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A Survey of Terrestrial Millimeter - Wave Radlo Systems
for Commercial Users ')

= Dl duun s o sk slomecr el s st
o i v The. milicstsr v
 Limlprel g e s dhgitelglr g o gl
iy then ey can ke bvantage of the smad b sed Ught welght of millescervave
wicn, wehout being hampered by the fimised propagatin pecperiies.  Varkous
have boen developed acly, The dffereas drsign and rechmalogy appeoactes, which
will be presensed i the fobiowing. hive lead to 4 fiass genertion. of commerial st
wave rdior,  Millimeteresve communicaticn specss see seslable ey e diffrent
eldwite

1. Inteovecrion anp Histosicar Aseecrs

Tesreurlal Communication has s very loag history. The fint documented
sucmpis du buck 1o Aloxander the Great, applying “modulated” light sigaaly
rama purposes [11; s siganl flzes were emplayed for this *optical”
line ofsight link, transmission was possible at night only. Tn the das of the
Romun Empive x sinilar setap war commonly used, but incosporating smoke
signals dutiog the day, trapsmission was 00 looger time limited.
Soveral hundsed years lacer, st the end of the 19¢h century, techaclogy
B b oot e et b Mt o e e e
introduced Electromagnetic Waves for terrestrial communication purpeses [2].
His carly experiments with *telegraphin scara la® (TSF), Le. “wircless® cadlo,
began 1594

{5) Tk, Sy, sich 173, ) - 700 Ui, Wit Germny,
MELECON 87, Maxch 3436, 1957, in Romn;
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Fecm then en the development of erresurial communication went suraght
forwazd:

1694 . 189%  Early Radio Experiments (Mare.)

191 st Tramatlamic Link (Mare.)
1913 AT&T, USA, 170 MHz Link

caly 1920 3&20 Mz Links {Mare.)
1932 600 MHz Link (Marc,)

1957 Marconl's death

1950 Microwave Links up 1o 11 GHx
1960 ECHO I, passive relay satellive
1962 TELSTAR, It orbiting saiellite
eatly  1970's  mmWave Tronk Link Experiments
mid 1970 POINT-0-POINT man-Wave Communication

Doubslenly, the successful development of “wireless” communication was
infloenced and driven by G. Marconi until his dewth in 1937. Later on 2 e
importance and usefulness of radio. communication in general was cven
recopnized due gerienes of Wodd Wae 11 and sioe the cady 1550's
the arca of terrestrial comanication began to conselidate,

However, thete was always & boed and thus u demand for higher data
rutes, fe. beonder avallable bandwidth at higher trammit frequencies; thus
rescarch into the millimeterwave range was stared accordingly. Two differcar
ypes of terrestrial communication links sre of parficular interest under these
conditions:

— longrhaul communlcation systems, using Yow-loss circular waveguide and
— shorvnange lineolsight tammission lisks, making ue of free spuce
propagation like their microwave counterparts,

very thoroughly in the.carly 1971

but waveguide transmission temaied 2 type of Investigation. Today it appears
that the performance of single-mode fiber not only competes with that of circular
waveguide, but exceeds it [4].

The larer, lieofsight (L-OS) wansmissien, has been under teseaich also
for sevesl years (31, Do vo sniedy difcrent requiremenn, owo. ocas of
employment have 1o be distin today:

— covert communication for m\...q prspores. und

— high data tate sramsmission kinks for commerlal users,

The advansges and the verwly of the millimeterwuve pprosch for
ilitary commanication was pointed out before [6]. A recently pablished

paper [7] gives a good overview of this topi
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“cellulas radio” In ity enviranments (8] as well as cordless ielephane (3] are
already poblished examples, but as these systems are very specialized, and under
research only recently, this puper will concentrate on exsting, ic. hully tested
and applied millimetce-wave radios. System dman a3 well as companent techno-
Iogy for commercial applicstions will be rev

2. Aveuicamions axo Requinrs

At cew erdocs ecige n o ool Gsckoen teorrk s vl e
waffic control, the demand for @ new genera of high data rate radio links
obviows.  VIDE D&ONFERF\'LE.SPR\ICF.S or SAT- and MEGA:
STREAM are cxamples for this upcoming ncw demand [10], semote. iclephone
subscriber connections are anether application [11], while the safety conteol of
high spoed trains is a thind nteresting asea [12]. Prowided that inexpensive radio
syitems for. shott ranges can be developed, the millimeter-wave approsch seems
to be especially suited for this purpose (131,

Apare from their differences due 10 specific ements commereial
millimereravave 1ransmission links have some major design mspeets in common:

— high data raie

— small sine

— eme of insallation

— low cost.

cm,me\r m..u soicrmss ges sdequate for: achieving good diretiviy fn
the il provk
road bandwidih, helm Inhq-rmlv fecessary 1o apply simple and rabuss modula-
sion techaidques, fike ASK e PSK (with 2 masimum of 4). Thas, using
the described design jppmxh cost shoald be oo major limitig factor for the
wide spread application of maