect possible'errors in the output from the der:nodulator'.v'This operaﬁon 1s much. '

~ more efficient when the demodulator indicates a priori error likelihood. of each bit.

1.8 Consideration for Further Study
In this Chapter emphasis has been to understand the'functioni'ng ofa Cellular‘- -

- Commumcatton system in general and the background wh1ch 1a1d the foundatlon for .

-

2 »_'development of modern day mu1t1p1e access mob11e d1g1tal commumcatlon systems

Havmg done tlus we will now graduate to famlhanse w1th spread spectrum :

S1gna1s and theory of CDMA to. pursue the mtended study
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'CHAPTER 2

THEORY OF SPREAD SPECTRUM SiGNALS AND CDMA

2.4 Intrbduction
‘In digital . communications the é;ffort is always on efficient utilization of ‘.
béﬁdwidth a.ndv power. NotWifhstanding the importénce of these two prihaafy
: vcomnvmnication resources. The‘re -aré situatioﬁ_s where it is necessary to sacrifice the
_ efﬁéiént utilization of bandwidth in order to meet certain other design objecﬁves_such
as pquision of secure conimurﬁcation. The ,signalﬁng technique used for this is called

spread-spectrum modulation.

2.2  Definition of Spread-Spectrum quulgtior_l. It can be stated in two parts
(@ - Spread Spectrﬁm is a means of transrﬁission in which thé data"_sequéncé
~occupies a bandlwlidth in excess 'éf th‘e. minimum bandwidth ﬁeceéséry vto' 'Se;nd-_
. - : _ . : _
®) The spectnini épreading is accomplished before transmission throﬁgh the use
- ofa code that is independenf of the date sequence. the same code is uséd' in
. the receiver (operating in synchronisﬁ with the transmitter) to d_espreadthe '
received Signal so that bthe_: oﬁginai data seciuence rﬂay be recovered.

Application _of spread spectrum modulation. The  spread spe'ctnim

modulation was originally' developed for military applications, where resistance to
jamming is of maj'or_Aconcem.‘ It is also used to provide multipath rejection m a
: '_gfound-based mobile radio environment. It finds application in -multiple-a_Ccess
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communication in which a number of independent users are required to share a

 common channel without an external synchronizing mechanism as in a ground based

" mobile radio environment involving mobile vehicles that must communicate with a

central station. -

2.3 Important Elements EleQvéd in the Design of Spread _Snecti'um' Signals .

@
(®)

@

Coding and

Pseudo - randomness

Q_od_mg Spread speéﬁ'um signals have their b’agdWidth_, w rh_uch greatef ‘
than the infdrmation rate, R in bits/sec. The bandwidth éxpansion
factor B, = W/R for é spread spectrum signal is much greater than
unity.- The large redundancy inherent in spfead spectrum signal s
rgquired to ovefcome the ‘seve'r.e' levels of interferen(;e that aré

encountered in the transmission of digital information. Since coded

waveforms are also characterized by a bandwidth expansion factor

| greater than uhity and since coding is an efﬁcient_ method for

introducing redundancy, coding is, therefore, an important element in
the design of spread spectrum signal. -
Pseudo Randomness Second important element employed in the

design of spread spectrum signals is pseudo-randomness, which makes

“the signals appeaf_ similar to random noise and difﬁcult,tq demodulate

by receivers other than the intended ones. -
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| 24 - The Uses of Spread S.p'e_ct'r_um Sig.nals
These are | |
- (a)':-. . Combamng or suppressmg the detnmental effects of mterference due to
: . Jammmg, mterference ansmg rrom other users of the channels and self
| interference due to multxpath propagatlon |
: (b) Hldmg a s1gna1 by transm1tt1ng at low power and thus makmg it dlfﬁcult for- "
L _ an- unmtended hstnerto detect in the presence o_f backgr.o‘und no1se. |
| (c) Achieving message privacy i‘n.the p_reSence_l-_of other listners.
2.5',"  What is‘CDMA Technigue s 7= 2 52" |
N In multiple access communiCation system a number of users share a cotnmbn
| _'channel bandWidth.‘ At any given time, a subset of these users Inay transmit
infprtnation simultztnec)usl_y over the common -channel to corre‘spbnding 'receiyefs.
’ As.surnin_g that all the users employ'the sanle code .fer encoding _and" dec'odv_ing of their
: V:re\s.[;)ective information sequences, the transmitted signal in thlS comlnon spectrum_ -
_: mgy_be distinguished from one another by superimposing a differentuseudo-randern B
I.)at‘te'm,. also called a code in each transmitted sign'al‘. Thus, a particular receiver can
.' 'r.ecO\.'_(er the transmit,ted infofmation intended for it by knou/ing the pseudofrandom"" |
| pattern ie the _l:<_e_y,_ used by the cortesponding transnlitter. This type of communicadqn :
'technique, which allows multiple users tc simultaneously use a common channel for -

| _transmissien of information is called code division multiple access (CDMA).

)



2.6 'M'odel of Spread Spectrum ILgitald)mnmni____c_at_imLst_gm

| The biock_ diagram shovs%s the' basic elements of a spread ;,speetr'Li'm' digitai
.cor‘nmunication’ vsystem w1th a binary : ihformdti‘on sequence at  its vinput at vthe '
"transr_nitting end and at its QUtout at the receiving end. The CHanne_l enCoder_'and
} deeo,der and the modulator and demodulator are basic elements of the system. There
are ti)&?o identical pseudo-random pattern 'generat'ors? one that interfaces wrth the
| moduletor at thetransrnitting end and a second that interfaces with the deirlodulattor
' V'i;' at "mé; receit/in'g end. The generators generate a pseudo-noise (PN) birtaiy valued
s_ecinenCe, which is impressed on the transnritted signai at the modnlat'or _and rert10ved )
| from_the rec'eived signal at.the demodulator.'
Synchronization of the PN. sequence generated at the receiver‘\i/ith- the PN -
~ sequence generated at the reeeiver with the PN sequence contained .in the ineoming_
received signal is retluired~in or_tier to demodulate the received signal.,InitiaHy, ’prior
to the transmission of information, Synchronization may be Jachievetlv by transmrttmg
a ‘ﬁxed pSeudo-random bit pattern that the receiver will reoogniZe in the oresence of
a '._mterference with'a hrgh probablhty After time synchromlsatlon of the generator is

" y estabhshed the transmrssron of mformatlon may ‘commence. | |
:i, Interference is mtroduced in the transmrss1on of the mforrnatlon-beanng srgnal
.‘ through the channel The. charactenstrcs of the interference depend to a large extent...
on its origin. It n1ay be c_ategoﬁzed as being either. brog‘d-band or narrowhgnd relative
.to_ the bandwid_th of the information-bearing signal and either vgong'nuoug or mlge_d
- "(drscontmuous) in tlme For example a Jammmg srgnal may consist of one or more

' smusord in the bandw1dth used to transmrt the mformatlon The frequen01es of the
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e smus01ds may remain ﬁxed or they may change w1th tlme accordmg to some rule.

The mterference generated in CDMA by other users of the channel may be

| either broadband.or narrowband, depending upon the type ,of spread spectrum signal

that is employed to achieve multiple access. It is broadband, it méy be »characteri'zed

" as-an equivalent AWGN.

27
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- _be maintained due to time-variant- effects on the communicatioh link. The PN )

2.8

) Modulatlon techmgue Two types of modulauons are used - PSK and FSK i

PSK is appropnate in apphcatlons where phase coherence between the
transmitted signal and the received stgnal can ._be_ maintained over a t1me“

‘.intefval that is t'elatively long compared to the reCiproeal of the transmitted -
s1gna1 bandwidth. The PN sequences generated at the modulator is used in

i con_]unctlon with the PSK modulation to shift the phase of the PSK signal

pseudo-randomly. The resulting modulated signal is called a direct sequence

(DS) or Pseudo-noise (PN) spread spectrum signal.

" FSK modulation is appropriate in applications where phase _coherence cannot N

sequences ‘when used in Aconjunction with hinary or M-ar'y (M >2) FSK, the |

| pseudo-random sequence selects the» frequency of ‘the transmitted signal
R 'pseudo;randonlly. The resulting signal is called a.t;:"eg _Vuencyv-hgpp'ed _ iﬂﬂ

- spread spectrum signal

Direct Sequence Spread Spectrum Sigt_lalé

In the model shown in Fig.2.1. we assume that the information rate at the
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' mput to the encoder is R bits/s and the avallable channel bandw1dth is W Hz. The

modulat10n is assumed to be bmary PSK In order to utlhze the entlre avallable |

"channel bandw1dth the phase of the carner is sh1fted pseudorandomly accordmg to
: ', the pattern from the PN generator at arate W tlmes/s The rec1procal of W, denoted

: by Tc, defines the duratlon of a rectangular pulse wh10h is called a. chlp Whlle Tc,ls

: called the chip mterval The pulse is' the basic . element in a DS spread spectrum o

- -,srgnal._
| : If we define T, = 1/R to be the duration of a rectangular pulse corresponding
to 'the_transmission time of an information bit, the bandwidth expansion factor W/R

- may be expressed as

T -
B=%= b @-1)

-2 ey

.‘ Wthh is the number of ch1ps per mformatlon bit. That is, L, is the number of phase
sh1fts that occur in the transmitted signal durmg the bit duratlon T, = 1/R. Flgure 13- :

2.1-(a) ﬂlustrates the relationships between the PN signal and the data signal.

Suppose the encoder takes k mformatron bits at a time and generates a bmary
. hnear (n.k) block code The t1me duratton avallable for transmlttmg the n code

. elements is ka The number of chlps that occur in this t1me mterval 1s kL Hence
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'we may select the block length of the code as n = kL If the encoder generates a‘
| 'bmary convolutlonal code of rate k/n the number of chlps in the time mterval KT, is '_
_' also n = kL.. Therefore, the following con51deratron applies to both block codes and |
_convolutional c'odes'l | |

| One metho_d""for nnpressmg the PN sequence on._ the transmitted signal is to .
alter directly the coded b1ts by modulo-2 addition with the l’l\l_-sequence; Thus, each

' .code_d bit is altered by 1ts addition with.a bit from the PN .seq'uence. If b represents

| thezth bit of the PN sequence and c is the corresponding bit from the encoder, the |
: ..:.{-: mo’dulo;Z | sum is v'

a, = b,®c, " | @3

Hence, a, = 1 if either b; = 1 and ¢; = O orb; = O and ¢; = 1: also a; = 0 if either
‘b land ¢; = lorb = Oandc = 0. Wemaysaythata —Owhenb =G and |
| a1 = 1 When b, #c The sequence {a;} is mapped into a bmary PSK srgnal of the

- _".form s(t) = 4+ Re [g(t)e accordmg to the convenuon

g(t- iTc) (a,=0)

&0 = ~g(t-iT) (a,- 1

_vuhere vg(t) represents a pulse ofv duration T, s and arbitrary shape
| The modulo 2 addmon of the coded sequence {c} and the sequence {b} from | |
- V_the PN generator may also be represented asa multlphcatlon of two- waveforms To -

'demonstrate th1s point suppose that the elements of the coded sequence are mapped ‘

- mto a bmary PSK signal accordmg to the relatlon _
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c(t)—(20-l)g(t-1Tc) | es
Smnlarly, we deﬁne a waveform p; (V) as

P © = @b~ 1) PT) | e

B "_i;_&h‘ére p®) is a re'ctangulat' pulse of duration T.. Then" the equivalent lowpass
t_ra'nsr'nitted_ sign_al'correspOndi'ng to-the ith coded bit is |
. gt = pi () )
=@b,-1) Qci-Dgt-iT) @7

This signal is 1dentlcal to the one glven by 2-4), wh10h 1S obtamed from the

.' sequence {a}}- Consequently, modulo-2 add1t10n of the coded bits w1th the PN'

o sequence followed by a mapping that yields a binary PSK s1gnal is equ1valent to

multiplying a binary PSK signal genefated from the coded bits with a sequence of unit
- amplitude. rectangular pulses, each of duration T,, and with a polarity wh_ich is

. determined from the PN sequence ac'cordi'ng‘ to (2-6). Although it »isI easier to

o »iir_npl'e_ment modulo-2 addition followed by PSK modulation instead of waveform

' -multiplication, ‘it is convenient, for purposes of demodulation, to consider the
transmitted signal in the multiplicative form given by 7). A functional block
- dlagram ofa four-phase PSK DS spread spectrum modulator i 1s shown in F1g 2 2 (b)

" The rece1ved equlvalent lowpass s1gnal for the zth code element is

- 1® = PO + z(t)v, iT <t=<@+ )T,
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-@b,- DQe;- Dgt-iD+2® (29

Where z(t) represents the interferenee or jamming signal corrupting the information—
',hea'ring: signal. The interference :is 'a3sumed to be a stationary random pro‘ces.s with
‘ ‘Zero mean. | |
- If z(t) is a sar‘nple function from a complex-value_d gaussian prooess,. the
op_timum demodu'llator. may be irnplemented.either_as.a ﬁlter matched'to the waueform
. g(t)or asa correlator, as illustrated by the block_diagrams in Fig. 2.'3. Inithe_ matched_ :
ﬁlter realization,'.the sampled -output from the .matched filter isvmultiplied hy 2b, - 1,
E whrch is 'obtained form the PN generator at the dem.odulator when the PN generator
| :is nroperly synehronized. Since(2_bi -1)? = l‘ when b; = 0 and b, = 1, the el’feot'of '
| the‘ PN sequence on the received coded bits is thus removed.
| In Fig. 2 :3, we also observe that the cross-correlation can be accomphshed in
,elther one of two ways. The first, 1llustrated in Fig. 2.3 (b), involves premultlplymg
oL (t) w1th the waveform p, (t) generated from the output of the PN generator and then
: : cross—correlatmg with-g” (t) and samphng the output in each ch1p 1nterval The second
; '. method ﬂlustrated in Fig.2.3(c), mvolves cross-correlatlon w1th g (t) first, samplmg
| 'the output of the correlator and, then, multlplymg thus output w1th 2b, - 1 whrch is -
: obtamed from the PN generator.

C If z(t) is'not a gaussran random process the demodulation methods illu'strated :

in Flg 2. 3 are no longer optlmum Nevertheless we may still use any of these three

' .-demodulator structures to demodulate the received signal. When the statlstlcal

characteristics of the mte‘rference z(t) are unknown a priori, this is certainly one



i prsi,b‘le approach. An alternative method, utilizes an adaptive filter or correlator to

- ‘suppress narrowband interference. |

* 2.8.1 The Processing Gain and Jamming Margin
“An interpretation of the performaricé characteristics for DS spread spectnim

- signal is obtained by expressing, the signal energy per bit 8, 1in terms of average

.péwcr.
‘Thatis &, =P, T,, whefe'PaV is the average signal power and T, is the bit o
' '-.'_:.- ihter'\{aI.Let us consider the perf(jrmance obtained in the presence of CW jamming for

' the fectangular pulse. When we substitute for %, and J, into , the ecjuation' for
probability of a code word error for CW jamming ie P, <> Q( ‘ 2..J._'3Rc w_
. ] o . m=2 ) : 0

We get,

| (2"._9.) 5

-‘;Whe_._rQLc is the number of chips per ‘info‘}rmatiOn bit and P, /T, is the" signal—fo-- o
' Jammmg power ratio
An 1dent1ca1 result is obtamed w1th broadband Jammmg for wh1ch the o

-_pérformance is given by P_ Z Q (} 2r, R w. ~ For the s1gna1 energy per blt

o _-wehaye '




K 'w_h_ere R is the information rate in bit/s. The power spectral den'sity for the jamming

. vsi-gn'al may be expres'sedas

- N ST} |
_ : ° W : ' o ( ) L
Usmg the relation in (2- 9) and (2 10), the ratro & /J may be expressed as

g, P /R

Oy WIR .(2_11)

T J/W TolPa,

. The ratio J /P is the jamming-to- srgnal power ratio, Wthh 1is usually greater
than unity. The ratio W/R T,/T, = B, = L, is just the bandw1dth expans1on factor
- -or, qurvalently, humber of chrps per information bit.- This ratio is usually called the__ N
_ p_ré)eessing gain of the DS.spread speetrfum_ system. It represents the adv‘ar‘ltage. gained -
: o'ver_A_ the jammer .that is obtained by expanding the bandwidth of the transmitted
signal. If we interpqret 8,7, asthe SNR required to achieve a specified error.rate
performance and W/R as the available handwidth expansion factor, the .ra.tio. Jav'/Pa,,
is called the jamh_zing margin of the DS_ spread spectrum system. In other words, the
- Jammmg marg‘ih'is the largest value that the ratie Jo/Pay cantake and'st-ill satisfy _the
' _Y speci_ﬁed errer probahility;
s - The. performarice.of a soft—dlecisionv deeoder-_for'a linear (rt,k) binary 'code,

expressed in terms of the processing gain and the jamming margin, is N

2WIR 2WI/R v
R. < M-1 ——Rd . 2-12
Z av/Pav cwm ( ! )Q J>Jav/Pav cdmm | ( )

' In addition ‘to the processing gain W/R and Jav/Pa'v,vvwe obserye_' that the -

performance depends on a third factor, namely, R.w,,. This factor is the coding gain. -
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R A lower bound on this factor isR, d,,. Thns thev jamming margin achieved by the..DS o A'

spread spectrnm_ signal depends on the processing gain and the coding gain. -
B Ifa repetition-code is used it gi\res no. codrng gam but results ina processing '
' gainof W/R ie a bmary repetitionn code prov'idesna margin-_against an interference or -
jamming signal“but yields no coding gam An impr_ovemen_t .in performance can be
obtained by replacing the repeﬁdon code by a more powerful code that wi]l. yield a
| : '. codmg gam in addition to the vp‘roce.ssin_g galnThrs is accomplished. by using c_ode

. concatenation.

o .Effect_' of Pulsed Interference an DS Spread Spectrum
.The effect of continuous interference of _]ammmg on a DS spread 'spectrt.lm’
.signal can be overcome through processing gajn and coding gain. There is another

- jamming srgnal which consists of pulses of spectrally flat noise that covers the ent1re ‘

s1gnal bandwrdth W. Thrs is called pulsed interference or partlal-tlme Jammmg :
Interleavmg of the coded bits prior to transmission over the channel 15 resorted to.
o ThlS makes the coded b1ts that are hit by the j jammer statlstrcally mdependent The

S block dlagram of the d1g1tal commumcatlon system = with mterleavmg and

demterleavmg is shown (Fig 2.4).

o 2.._8.2.“ Some Appﬁcatig' ns of DS Spread 'Spectrum Signals
The use of coded DS spread spectrum srgnals can be made for three spec1ﬁc

v_ apphcatlons One is: concemed with provrdmg unmumty agamst a ]ammmg s1gnal In’

- the second a communication s_rgna! is hidden in the background noise by transm1ttmg

30



,the 51gna1e at a very low power level The third apphcation is concerned w1th';

.cco nodating a number of s1multaneous s1gna1 transrmssmn on the same channel |
- 1.e, CDMA | ‘ | :
. di_e@m_&ﬂ_tgpl&z&_cgs_ s The enhancement in performance obtamed from a DS '
o spread spectrum signal through the processmg gam and codmg gain can be used to E
enable many DS spread spectrum srgnals to occupy the same channel bandw1dth
- - provided that each signal 'has its own distinct PN sequence, Thus, it is possible to
‘have .‘ several users transrmt messages ' sirnu_ltaneously over the .svame' channel
o bandwrdth This type of digital comnmnication ‘in which .each user (transmitter-
‘receiuer pair) has a distinct PN code for ‘transmi_tting ouer a 'com‘mon " channel' ,
2 bandWIdth is called either WMM@M ‘
| muitiple access gSSMA).

In the demodulation of each PN signal, the signals from'the.other :sirnultaneous
users---of the channel appear as an additive interference . The levelb of interference _
_uaﬁes-, depending on the number of users at any given time A major a'd\iantage "of,
| CDMA is tha't 5 large number of users can be accommodated if each transmits
me_'ssage's for a short period of time. In such a multiple acce‘s_s system, it is relati_\_/ely
’ _ea_sy» either ‘to add_ neW users or to decrease the nur.nber. of users 'Without_ d1srupt1ng
_ :the_-_system | | | | |
| We determme the number of snnultaneous s1gna1s that can be supported ina
: CDMA system For. snnphc1ty, we assume that all 51gna1s have identical average
.‘powers. Thus, 1f -there are Nu _sxmultaneous users, -the' desired ,s1gna1-.__to-n01se :

~ interference power ratio at a given receiver is
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" Hence, the performance for soft-decision decoding at the given receiver is

' uppe_r-bbunded as.

M . ] . :
2WIR 2WIR SO
P.<> 0| |25Rw, |<-Do||Z2Rd,, | 19

In: this' case, we héve assumed thet tlie 'interference »f_rem 'oiher users -is‘
‘_ gaﬁssian.' :
' | A_s an exémple , suppose that tﬁe desifed_ level of performance (error probabi_lity
B _‘_Qf' _1_'0'6.)_is achie?ed when | |
| ;Vu—/_RlRédm - 20
Then the maxilnum number of user_s that can be 'suppofted in theCDMA
- system is o | | o |
o | Ns%?—&dm o en
If W/R = 100 and R, dmm = 4, as obtained with the Golay @4, 12) code, the
R maxunum number is N, = 21. If W/R = 1000 and R dpin = 4, this numbel_j- becomes.
| ‘N = 201 | S
‘In determining the maximum nﬁnib_er ef eﬁnplteqeoﬁs user§ of the ch'ahnel_, we._ '
- : HaVe _i”mp']ici'tly essumea that the PN code Vseque.nce are mutually ortho'gon'al and the |
: mterference from other users adds on a power basis only. However orthogonahty _

: ,i_among a number of PN code sequences is not easﬂy achleved espec1a11y if thev _
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- :number of PN code sequences required is large. In fact, the selection of ‘a good set
“of PN sequenCe-' for a CDMA system is an important aspect, and requires due -

L attén_t_ioh.

29 Fre'guéncy}-llopped Spread Spectrum Signals

.. In a frequency-hopi)ed (FH) spread spectrum‘. communications .. system t_he .
N Hayailable channel bandwidth is subdivided into a large , nunlber of contiguous
£ frequencyslots. In any signaling interval, the transnlitted slgnal-occupies'one or -mcre

of ‘the avallable frequency slots The selection of the frequency slot(s) in each

,s1gnahng mterval is ‘made pseudo- -randomly accordmg to the output from a PN o

‘ generator. Figure 2.5 illustrates a parhcular _frequency-hopped pattern in the tlme{ .

freqUency plane..

, A block diagram of the transmitter and receiver for a frequencthcpped spread )
. _s‘p.ectrum system is shown in Fig.2.6. The modulaticn is usually 'either.birnary__or M-
ary FSK.’ For eaa'mple lf binary FSK is employed, the modulator sele:cts one of tyvo
-frequenc1es correspondmg to the transmission of eithera 1l of a O The resultmg FSK‘
signal is translated in frequency by an amount that is determmed by the output
. sequence from the PN generator which, in turn, is used to select a frequency that is
- -synthes1zed by the frequency synthes1zer. This frequency is mixed with the output of .‘
the modulator and the resultant frequency translated 31gnal is transrmtted over thei_:
channel For example m b1ts from the PN generator may be used to specrfy 2» -1

; poss1ble frequency translatlons
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At the receiver, we have an identical PN ‘generator, synchromzed_ with the o
-._rec.ei"ved ,signal, which is used to control the output' ofbthe. frequency .synthesf;er.»
" Thus, the pseudo‘.random frequency translation _introduced at the ;_transmit__ter'. is :
- r_emoyed at the receiver by 'mixing the .synthesiz:er output’ with the ‘r‘ecei.ved'. signal;-
T.he' reSultant .signaf.'is demodulated by ‘mean.’s. o.f an FSK _dem_o'dulator. A si»gnal. forf}
mamtammg synchronism of the PN generator with the frequency-translated received‘
s1gna1 is usually extracted from the recelved s1gna1 |
. Although PSK modulatlon gives better performance than FSK in an AWGN
| é‘hannel., it is difficult to mamtam phase coherence in the synthe51s of the frequ_enc1es
used m the hopping pattem and, also, in- the. propa,gation' of the: sign'al.-over the
: channel as the signaf is hopped from one frequency to another over a yvide bandwidth..
Conse_quently, FSK modulation with noncoherent detection is usually employed .With 3
FH spread spectrum signals.
| In the frequency-hopping system depicted in Fig.2.6;b the carrierv frequency.is_'_
pseudo randomly hopped in every signaling interval. TheM mformatron-beanng tones
"_are contlguous and separated.in frequency by 1/T,, where T_is the srgnalmg interval . | |
,Th1s type of frequency hoppmg is called block hoppmg |
| ~ Another type or frequency hoppmg that is less vulnerable to some ]ammmg
:' ,, strategres is independent tone hoppmg In tlus scheme the M possrble tones from the
=-modu1ator are ass1gned widely dispersed frequency slots. One method for
accomphshmg this is illustrated in Fig. 2.7. H.ere.,.th'e'm'bits ‘-from the PN :generator.: L
:_ and the information bits are used to specify thevfre'quency slots .for the transmitted |
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The frequency-hoppmg rate is usually selected to be either equal to the (coded

.' -or uncoded) symbol rate or faster than that rate. If there are mult1ple hops per '_
| .:"v_symbol we have a fast—hopped signal. On the other hand; if the hoppmg is performed R
a at the symbol rate, we have a slow- hopped srgnal |
" Fast frequency hopping is employed n AJ applrcatrons when it is necessary to .

: prevent a type of jammer called a follower ]ammer from havmg sufﬁcrent trme to.
-mtercept the frequency and retransmlt it along with adjacent frequencres SO as to :
wcr-eate. mterfermg signal 'components. H0wever,b there is a ‘penalty incurred in
e subdlvrdmg a" signal'into several frequency—hopped elements_heCause- the 'energyrfrom

”thgse; separate jielemen.t‘s is combined noncoherently.. Conseq_uently,- the demodulator_

fincurs-a penalty in the form of a noncoherent combining loss.

2. 9 1 FH s1gnal vs DS spread spectrum signal
FH spread spectrum s1gnals are used pr1mar11y in dlgltal communications

: systems that requlre Al protection and in CDMA where many users share a common .

. ‘bandwrdth In most cases, a FH srgnal is. preferred over a DS spread spectrum srgnal‘

because of the strmgent synchromzatro'r requlrements mherent in DS sr)read spectrum
Signals.' Speciﬁca]ly, in a DS system, timing and synchronization'muSt be established |

§ '_ to w1thm a fractlon of the cle mterval T l/W On the other hand in an FHv ‘

system the cth mterval is the time spent in transmlttmg a srgnal in a partrcular -

o - frequency slot of bandwrdth B< < W. But this mterval is approxrmately l/B whrch'._ |

o "_"1s much larger than 1/W. Hence the tmung requlrements in a FH system are not as -

s_trm_gent as in a PN system. -
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2 10 A CDMA Svstem Based on FH Snread Snectrum

It is also possrble to have a CDMA system based on FH spread spectrum

o -.:sr'g'nals. Each tr_ansnutter—recewer pa1r in such a system 1s__as,s1gne_d 1ts.own-pseudo4 »

random 'frequency-hopplng pattern Aside from_ thls v_distingu'i_shing feature, the
transmltters and re_ce‘iyers of all the vusers may' be identical in that they._ may 'ha_ve
1dent1cal enCoders 'decoders .modulators and.demodulator.

- CDMA system based on FH spread spectrum s1gna1s are partlcularly attractive

- -. for lmoblle (land air, sea) users because tlmmg requrrements are not as strmgent as

Cinca PN spread spectrum signal. In addition, frequency synthesm techmques and

o assocrated hardware have been developed that make it poss1b1e to frequency hop over

>~ bandwidth that are signiﬁcantly larger-than those currentl.y possible'with_DS s_pread

' ,spectrum systems. Consequently, larger processing ga_ins are possible with FH‘ 'The_
capac1ty of CDMA with FH is also relatrvely hrgh Viterbi (1978) has shown that : ,
w1th dual-k codes and M-ary FSK modulation, it is- poss1ble to accommodate up to

. %W/R sunultaneous users who transmit at an mformanon rate R bltS/S over a’

- channel with bandwidth W,

: 211 ’Other Tybes -of Snread .SDectrurn Sgga_ls_
o »_ DS and FH are the most common- forms of spread spectrum srgnalswused in

practlce There are other methods wh1ch may be used to mtroduce pseudo randomness -
’ -}1n a- spread spectrum signal. Time hoppmg (T H) 1S one method whlch 15 analogous | '
to: FH In TH, trme mterval which is selected to be much. larger than the remprocali -

of the mformatlon rate is subdivided into a large number of t1me slots, The coded ’
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o iriféfrnatidn symbols are &an_srhitfed in a pseudo-fatiddrrﬂy_ selected time slot as a
L '_ bldck' of one or more codé words. PSK modulation méy be used to t_:rénSmit the cbdéd _

~ bits.

- 212 CbnsideratiOn_fOr fuﬁher studv' '

o ‘The aspects ﬁtudied in‘ chapter 1 and 2 Vwill form a bback-ground_ for
! understadmg the thébrj of cellular communidatibn as applied -ta,CDMA and én-al,ysisl
- '}Qf' y@ﬁoﬁs CDMA digital 'co.mmunication-systefns developed and in ngﬁe in the

g ’_various parts of the glbbe;
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CHAPTER 3

THEORY OF CELLULAR COMI\/IUNICATION

AS APPLIED TO CDMA

31 Introduction ‘

The analysrs and des1gn of CDMA d1g1ta1 cellular systems is qu1te complex

‘, 'as the analy51s requ1res knowledge of mobile radro channels methods of -

:""'nnplementmg d1vers1ty, cellular system topology and spread spectrum techmques
: _'v_Certam analyuc, tools are requlred_.to analyze and design a CDMA dlgltal cellu'lar |

.communication system.

3.2 ' Fundamentals of Cellular Radi S stems

Cellular radio systems - mac'ro and 'microcellular analog and d1g1tal R

conventlonal and CDMA - ‘have a number of fundamental charactenstlcs, as o
summanzed in the followmg; _ _. | ‘. | .
" a) B - As shown in.Figure j.l, ’:the geographical area is_.'hroken up_’into_ smaller :
' '.geo‘graphic areas. To s1mphfy the analysis 'uniform-area | p'olyg}on’s' that .
tessellate the plane (.i_,e. cover the area without overlap or missed areas) are -
~often assumed to represent the ce"s Although tnangles and squares have been -
: used in some analvs1s | the hexagon is most frequently employed as hasbeen :
: shown in the ﬁgure. Base stations are located either in the middle of the cell
‘('lcenter i]lumination") or at the '-cornver. of the cell ’("-corner -'Villumination").

b) By the cellular construction in characteristic (a) above. it is assumed that
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comrhuniCation with a 'mobile ’in a given cell is made to the base'station that

" serves the ce]l This 1mphes that the s1gna1 strength of the servmg cell exceeds :

- the. sxgnal strength of the base station in surroundmg cells The power of both '

o the base statior transmitter and_the m_oblle :statron transmrtt_er is 1r_1tentlonally

- l_imited to that which is required' to communiCate within the cell area.

B’e__cause of the power 'limrtation ~described above and propagaﬁon

- characteristics of radio waves, frequencies may be reused within the overall

_geographJc area. | The spectral efficlency of the systems is, therefore, -
mcreased by a factor equal to the number of tlmes a frequency mav be reused :
".vvithjn a‘- geographical ‘area. To mmmuze cocha‘nn.‘el interference, - the 'to,tal B
'availeble allocation of chennels “is dlvide_d into N disjoint subsets, with each
_subset assigned to fone cell of a grbup_ o_f N cells .Th‘e num.ber. N is .the

i frequency-reUSe f;ictor» of th'e cellular system and 1s dependent on' '_the. co-,

'. fchannel | interference immu'nity of the modulation, . diversity, and co'dlng ‘
methodsemployed-, the antenna pattern characteristi_cs, and the char'acteri_s_ticsv :

~ of radio propagation 1n the area. FigUre 32 Shows a cellular system frequency -

- ;__.feuse of 78 ‘(a'SO-called seven-cell -pattern).

o

- _As a mob11e proceeds from one cell to another durmg the course of call, a

central controller automatrcally reroutes the call from the old cell to the new
: ) cell wrthout’notlceable mterruptlon; in a process known as-handoff._ :

‘As demand for the redio channels within 5 given. cell increases beyon.d';the
capa01ty of the cell measured in terms of the. number of supportable calls that

-may occur srmultaneously, the overloaded cell is "split" into smaller cells



' each with.its own base .statio'n and central 'c0ntroll_er,:'as shown in Fig_.3r.3 The
_radio-frequency allocations of the .on"ginal .cellnlar'_system ar’e.then reallocated
to account for the sma]ler cells. .. | o

_"_For cellular systems, the base-to-mobile and- mobi.l'e-to-base communication :
:‘paths are- allocated in pairs of frequen01es separated by a fixed bandwrdth

-Such an approach is known as frequency d1v1s1on duplex (FDD)

_3 2 1 Sector in “a cell : Specrﬁc cellular - systems often exh1b1t addrtlonal system

-charactenst1cs One add1t10na1 charactenstlc that 1s often employed is- the concept of
B .sectors ina cell. Rather than usmg omnrdlrectronal antennas at the base statlon,' a cell
may '.‘bev Split into equal—area sectors through -_lthe wi'sel. of dlrectlonal "_ antennas
Directional antennas .often permit the use of smaller _fretluency-reuse factors" and
'therefore a reduction in geographic separation between sites. For eXample a 12-ceH— :

| _ srte. repeat pattern employmg ommdrrectlonal antennas can be shown to be equlvalent .-
‘:._._"to a seven -cell pattern employmg 120° sectors .m terms of cochannel rejectron |
3 ,performance For spread spectrum systems a sectonzed cell pattern can lead toa

- s1gmﬁ_cant mcrease in system'capac1ty.

3.2.2 f’ower C.o‘ntrol' : Another system g concept that is often employed m some
cellular systems is that of power control of the transrmtter in the uphnk (mobrle to
base) as. well as sometlmes n the downhnk (base to moblle) Power control in the |
:";uphnkftends to mlnm_nze co-channel mterfe_rence ‘within a _cellu_lar‘ system. Beeat_lse '

~ ‘mobiles are restricted to transmit at the minimum amount of power (or ‘a quantized ”

40



o step size' thereof) required to achieve acceptable performance with the serving base
o statron, interference into surrounding cells is minimized. Furthermore, poWer control
' 1s '_absolntely required for any degree Of'.operation in certain types of CDMA digital. -

e "cellu_lar' systems.

: 323 ,' Co-ehannel- Interference Proteetion Prediction

The cell. repeat pattern N is a function of a number of parameters Wthh in .

i g "tum determme the co-channel mterference (CM) propertres of a particular cell system

des1gn There are two approaches toward estlmatmg the C/I protectron factor of a

L partlcular cell system des1gn '

E _»:3.'2';4 ‘Method 1 : Geometrical Approach to ca Protection Prediction
Deﬁne an area eanvalent henagon-(AEH)' to be ‘abhe'.xagon whose area is.equal -
to th_e area ofv a group of N ce]ls in a reuSe pattern. Let R be-'defined to be the

' .d1stance from the center of the AEH to a corner of the AEH Then by the geometrrcal -

properties of hexagons it may be shown that

- area (AEH)'=-.3><2J?_R2 S - | (34;1).

S1m11ar1y, it may be readrly seen that if D 18 the d1stance between sum]ar cells -

’ m ad_]acent patterns D is related to R by -
D-3R G

'and:h_en_ce |
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_'ar'ea(AEH)=g‘D2 63

o Lettmg T be the diameter of each of the. (small) Cells that constltute the AEH the area o

) - .of the AEH in terms of the cell d1ameter r is

area (AEH)= 34—3__ r2.=’*/23'“D2 v o ~(3-4)
| ‘?”ﬁN Rt O

" Now assu.ming' a propagation path loss of the form kd* and using as a ‘W'drs't-c'a‘se
" interference mobile, a mobile located at the vertex of the central. cell, the “si;gnall ’
~ power received at a target mobile from its base station is proportional to Akr* for

- sonié transmitter power A. To a first approximation, the distance ‘betWeen the target

s mob11e and an mterfermg base station is - (D-r) hence the mterference power _is. o

" proporuonal to Ak(D-r) . The co-channel mterference protectlon ratlo for the target '

“mobile is thus

36

o or, 'ih';t'err'ns of -decibles,

" __(dB) 40long 4010g10«/3N n '»(53-73"

L fwhere (3- 5) has been used For example an N =12 all pattern should achleve aC/l

"_4v4'_"vprotect10n ratlo of approxunately 28 dB
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_ This approach completely - neglects the effects of lognormal shadowmg
- Nonetheless it does y1eld a simple rule of thumb in relatmg cell-reuse pattem size to

CA protectlon ratio. As shown here the co- channel mterference protectlon rat;lo '

'mcreases as a function of the cell—reuse pattern size. To optumze the. commumcatlon =
*ink quahty, N should therefore be- large However as N increases, the number of _

o avallable frequenc1es in each frequency set decreases and the overall capac1ty of the

" system measured in terms of users per area per megahertz decreases

3 2 5 Method 2 - Monte Carlo Approach to C/I Protection PrediCtion . The

- V__s1mp1e geometncal approach to C/I protectlon predrcuon ina cellular system neglects'

o 'the lognormal shadowing effects. Hence the geometrical approach 1s commonly used
S only in ﬁrst-pass designs; of cellular s'yst_ems. More 'commOnly, a Monte '_C.'a'r_lo
- approach ls employed | |
| In the Monte . Carlo approach to C/I protectlon predrctron a probablhty ..: |
: ‘. ;dlstnbutron functlon of the requn'ed C/I over some fract10n of: the area also known N
';»_i:as the locatlon rehablhty, is calculated v1a.a snnulatlon approach For. calculatlon of -
_:‘ .the uphnk Cn protectlon ratio, a target mobrle is randomly placed in the servrng cell
In_terfer_mg_ moblles : are randomly located m each of th‘e-possrble vmterfe‘rln-g, -cells.
- :.Sh'ado'wing'.is ‘accounted for by asSigning.alOgnOrma -'random ‘variable with a ﬁxéd .
"a to each of the randomly placed moblles Us1ng a ﬁxed propagauon path loss
. equauon ‘the s1gnal received at the base from the target moblle is computed where :
‘ .. 3 the path loss i is equal to the path loss predrcted from the propagation equatron plus the
'v'.path loss due to the lognormal random' variable. Next the mterference power at the
- .,basje 'due to each of the mterfermg mobile‘s 18 .co'_mputed ina sr'milar mfanner.t Then the -
C/I v-r"a'ti'_o is compumd from the simulated signal power.‘ and sum .of _b‘the interfere'nce_'-
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L power received at the base. The ._target mobile' is then randomly moyed and: the -
: lnterterers- are -again randomly plaCed with newb' lo'gnormalshadowing.'losses drawn
randomly A new C/I value is computed and the .process 1s. repeated many trmes A _
":hrstogram of the C/I values obtarned is computed and a probabrhty d1str1butron
- - _v*functlon is then calculated from the hrstogram A’ typrcal" dlstnbutlon resultlng from' )

'_'the Monte Carlo approach is shown ‘in Frgure 3. 4, wh1ch plots - the d1str1but10n
‘: ,fu‘nctlon of C/l as a_funct_ron of the cell' pattern srz'e for a lognormal sh‘adowmg Q
,' 'of'- 6dB, and the Hata model ls employed as the propagation."model. An ‘approac.h»'

| snmlar to the ‘abOVe may be used- to predict' the downlink location 'reliability.

. The Monte Carlo method can be made quite exact by properly accountmg for
. the shadowmg model the = propagation model, path correlatron‘ models, po,wer' '

control, handoff algorrthms is and the antenna patterns employed.

33 Cellular System Desrgn Process

The goal of cellular systems desrgn is to maximize spectral efﬁcrency through o

g the use of frequency reuse. In designing acellular system, a trial design mlght begrn

w1th :,_'a_'choice of a multlple-access, method, a. choice_ of a _modulation/ coding. method

N and a_'choic‘e of diversity method(s). The performance _of the‘ra‘dio link- suBSystem':as
a functlon of co;‘channel'interference _is then evaluated using'analysis and-sirnulatioh: |
',A’ mlmmum per’metance requirement asa vfunction of (C/1 v.is-est‘ahlishe’d based on the

- :. system requrrements for a d1g1ta1 system thls may be a requlred decoded probabrhty |

- -'_'-of error or ¢ a requlred block error probabrhty Next a trial cellular system desrgn is

. *attempted. by selectron of the reuse -factor_ N, 'thje sectorrzatron fact_o_r,, and jth_e‘ system
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f--;éb?é_r;gg -reliahility goals.Using elmer the geometric appro_ach or the Ldonte' Carlo
3 '_simulation approach; the resulting C/l coyerage -protectionlls computed, for.afgi\'/‘en
rehablhty m the latter case. Next, ‘the radio subsystem performance 1s compared ‘to.'- '
) the C:/Iprot'eCt_i'o‘n requirement prediction. If the radiosubsystem' perform:mce ‘e).(ceed_s
theC/I ’p_rotection requireme_nt, the sy.stem‘ vdesign.is deemed’ permissible.'-_FihaHy’ o
| :‘;V system capacity goals and frequen'cy. allocation goals Y.must be}}cdmparedﬂvs{iﬂ]’ -t_hei
E -coif_r‘e_spondingg calcula_ted param'eters. Often a number of iteration are 'recllui),red- to

c :COmplete the system design.

34 CDM_A Digital Cellular Sy stems |

341 Ceneral Asp_'egt_s_v :CDMA digital cellular systems share most of the attributes
o of analog and narronband digital cellular sys_tems,l.that‘is, _they are govemed bythe
same'-basic principles of cellular systems diSCUssed earlier 1n thls .chapter. Hencethe
: .modulatlon/ codmg/dlversrty methods employed determme the cochannel mterferenc.e. .

'- 1 frmmumty of the system and the cell system topology/propagatton model/ sectonzatlon' '_

- ', determmes the cochannel protectlon avallable to the system To the extent that the

:modulatlon method_ combrned wrth coding and d1v_ers1ty can gvercome the cochannel

'interfe'rence provided in the cell system, measured in terms of operation above.some .

e threshold commumcauon wrthm a CDMA digital cellular system is. pos51b1e

f CDMA drgltal cellular systems also have some umque attnbutes From the
o he’-gmmng, CDMA dlgrtal'cellular systems were designed'to offer»nnprovements over
- analog cellular system desrgns in the followmg two areas:

a) An unprovement in capacrty/ spectral efﬁcrency over analog cellular systems
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by An 'impro.vement in quality, measured in terms of imp'rov‘ed speech qua]i-ty |
' and/or 1mproved system rehablhty, wh1ch in turn is measured in terms of

number of dropped’ calls mterference rejectlon capablhty, and 0 on.

'3;4.2.: Systems'for Capacity Spectral Efficienc_y,:of Cellular Systems
. _'Approach 1: Relatlve Spectral Efficnency
The relatlve spectral efﬁcrency 7 (relatlve to a 30- kHz channel—spacmg AMPS

s system) of a cellular radio system was deﬁned to be

30kHz o e

- U
TF W

where U is the average number of users/cell. W the bandwidth required for one-way
. transmission, and E, the frequency reuse factor, defined as N in para Il. The relatiye
. spectral efficiency thus provides a measure of'the number of users per cell -per 30 |
. ‘kHz of bandw1dth The relative spectral efﬁmency metnc has been employed bya -
' ‘-number of authors For reference purposes the relatlve spectral efﬁmency of an.:

. analog AMPS System employing a 12-cell reuse des1gn with ommdlrect:lonal an_tennas

' is given by

Maas = %2.-; 0.0833% (39

” 'Approach 2: CDMA System Capac1ty For CDMA d1g1ta1 cellular systems that

. '_ . .employ power control slg;h that all uphnk (moblle to- base) s1gnals are rece1ved at the o
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“ | . 'same power level, and all users are spread (v1a erther duect-sequence or frequency-'

hop spread spectrum) over the total avaJlable bandwxdth W a srmple equatron for _

Lo :"capac1ty may be developed as follows

Assummg that a cell has a total of N mobrle users, the comosrte uphnk recerve
slgnal at the base site w1ll cons1st of the des1red srgnal with power S and N-1
o ._mterfermg users, each also havrng power S, by the power control constramt |
The s1gna1-to mterference ratlo at the base is thus S/I = S/(N - 1) S = l/(N = ‘v |
1) The energy/blt to. mterference power spectral densrty E,,/l(, may be derlved:
B ._sumlarly The energy/blt is Just the srgnal power S d1v1ded by the mformatron bit rate -
.R (1 e. Eb = S/R) The mterference power spectral densrty is the interference power.

_. d1v1ded by the spreading bandwidth W (1 e. l0 = S(N - l)/W ]..Hence the expressron .

..for E,,/lo becomes

Eb SR W/R . S
- = e = . . " (3-10) -
%L ®osw N1 o @O

0

. _:'.sol'y'ing (3-10) for N yields the capave_it'y, of th'e.-_cellv in terms of user chaﬁnels/band}. ’

width W:

CN-1+s VR (3-11)
- By ; ( )
"~ which for N large is
o WR o
N= WR-
EL, et



The derivation above for the _number_' o;f.us.ers N per bandwidth W assumes that
ea.'ch'. interferer is transmlttmg continuously. In fact, ‘for -vbice (and some -data.)' i
: _mform.atron‘ sources in a two way conversatron the percentage of time that a speaker
s actlve (1 €. talkmg) ranges from 35 t0.50%. The mterference in (3 12) is thus )
reduced by the voice activity factor d. In addrtlon provrded that a smgle cell—reuse
| - pattern y1e1ds acceptable performance the number of users in (3- 12) may be
"""..'.-mcreased by the sectorlzatlon factor g This implies that a cell may be spht into. g
-’Ei jcells determmed by the sectonzauon approach used Fmally because the mterference' "
5at'a 'bas,e' 's_tatlon w111 come from both within a cell, as has already been noted, as well -
as :‘outsidethe_-'cells‘, a term f accounting for an increase in inter’ferencepower due b_to
mterfermg users outside thetarget-cell must be factored into_ the capacity equati_on.' :
__ Tahingf all ot these elementsv into account, the modified equation for capacity |
s g';\?en-»b'y'_ | | | |

capacity,N—ij[;]gf Y S )

yVhere E/1; is the reduired energy/bit to interference spectral density necessary to
: Aachleve a given level of performance Th1s equauon was ﬁrst developed by Cooper, )
: and Nettleton and was subsequently embraced by Gﬂhousen et al

| Equauon (3 13) was derived for the uphnk (moblle to - base) ‘a s1m11ar.

- calculauon for the downlmk (base to moblle) y1e1d the same result

_'3 4 3 Power Control In the denvatton of the equatlon for capacity, (3 13) it was |

.assumed that the mobile transmltter power was contro]led in such a manner that the
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recelyed power at the base from each of the users was 1dentlca1 Wlthout very good |
power control, 1n dlrect-sequence (and certam types of frequency hoppmg) CDMA -
cellular systems multlple access commumcatlons is unpossrble Assume for example '.

| that a cellular system has two mobiles each trymé to commumcate with the base w1th v
. the Same transmlt power. One mob_ﬂe is located near the base statlon, the other near
the cell boundary. From considerations of the pathélossv equations,_ a 60-dB vor. _more
' Signal_ power difference at the base station between th‘e two mobiles is'qu'ite pos_:s-lble.
" Atthe base "statvion the near-in mobile appears'as a wideband jammer with-'GOdBfmore o
vj‘.power than the ‘far-out j Jammer Unless very w1deband spreadmg is. used the far out
'v'mob11e w1ll never be recelved by the base statlon Thls is the famrhar near-, far'
problem of spread—spectrum multrple-access communications systems. "The solutron
to. oyercoming the near-far problem is the "use' of stringent "power 'con_trol in the
uplmk This is a challenging engineering problem. The near-far problem d0es'not |
C‘Xiét"in“the doWnlink path as the ‘base station can transmit all signals w1th eqtlal_
| jpower,. thereby ensuring that none of the multiple access signals .are dominant

g jammers. |

NS »_,_.' ‘.Power control may also be used in the. downlinl{..‘ In this case, power ‘Control'
| A:is‘usually used for allocation of powerto-users m .fringe areas .(nea.r cell boundaries E

_ for example) Power control of the downhnk requ1res srgmﬁcantly less dynam1c range

: o than that requlred in the uphnk Note that perfect downhnk power control credtes a |

N ne_ar-_far problem at the mobile.
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3 4 4 Vmce Actxvxty Factor : The modiﬁe'd equation’ for capacity .giVG_n .'abov'e.j
mcludes a term (l/d) to accommodate a voice act1v1ty factor Th1s equatlon is correctv '
- ‘1f 1t is’ assumed that all the mterference comes from a smgle interferer w1th voice -
act1v1ty factor d The mterference due to the other users is a bmonnally d1str1buted ,
R -random vanable In a CDMA dlgital cellular system with N+ 1 users, each havmg :

a voic_e activity. factor d, a given Tink e_xperiences interference from n other ch_annels

Cata given instant of time, where n is distribu,ted.} according to - -
' | " N n (1 N-‘n " » | . |
P {n} - [n]d d-d" n=0,1,2,...;N

:A"v__WhICh has a mean of E{n} = dN In ﬁgure 3 5 -the probablhty dens1ty functlon of |

n 1s shown plotted for N = 60 for three dlfferent values of d As expected the mode
,v of each. of vth}ese cui'v‘es occurs near the mea_n of n, but there is a wide distnbutlon of

vlaiue'_s:» around the mean. ThlS indic'ates that the simnle '(1/d) fac_tor m _(3-;13) must be _

. 'decreased 1n value to accommodate 'a.h'igher.level of interference than tl1at lpredicted_ _

-in the analysis given above.

: 'v 345 "':Sectorizatvion : The modiﬁed equationfo_r‘capacity _a_bove include’s a multiplier B
»I-'term: f:o'r'the capacity which‘ .accountsv for sect'orization. Just as interfeience from
. adJacent cells is accounted for m the capacity'v equation. ) mus_t b,interference_"from'
adjacent sectors be accounted for in the capacity equation. Interfetence from adjacent
. sectors is due to- both (1) radio propaganon from adJacent cells and (2) nomdeal

| sectonzatlon antennas The nomdeal sectonzed antenna patterns are accounted for
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iby deﬁmng the equrvalent umform beam w1dth of the antenna as the beam-width -of
| _a rectangular functlon enclosmg the same area as that of the orrgmal antenna. For the
'srmpl_rﬁe_d_ capacrty 'equatron given above, the loss from ideal sectorization may be

, acco_unted for in a reduced value for g (or ).

3.5 Special Aspects of CDMA Ditigal Cellular Systems : CDMA digital cellular

_.- syStems have certain common additional attributes discussed in previous chapter. We

' -wﬂl brush them up: agaJn as several d1g1ta1 cellular system take advantage of these

B l attnbutes

3.5.1 ].)ire'ct-‘Se'aue'nce CDMA Digital Cellular Systems : In direct-sequence
CDMA digital cellular systems and in certain frequency;hopped CDMA digital
cellular systems the signals are assumed to occupy the full allocated bandw1dth all
v -the t1me Interferers are therefore assumed to come. from all dlrecttons not just a few L
. dlrectlons as is the 'case w1th narrow band cellular systems The large number of v-
o ‘ .‘ mterferers leads to the concept of interference averagmg in treatmg 1nterference That
.18, mterference 18 assumed to obey the law of large numbers - hence the mterference
:' is equa_ted to the mean level of 'mterference’ observed with no dominant mterferers.

- The lm‘erference averagmg concept then allows, for example mterference to be
'treated as a Gauss1an random process large code cross correlatron peaks to be

: 1gnored, and _so on.
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352 Slow-freguenc_y-Hop CDMA _Digital Cenular Sy "sv_tems : _Slow-frequencyv -

- 'hopped,:(SFI-.l) CDMA digital- cellular_ .systernsf cdn beneﬁt from two means of
| ‘-.‘performance unprovements over non- frequency hopped systems First, at slow vehicle
| speeds slow frequency hopping provides a- form of frequency d1verS1ty through
'.exp101tat10n of frequency selectivity over the system bandwidth. From hop fo hop the :

:' fadmg process is decorrelated either over the span of an mterleaver or over the
'duration of long fades. Thls frequency_ divers1ty results in. improved performance?v -‘

' whlch is independent of :vehicle vspeed, provided’ that .the hop‘ping dwell' _period is

o sufficiently _small. |
Secondly,~ by careful as.signment ‘of small correlation frequency-_hopping" z
ipatterns, ~a given source of interference can affect the interference only"'.a '_small
portion of | time. This interference reduction effect has been t"ermw ‘i.nterferver
div._er&ity. Interferer diversity causes the interference experienced by any-user .ft_O i'be
reduced,' as- the interference experienced by the userr comes not fro,m'llila smgle
) _ dominant interferer, as is the case in analog cellular systems, lbut -from the aggregate
of all users, each sampled one ‘at a time. Provided- tha_t coding with ‘adequate
' interleaving : is e.mployed. in‘ the " SFH system indiyidual ' samples: of | "extreme
mterference may be corrected in the decodmg process.

Several systems take advantage of both of these attnbutes of SFH systems

3 5. 3 Cons1deratlon for Further Study Havmg gone through the theory of cellular'
,"commumcation in the next chapter some of the CDMA D1g1tal commumcatron .‘ '

s .__“systems w1]_l be studied and analysedt o
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CHAPTER - 4

CASE STUDIES

41 Intrbdqctipn

: _ Thefe aré ;fnumbet Of celluiaf éommuhication system _6pérati\?e in thé diffe:e_nt_
“parts of the wdrld. Till now wé-have discussed theb fundamehtais of céllular sys_téms,
CDMA technique éndlbthe spread spectrum signals. |

" That spfead séectrum and CDMA are &e' same is a frecjue_nt but incorrect
Iassur'r‘lptionv, FDMA and TDMA techniqﬁ_'es vcan'be.u'sed with .vany type of:mq(‘i.ulat.ion,
’ir.lcl_ludir.lg spread-Spectruiﬁ signalé; hdwever CDMA .ébpﬁes only to @oQulaﬁon.
| -techﬁiqes associated with a code , specifically spread-spectrum modulation techniques.
'Sprédd’—spectrqm_ signals can be used with or without CDMA, the employment of

CDMA requires spread-spectrum signals.

Qualcomm’s }spread-specttrum CDMA system was 6ptimized under exisﬁng ﬁS
mobile cellular - system conStl'ajnts. Its analysis shows that CDMA system can achieife
- about 10 to- 20 ﬁmes the capacity of the existi_ng analog FDMA system and about 3

| to 7 :times then thé néw digital TDMA' standard system. The key to this increase 1n
_ (_:apacify is the ability of the CDMA system to reuse the same frequency m all ceils;
' With"caiaacity defined as the total number of active mobile users in a large area withv

‘many cells.

53



| 4. 2 Case Studies of Digital Cellular Standards

In thlS chapter we w111 carry out a study of the followmg dmgal cellular :
systems_. :
a.  DS-CDMA Digital cellular system (IS-95) |
b. | - Cooper and Netteleton DPSK-FIMA System ’
c. .' Bell Labs Multilevel-FSK frequency—HOp System |
d. ‘: 'SFH 9000 System (Slow Frequency Hop - 900 System

d.  GSM:SFH Digital Cellular System

43 Overview of the CDMA Digital Cellular System (IS-95)

o The 1S-95 d1g1tal cellular system operates in the same band as the current U. S
analog cellular band (AMPS) in which full-duplex operation is achieved_by. using ,
frequency division duplexing (FDD) with 25 MHz in each direction ‘with an uplink
of 869 894 MHz mobile-to-cell band and a downlink of 824- 849 MHz cell—to mobile |
band For AMPs, each analog cellular signal occuples 30 kHz in each dlrectlon in a
| ) standard FDMA system. In IS-95, the 25 MHz in each d1rect10n 1S d1v1ded into 20

FDMA bands. In each 1.25 MHz band (each dxrectlon) dlrect-sequence spread' :

o spectrum signal are used in a CDMA system. The nnplementatron strategy is to

: mtroduce this higher-capacity IS 95 system one CDMA system . 25-MHz band) at

a time, using the dual-mode (AMPS and CDMA) mobile units.
| - Among the modulatron and coding features of this system are the following:
a. Direct-sequence' spreading with QPSK modulation

b.  Nominal data rate of 9600 bps
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c. . Chip i'atc of 1.25 MHz
d. ' Filtered bandwidth of 1.25 MHz
.e." Convolutional coding with Viterbi decoding

f. Interléaving with 20 msec span

Details fof the modulation and coding differ for. the uplihk»and downlink
_ cha.nnéls.v Pilot signals transmitted by each cell site aid the mobile radios in acquiring __
' and tracking the c’e11=vs'ite down link signals. The strong coding enables thé_se radios
to ‘oﬁe_rate éffecﬁve_ly at Eb/N, in the 5-dB to 7-dB range. |
To Me mutual interference, this CDMA system'uses power control and
voice activation circuits. Voice activation occurs in the form of a \;ar_iable-rate
vocoder that operates from a high of 8 kbps down to 4 kbps, 2 kbps and a minimum
of 1 kbps, depéndihg on the le\../el of voice activation. With the decreased data'rate,
the power control circuits can reduce the transmitter power for the_.lo.wer daté,fates
to 'ac_hi_ev_e the same bit error rate performance. Tight power control, along with voice
activation circuits, is critical for avoiding excessive transmitter signal power, w.hich"
. éontributes to the overall interference level in this interference-limited CDMA sysfefn. i
- It isi ésﬁmated that in a typical two way conversation, the average data rate js 3 kbps,
' Which, with p’ower" coritrol. increa’sés the baﬁery life of mObilé- radios. | | |
To overcome rapid rﬁuﬁﬁpath fading and shadowing, a time 'inteﬂeéve_r with
- a20 ﬁléec- span is us¢d .with »the erfdr;COntroi coding. The tir_he span used.is the same
'. és that m the ﬁhe frame of the voice compression al'gorithm.v "Al.so a RAKE;proc.esvs.or.

‘is used in these radios to take advantagé of multipath delays gréate’r than 1 pu sec,
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- which are common-in large cellular networks.

Key'IS-9’5 system features for each 1.25 MHz band CDMA system are as

follows:

: a) '

b)

All: signals usé an unmodulated "carrier”, a direct;Sequence binary phaseéshift-

:I keying (BPSK) signal using ‘a 15-state pseudorando}n- (PN) .sequen“ce with a
| 32,768-chip period; with each cell using a different phase (time shift) bf this
‘PN sequence. Thus, ea_ch cell Has its own unique PN carrier, which is used asx
- a common ca_rriér by all radios active in the cell. |
_A_downlink pilot channel consists of the cell’s unique PN carrier, which helps

mobile units acquire and track cell-site signals. The mobile unit essentially .

acquires the strongest unmodulated direct-sequence BPSK signal it finds by

ranging over the time shifts of the PN code.

Each cell also transmits a low-bit-rate, low-power synchronizatidn ‘channel,

- which allows mobile radio to time-synchronize to the network.

Each CDMA downlink supports upto 62 paging and traffic channels.

| - The downlink chann;:ls_ use orthogonal Walsh codewords assigned uniquely to
~ each mvoAbiklébun_it active m the cell.-“The'se éode@ofds, further modulate_d by
- ;  coded data bits, are éupeﬁmposed on fhe PN carrier _.for thé cell. -
E _'-Each active uplink mobile radio sigrial ﬁsés a‘uniqué noh-orthogc)nal" PN _code |
of 2% chips on top of the PN carrier

Taking advantage of the RAKE.procésser, fake multipath signals itraxismit_t.ed_ .

from two cell sites allow mobile radios to conduct "soft handoffs" from one

~cell site to another.
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Although much more complex th1s system is mherently more robust than
conventlonal narrowband' radros usmg tradmonal FDMA and TDMA approaches
Perhaps most 1mportant is its robustness agamst multlpath fadmg It also allows more
'ﬂex1b111ty in the apphcatlon of antennas for sectonzatlon bemg able touse fixed and'

“adaptive multlbeam antennas to increase capac1ty dramatlcally and further . reduce

radi_o"pOWer requirements. Fig. 4.1 gives the conCeptual block diagram of IS-95 for

forward link and reverse link. Its parameters are summarsed in Table 4.1

‘Parameter Forward Link Reverse Link
. Frequency band (MHz) 869- 894 824 849 _
Access method DS/CDMA-FDMA DS/CDMA-EDMA

Cell reuse pattern’

Sinle-vector reuse

Single-sector reuse

sequence

Modulation  BPSK with Walsh orthogonal | 64-ary orthogonal
_ covering signaling
DS spreading QPSK sread, period 2' with OQPSK spread, period
modualtion shaping - = 2" with modualtion
: shaping
Chip-rate 1.228 1.2288
(Mchips/s)
FEC Rate %2 k = 0 convolutionate code‘ Rate 1/3k 9
: ' : ~ convolutional code
Interleaving Block Interleaver, duration = 20 ms- | Block interleaver, -
o o ‘ duration = 20 ms
* Scrambling Decimated 241 léngth user | 2 -1 length user

sequence

Receiver structure

Three-branch Rake receive

' .Four-branch .Ra.ke

- . | receiver

Speech coder Method data

rates

QCELP
9,6, 4,8 2,4, 1.2 kbps, rate

QCELp
9.6,4.82.4, 12kpbs

| rate determined by VAD

- determined by VAD

20

20

Frame duration (ms)

Diversity methods

Frequency diversity:wideb and
signal '

| Time diversity: interleaving

Path diversity: multipath Rake

Frequency diversity;
wideband signal
Time diversity:

“interleaving
-path diversty: multipath
’Rake + antenna diversity
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| 4 4. 4 Comp ison of IS-95, IS:-54 and GSM '
| The ﬁrst U S. d1g1tal cellular standard, IS-54, and the European drgltal cellular
,' standard GSM are both based on. narrow band modulatlons w1th TDMA as the bas1c
multlple accessmg techmque The second U S. drgrtal cellular standard 1S-95, dlffers
: ‘fundamentally in its use of direct-sequence spread- spectrum modulation, using CDMA
for multiple access All three systems overlay these basic access systemswrth further. -
.'c_hannelizatiOn using FDMA. Table 4-2. S_umrnari'zes-thev key features of these'three
'. drgrtal cellular standards " | |
~ Like ex1st1ng analog cellular systems these drgrtal “cellular systems use
separate uphnk and downlink frequency bands with frequency d1v1s1on duplexmg '
(FDD) to achieve full duplex operauon. Some level of power COI]tI‘Ol'lS 'used by all |
three systems ‘but the IS-95 systems uses .the tightest dyn'ar_rlic power control'isince
power control plays a more critical role in CDMA systems. ’Dynamic' vpoWer .c_ontrol
means that the ‘average transmit power of the _IS-95 bhandsets can.be» less than tha_t in
: IS-54 and GSM hand sets. All three systems also employ convolutlonal codmg wrth
Viterbi decodlng The IS- 95 system however uses stronger constralnt length K |
9 convolutlonal codes, with rate. %4 in the cell-to-.moblle channel and rate % ‘in the
| 'moblle:to-cell channel. | |
Al three digltal cellular systems require s‘omelevel of synchronization among
all adjacent_ cells in a given area. The IS—95 system uses GPS receivers to provide
| ‘master" clocks for each cell._ GPS is another widely used} commercial application"of

spread-spectrum radios.
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"Overall capacity is the most important featute of the three digital cellular
| syéte;hé. Owiné t(v).‘sQ many parameters and other pérforrhancé i.Ssues,_‘it is'b_véry
. _difﬁcult to show clearly v&hich system offers to éreateét overéll éapacity. ‘For
exaniblc,.' the -soft handoff feature of the IS-95 system enhahces pérfomﬁnce but
sacrifices sdme_'capacity on the less critical downlink. It is clear, however, that the
spread—'spcctrbum'i CDMA system -differs. fundamentally from the TDMA systems and
possesses three key properties fhat can greatly incréase overall syster’ﬁ capacity; 100

percent frequency of reuse, flexible antenna applications, power control and voice

.‘ _acti'Vatior_l. '
© Table 4.2
| Comparison of digital cellular systems
Feature - | 1554 | gsm 1S-95
Multiple access TDMA TDMA CDMA
Fréquency band = [ Unites States Europe United States
Uplink (MHz) 869-894 935-960 869-894
| Downlink (MHz) - 824-849 | 890915 824-849
Channel spacing | 30 kHz 200kHz | 1.25MHz |
| Modulaton | DQPSK | GMSK 'BPSK/QPSk
Maximum Tx power | 600 mW 1w 600 mW
(mobile handset) '
Average Tx power 200mW | 125 mW N Variable
Speech rate 8 kbps 13kbps - . | 1-8 kbps
| Number of channels | 3 8§ | Variable
| Channel bitrate -~~~ | 48.6kbps | 2703 kbps | 1.25 Meps
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45 . Cooper and Nettelton DPSK-FHMA System
It is a fast frequency hop CDMA system. The modulation employed. is
: diffeieritial PSK hence system is called DPSK- FHMA system. Parameters of DPSK - -

FHMA system are in the table below.

- Table 4-3

Parameters of DPSK-FHMA System

Frequency _ 825-845 MHz mobile transmit |
: . , ' 870-890 Mhz base transmit
Total occupied bandwidth. W | 20 MHz ”

j Speech coder rate. R 31.25 kbps-
Channel coding . Hadamard orthogonal code, k = 5

o .Moduliition method DPSK

Access method | Fast-frequency-hop CDMA-
Diversity approach Frequency diversity |
Nilmber of branches 32 |
Channel spacing | 200 kHz
'Celi-reuse pattern ’ Single Cell

4.5.1 Transmitter |
~ The »DPSK-FIMA system is a f.ast—fr.equency‘hOp CDMA sye;em. ‘Spee‘c__h data
coded ‘at approximafdy 32 kbps is fed to a Walsh or Hadarriaid bblock-bi'thogonal
_chann'el coder of 'dimen_sion 5. Thus data are encoded with a rate (5/32) biock code
' wh1ch iixcreése’s the symbol rate by 32/5 relative to .the information raie. The output
of thé v_channel coder is then binary different_ially encoded using a conventienal DPSK

encoder but with a delay element equal to one Walsh symbolvti.nlie 6] information bits
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| for.32 coded symbols). DPSK is used because .the multipath nature of the v_chann‘el'(as '

well as.the_fast_—hopping rate) de_st_r‘oys_ any phase vcoheren_ce m the received signal-.
‘AVEachf 'codedv symbol is. then nlixed to a frequency' determined by an M-ary FSK
generator (or FH synthesizer). where M = 32. For 31.25 kbps information rate, the

frequency hoppmg rate of the synthezwr 15 -

foop = 31. 25kbps 3521‘;1‘}‘;;‘;:&“31’:; 200kbops/s @

This is truly a fa_st-hopping system since ‘there are 32/5=6.4 hops per
invforniationliai.t,'_. each hop of duration t, = 1/200 khops/s = 5 s. The fast-hopping
i rate aIIOWS .the 'system to use frequency diversity .to overcome the effects of‘ Rayleigh 4
' ‘fadmg, as well as perrmttmg the use of good" FH sequences Because of the fast-
o hopping rate Cooper -and Nettleton termed each dwell period a Chlp, by analogy
. w1th direct—sequence spread spectrum | | | |

' ‘The frequency-hopping patterns are assumed to be selected from a much Iar.ger
s_et of frequencies in a manner such that the signals have a low aperiodic correlation
arnong :themselyes. Hence no two‘frequency sequences are identical. A Speciﬁcaily,
__'Cooper and Nettleton psoposed the use of the Y’ates-_Cooper_ sequenc_es, a set of
sequences that has the one comcrdence property, that is, when a frequency hop
' sequence is shifted in t1me by one dwell period with respect to any other frequency-
hop'. sequence m_ the set, there will. be at most one dwell period for which two
sequences w111 occupy the.sanll'e frequency., The Yates-C'oope'r sequences are all of the :

form_.
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ik = fo + a_ik f1 1= 1,2',.-.,m k= 1,2,m o (4-2)

- yVh‘ere _' ﬁk is the ith frequency for user k the “set {a-k} the set of integers
-asoc1ated w1th the kth FH sequence f, the minimum frequency shift, and f, the
nominal carriér frequency |

" The desired property of the sets of frequen_cy—hopping sequences .is that
co]lectlvely, the sequences will occupy the ent1re W = 20 MHz bandwrdth with
' mmimal cross correlatron» between sequences of different vusers-. To minimize the.
. interference lev‘elvibetween usrs, the mobile transmitter is 'assumed to _have po\_ver
. control on the uplink such that at the base station, each user is re_oeiv.ed'_\yith 'equal o

power:.

) '4.5.2_‘ Receiver _

B "'_l"he receiver must frequency dehop the signal, - .diff_erentially deCOde the |
dehopped signal, and performv frequency_diversity‘c0mbini'ngvto ovecome the effects '
of rnultipath. ‘Fi.gur_e_ 4.2 shows a receiver_ s_tructure to perform all these ope'ration:s.:
; Rather than constructing a receiver to perform all these operations in serial. C_ooper' '
and Nettleton advocated the use of a parallel receiver architectur'e. Specifically, the
' receiver .shown employs 32 bandpass filters, corresponding to the 32 frequencies
' used m the frequency-hop sequence. Each' handpass ﬁlter is assumed to he_ matched

.to a rectangular chip of duration t, and thus has a noise equlvalent band\mdth of 1/t,. A
A tapped delay line is used to align in time the chlps of the recerved sequence for

each Walsh codeword Thus all of the 32 ch1ps in the FH sequence (or Walsh
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| :C'otlel:vvord)' pass ﬂlrétlgh each of the filters simultaneoi;s’ly._ The oﬁtput-of each of the
E - matched ban.dpéss.ﬁlters is tﬁett fo]lowed‘by a DPSK tiecoder and a los,s-pass filter-: '
| ( to remove sécond harmonit tefms). | |
B The Qutputs. of the lowpass filters are then fed to a. éombiner and 'decdder'
cirt:;tit. Thé function of the combiner is.to coml;ilte the ;lpp‘ropriate outputs of the
lo_w-i)aSS'fﬂter m a mahtler-that will éorres_pohd toa possib1¢ transmitted cbdewor_d..
‘Since the transmitter err‘lployed‘ a Walsh-Hadamard' block -celtlco.de;r, thé-receiye; may
ltsé the cofrespondin'g decoding _matrix to perform’ thé combixﬁng | function.

A '_Alterriatively, ftom tl_‘1e prévious discussion of the IS-9.5 syst_erri; _al fast: Hadamarti -
. ‘tran:sfqmi could be used in the receivet to ferfontx the combining functlon in order |
to fninir_nize,t:ombiner complexity. After combining, th‘_ef decoder sel,ects_.the} combiner
| otxtput that yields the greatst amplitude, performs a .mapping from the combinef '0t;tput’

index to decoded bits, and outputs the decoded bits.

4.5.3 Performance

Thg: syStém was analysed by Henty. He began with_thé _obsefvétion that for
a_system consisting of the mobile users occﬁpying a bandwidth W assumihg that the
g transrﬁitt_ers weré uncorrelated, for iarge M the received interference to a'.‘singlg user
was approximatcly equivalent to white Gaussian noise with a orie.sitied' pov?er density

of

M-1

T (4‘5) ‘

S -p
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where . P is the (power controlled) power of each mobrle as recerved at the base _
statron Assummg that- the combmer output are mdependent and Gaussian, in the
' absence of thermal noise and Raylelgh fading, Henry was able to show that the bit |

error probablhty -as a function of a single-to-noise parameter 'p 1s given by

‘Where
N P : p

- 4-4
P73 T2, 89
"and.pf=N/(M-1), whee N is the number of chips/code symbol. Henry was also able
to derive a similar result for the bit error probability for‘ the Rayleigh—fading channel.
In Flgure 4 3, the probability of bit error is shown plotted for both the nonfaded and

faded cases as a funcuon of Ps. |
Assumlng that the requu'ed bit probablhty of error for acceptable ‘

.commumctxon is 102, then from _Flgure 4.3 and the definition of efﬁc1ency‘

,- U 30KHz
F W

be calculated. For the faded case, a bit error probability of 10? is achievable for p;

. The relatie spectral effieiency of the DPSK-FHMA system may

'_ = 2 5 dB For N = 32 this corresponds to M = 19 users yreldmg a relatlve spectral

' -efﬁc1ency for the one-cell case of

30kHz

-0029 @)
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4, 4 Bell Labs Multllevel-FSK Freauencv-Hon Svstem |

The small relative spectral efficiency of the Cooper-Nettleton DPSK- FHMA o |

o drgrtal ce]lular system prompted a number of researchers at Bell Labs durmg the

,penod 1979-1982 to mvestrgate other forms of spread-’spe_ctrum multrp_le-access
methods soita.ble for 'digivtal. cellular systems. In particular, a team of researchers :
‘designed (on peper) a freque_ncy-hopped .spread-spectrum multiple-access system that
_employed multllevel (M ary) frequency -shift keymg as the modulation method. The
.capacrty of this system ‘was shown to be roughly three tlmes the capacrty of the

Cooper—Nettleton proposal.

The specifications of the Bell Labs proposal are shown in Table 4-4. Fig. 4.4.

Table 4.4

Parameters of th FH-FSK System

Frequency band | 825-84 MHz mobile transmit
- : | 870-890 MHz base transmit
Access method : Fast-frequency hop spread- spectrum multiple access
Modulation method M-ray FSK - »
| Cell design - Single cell reuse
' Occupled bandmdth 20MHz
Source data rate 32.895 kbps

Forward error correlation | Repetition coding, rate K/L

- Fig. 4.4 shows a conceptual block diagram of the trasmitter and the receiver

for this sytem.

'4.4.1 Transmitter and Receiver Operation

_ As shown in Figure 4.4, the transmitter consists of a buffer, a frequency-hop :
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‘v._s'equ.e'nce generator ("address" generator), and a»frevquency-hopv synthesiser_ (or "tone"
generator) The buffer groups-K information bits/syrhb‘ol and forms a code syrnbol' :
or ch1p based on the binary representatlon of the K bits (whrch ranges from 0 to 2K
1). The code symbol is then repeated (L-1) times to form a codeword consrstmg of
L ch’1ps_.

| The address generator generates a frequency-hop sequence or address that 1s
unique toa grven user, generatrng a value in th erange [O, 2K 1] every chip tlme and
repeating after every L chlps At each chip time, the output of the codeword buffer
and the address ' buffer are added together modulo 2%, The resultmg M- -ary
FSK/frequency hop address is then sent to the frequency-hop synthesrzer, which
generates a hop frequency every chip time according to the equatron .

’f =f, + (compos1te address) + step 4-6)

whee f(y is the nominald carrier frequency, fyp the minimum frequency step size of the
synthesizer, and the composite addres take on values in the range [0,2% —lj.'

- The receiver which is assumed to be chip and codeword synchronous to the
trasnmitter, performs a spectrum analysis of the received s1gna1 and outputs a detected |
_‘ frequency index ( or indices) in the rane [0,2K - 1] every ch1p time. The address of
the_ frequency hoppmg sequence is then subtracted from the-detected index modulo 2k
. ev_ery- chip'.t.ime. In the absencce of noise -an_d multil.)le—access interference, the
_'res.ulting‘value follovving the modulov2‘K subt'rac_tio'n would 'b.e a vafue in the range_ '
_[O;ZK]_repea&d L times, corresuOnding to the repetition 'cod'ing in the transnﬁtter. The ,.
” decoder Would then output the K-bit sequence 'corresponding to the received

codeword.
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o In the presence of noise and/or multipleFaCCess interference the spectrum -
‘ »analyzer will output multiple values in-the range [0, 2‘( -1] every Chlp time. Followrng |
: subtractlon of the desried user’s frequency hop address modulo-2* the recerved value -
sequence will‘now consist of multiple values every chip time. A majority logic
de_cisiOn rule is used in this situation which picks the codeword asociated with the row .
| of the detection matrix that contains-the greatest number of entries‘.. Error will occur
when‘e‘ntries due to'a noise and/or multiple—access interference cause a row to.be |
formed ' with _more entries than that corresponding to the correct codeword. The'
frequency hopping- sequences must therefore be selected such that correlatlon between

users is mimmized and sufﬁcrent frequency divers1ty is achieved to overcome the

'_e_ffec':_ts of Rayleigh fading.

4.4.2 Performance This yields about ten times ‘the relative spectral efﬁcrency of

'the DPSK FHMA system as per the performance analys1s by Goodman et al. Number

' of , enhancements have ebeen offe_red to the propoSe_d multilevel FH-FSK' system.

45 SFH 900."Sys‘tem (}Slovw.Freguency' HOP 900 System)
B Prior to the development_. of the GSM system inE.uroll)e,described. in the next _
.section, several proposals were putforth as trial systems to‘ be us_ed n selecﬁng the
| ,access and channelization approaches for GSM.One of these Systems, the SFId_9OO -
..system,v was developed by Laboratoi‘re Centrai de Telecommunications (LCT) m
_- I:_ FranCe.' ThlS system 1s interesting because it combined sl_ow. frequency 'hooping,

-concatenated coding, and channel equalizati'on‘to combat the effects of both time- and
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- frequency-selective fading. An expei‘imentﬁl prototype of this vsytem,was'cqnstr'uc_ted
' and was demonstrated in field tests in Paris during late 1986, which were used to test
various component parts of the GSM system. The important parameters of the /

. SFHY00 sytem are shown in Table 4-5.

' Table 4-5

System Parameters of the SFH-900

FreqUeney band | 900 MHZZ GSM band

‘| Modualtion - . |'GMSK, B,T =0.3
“Access method .. - | Interacell- TDMA
ST | Intercell-SFH CDMA
TDMA structure 3 slots/frame
SFH dwell period 4ms
1 Cell reuse pattern | 1 cell/3 sectors |
‘| Channel coding == . | Interhop: Reed-Solomon
S 3 : Intrahop : cyclotnncally shortened Reed Solomon
Information data rate - | 16 kbps :
| Channel equalization MLSE equalizer
| Gross channel b1t rate 200 kbps

4.5. 1 System Descrlptlon
The SFH900 system employs TDMA within a cell and SFH CDMA between '

cells as the ac_cess methods. The TDMA frame format consists of a transmit slot, a
'ree.eive. slot, and a ;freciuen_cy switching slot, denOted hy T, R ahd S 'slets,
respeetiVely. All slots and frames are 'synehronized | within the system. to a
V- ,cemmonelock. The use of T-R-S slot structure within a ‘-.vcell pefmi_ts easy

.unplementatlon of a SFH system w1thout requlrmg a fast—sw1tch1ng synthes1zer |

| Between cells: SFH is employed as the multlple -access method.
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: A concateﬁated coding scheme is emplbyed in the }systenvl fo provide both
V'_fre'q'uen‘cy var.ld interferer diversity and to combact random errors that would occ‘:ﬂur.-on
the mbbﬂe channel. The concatenated coding schemé employs a Regd-Solpmon code
bas_ an interhop.,or outer code. The coding/hopping is designed-to tranémit is different
frequency collisions among the various users.. This is the classicél approach to channel
coding for frequéncy hopping communications using Reed-Solomon codes. In addition
to _the interhop code; within code dwell peribds, the informd_tion cbnteﬂt Qf ea‘ch slot
‘is coded further _ﬁsing cyclotomicaly shortened Reed-Solomon codes (CSRS),
- shortened Reed-Solomion codes in which all Computaﬁons'(erfor syndrome evaluation,
er‘froﬁf locator polynomial computation,an_d error value; det_er‘minatibn) are done over
th¢ bmary field GF(2) rather than the extension field GF.(2"’)_, as is the case for Reéd¢ |
- Solomon codes. The intrahop code is used to correct random errors that oc’éhr during
the dwell périod.

The ,m'()dulaﬁon method ‘@mployed in the system i_é Gaussian minimum shift
keyiné with a low--pass ﬁltér parameter ‘Qf B, T = '0.3: A 16-statel maximum-
llikelihood sequence estimator eciualizef is used to combat the effects of intersymbol
‘i.ht.‘ei'f.ercnce due t_o' freqﬁency-selective fading. Frequéncyv hopi)ing occurs at the
'_TDM'A frame rae of 250 hops/s. Within arccll,. all hopping is coordinated su}c.h. that
_tv§0_ ﬁseré never occupy the same frequéncy at the same time ("or‘thOgonal" hopping).
Bélt'vs;eén cells, a different frequency-hobpjng code is .e'mpl_oyed for all nearby cells,

‘ fesjul_tih‘g in uncOnélated interference frorri hop to hop. The channél coding is matched
- .té the_ _freqxiechy hopping pattern so that frequency collisions are coﬁectéd. Within the

, SFH900 systém, frequency hopping is therefore used to:obtain both -frequency _
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 diversity and interferer diversity, the latter being a benefit of the CDMA aspects of

'SFH'. :

4.5.2 Performance
As_per.analysis of the SFH900 the system is able to achieve a symbol erasure
rate of the ofder of 4 x 10? (which‘ corresponds to a decoded bit error rate of 5 x 10

%) for a channel capacity of 3.5 usersbper sector per megahertz.

4.6 = GSH-SFH DigitalCellular System

| ~ The GSM—SFﬁ digital cellular system. represents another 'slow-frequenCy._
| _'hopping approach to digital cellular systems. Thé GSM sysem has now beén deployed
commercially throughout western Europe and will be deployed 1n other cduntries as
well. Its commercial success ' throughout the world led to Eurépean
TeieCOMunication‘s Standards Institute (ETSI), the standafd body in charge of the
GSM_system, to change the meaning of the GSM initials from the o_rigixja’l "'Groupe
épe‘c-ial,Mobile,’ the designated bihame.for the Pan European digital cellular systéx'h; |
to. "Global System for Mobile _Commuriciatioh" ‘in 1992_. The GSM system .is
| described in a formal set of documents consistihg of some 5200 pages that is avaﬂable
»direct.ly from TSI. In‘addition, thefe have :be‘en a number of jourﬁal arﬁcleé, ltrad'e
vpress.articles, commercial j6ﬁmals, trade/technical’ conferenceé, énd even-"a complete
book _;)r pofﬁoné of a book. directed towar'_d‘the GSM system'. Because of tne |
é&ailabﬂity .of" informaﬁon bn the GSM éystcm, coverage of GSM has"beenvke‘p_t-

concise.

70



The ‘GSM system has been deployed at 800/900 MHz in many western
' European nations mcludmg the United Klngdom France Germany, Denmark and
: Sweden,. among others, In additon an extension of the 'GSM_ standard defined by ETSI
and ‘D.CS' 1800 for the 1800 MHz band, is currently being deployed.in several'v.'
European countries. A modification of the latter system- has been proposed for PCS
freqnency barids in the United States. Manufacturers of GSM/DCS 1800 equipment .
incl_ude Motorola. Alcatel, Siemens, Ericsson,and others.
-’l‘he GSM,sys_tem was designed to supplant the wide variety of analog cellular
:sysems wrthin Europe with a common digital cellular sy’steni. It was designed at the
’outset to support a wide range of 'digital services. The system is'an 8 slot/frame

| -TDMAvs'ystem operating at a data rate of 27.8333 kbps over the a.ir.b The dnration' of
‘the basic. TDMA frame is 4.615 ms and the modulation format employed is BT =
- 03 GMSK Speech information is convolutionally coded using a rate % constraint
length 4 convolutional code. At the channel data rates employed, the transmitted
signal is expected'to"undergo moderate to severe frequency selective fading of up to
‘ _four symbol tlmes (= 15us). Hence the GSM spe01ﬁcat10ns implicitly require that .
some form of equahzer be mcorporated into both the mobile and base receivers To
.’ combat slow time-selectlve fading and to provide mterference d1versrty, slow
frequency hoppmg at the frame rate of 217 hops/s is. specrﬁed in the GSM
: specrﬁcations Table 4 6 summarizes many. of the parameters of the GSM/DCS 1800
specrﬁcatlons Flgure 4.5 shows a conceptual block diagram of a GSM transceiver ‘

that is based on an expenmental system In the followmg A bnef descriptlon of the
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signal processing aspects of one specific implementation of a GSM transceiver is

- given below.

4.6.1 . S‘ig‘ n:il Proc'essing Description
| In the &ansnﬁuer, the speech is transforfned into a digital represeni;ation at 13
-.kbpsv,u_sing a residual pulse-excited, linear prediction coder with long-term prediction
‘: (RPE-_LPC/LTP_). The speech coder, which aiso implements e. Qo_ice acﬁ\(ity detector :
| (VAD) is then.usedto turn off .the transrrﬁtter during low-speech-activity periods . |
‘The most s1gmﬁcant bits of the speech coder output are then rate coded and the
.resultmg (coded plus uncoded bits) are block dlagonal mterleaved The mterleaved
symbols are then formatted thh training symbols inserted and applied to a GMSK
' modt__llato_r where the carrier is modulated with the coded, ‘interleaved mformatloh |
Vstre.am:\ and transmitted. Every frame time, the carrier is fr'equen'oy hopped ,. using S-F-
H Algonthm |
. In the recelver the s1gna1 is dehopped and demodulated to baseband usmg a
| qdadratqre ' demodulator.v The demodulated signal is then phase and frequency .
' tforreeted, equalized, deinterleaved,convolutionaly decoded, and applied .‘to a speech
decoder.’i_‘he 'speech'decoder then converts the signal back io analog speech. -
Signiﬁca.l_nt amount .of cohtfol strdcture is .required to ,support the GSM system
There exists a framing hierarchy whereby -8 slots form a 'TDMA frame, 26 frames
‘,form'ia mulﬁﬂame, 51 x 26 multiframes form a superframe_, ond 2048 ,shoerframes -
: (2,715',648 TDMA frames) form a hyperframe. The frammg hierarchy is used -fof' '

 synchronization, ‘moitoring of other carriers, frequency-hopping ® control and
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. énétyptioh of the 'I_‘DMA.‘slots.‘ In addition to the -info'rrriai-tidn bearing 'sl_0t's, other

synchronisation . information and both common and dedicated control channel

 information are transmitted periodically between the base site and the subscriber unit.

] 462 Siow-Fre uency-Ho .in Algorithm

Early in the design of the GSM system, the system architects realized the

| benefits of includi‘n'g' -.slbw frequency hopping in the system. At the present time, two

~ algorithm .

Table 4.6

 GSM/DCS 1800 SYstem Specifications

TDCs1800

| Channel spacing

GSM System
System
~ | Frequency bands 890-915 MHz 1710-1785 MHz
| Mobile transmit » A _ .
Base transmit 935-960 MHz - 1805-1880 MHz
_Channels per carrier - 8 e '
Channel bit rate 270.83 kbps
200 kHz

Modulation .

B,T = 0.3 GMSK

Symbol alphabet size

Binary, differentially
coded :

Co-channel interference Protection <12 dB
Time slot duration 0.58 ms
| Frame duration 4.6ms
- Frequency hopping rate 216.8 hops
- Channel coding o
Type Convolution
Rate 1
Speech channel .

Y3

Signaling channels
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' _Intérleav_ing depth , Eight-block diagonal
1 ' ' interleaving for speech .
R _ channel
“Maximum channel delay to be 16us
equalized ‘
Speech coder , .
Type . RPE/TP-LPC
‘Rate 13.0 kbps
Frame length _ _ 20ms .
- | Block length 260 bits
-ClaSSCS' S Class 1:182 bits
’ ' ' Class II1:78 bits
. Gross speech rate with FEC. codmg | 22.8 kbps
' AFrequencyfaccuracy o Base station 0.05 ppm
~ | Mobile station 0.1 ppm

for hopping the channels are available to the system operators. The first, designéd for

systems for employing a small number of RF carrier, is simply a cycle permutation

of the frequencies available to within a cell. This approach. will not result in -~

int_erfefence diversity but will improve the performance of the sYs‘fem at low vehiclé
- speeds via randomization of time selective fading. The second approach' employes
| _pseﬁdo-random' sequence generator to generate -pseudo-random sets .of‘ carrier
frequencies t6 be used throughout a cellular system. With this approach, all users
within a cell aré, orthogonai in freq{le_ncy and users in immediafely ‘adjacén_t cell will -

interfere at most once per n frames, where n is the number of available frequencies.

- 4.6.3 Performance .
 The GSM'-system is currently commercially deployed. As a result » except for

information . contained in the literature that describes pre-commercial systems, -
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informeﬁon on the pefformance' of the GSM system is di_fﬁcu-lt to obtain, as such
-information has been tightly controlled by the ecvluipm‘ent‘lj rdanufactdrér_s and 'the
sySteﬁl dperafdrs, for c_:ompetiti.v.e reasons. An eé.rly version of the GSM speciﬁ-cdtion
_ -iﬁdicated tﬁat for the typical urban channel model and an_eqdivaledt'.SO—ldh/.h vehicle
'Speed,with a signal po@exj input to the're'ceiver of -104 dBm, the word error rate was
to ‘be iess than 3% without frequency hopping and 6% .’with frequency hopping.
47 | Other - Digital Cellular System

| | ,Hyb'rid SFH TDMA/CDMA system for PCS Applications has been developed
by Mot'ofola which incorporetes a hybrid form of muitiple eccess in pgrticdlar SFH :

'CDMA combined with TDMA .
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CHAPTER - 5
MILITARY APPLICATIONS

CONCLUSION

5_.1 - Military Applicétions

The CDMA Digital Cellular communication systems ‘can play a major role in v
: m1htary operatlons The cellular network is bemg spread to the lengths and breadth -
-of the country | ‘

During defensive operations the commander will remain accessible. CDMA
'Digital Commu_nicati‘on éan be used to pass bolh voice and data in defensive
operaltions though application is limited bin offensive mobile operaltions.

The reasons for m]htary application are the followmg charactenstlcs of the .
CDMA cellular systems. .

| (a) Secrecy}

(b)  Anti-jamming

" '(c).'vi Easy é;céessibi]ity‘td the user

5.2 ) C'onclusiqn .

ln this thesis an introduction to mobile cellular systems, has been gi\}en, The
relévéx_néé of sprgad spéctrum ’sig.nals to CDMA has b_éen brought out. Cellular system
dgsigns - are ﬁ;nctil;ns of both the tqpology ._of _ th_é 'cell and. the o
-,modﬁlation/codihg/divérsity methods emplbyed. Diffcrentﬂ CDMA Digit.a.lv;':vCelh.llara:_
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systems includih_g l)S-CDMA system, frequency;'hopped' Cl_jMA systems with their -~ -
vrmportant aspects were descnbed

The CDMA D1g1tal Mob1le Cellular Systems are expected to be nnplemented
in.a b1g way as they. offer unprovements over analog cellular systems, mcreased
| system capac1ty, speech quahty and system rehablhty The1r rmhtary apphcatlons
because of features of secrecy and unmumty to ]ammmg cannot be overlooked in the
: future The CDMA D1g1ta1 Mobrle Cellular Systems. therefore hold a promrse for the -

- future in a world Wthh is increasingly becoming wrrele.ss.

17



Figure 1.1 — The concept of cellular coverage

Numerous. omnidirectional or sectorised antenna sites alicw wide coverage,
by splitting the geographical area into overlapping coverage areas.
The lines show the limits of the overlapping coveragze of the cells,
whereas the polygons represent the more usual non-overlapping representation,
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FIGURE B:1. Hexagonal cell pattern for cellular radio systems. Center dot de
notes base site anlenna. . '
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FIGURE3-3. Cell splitting in seven-cell pattern.
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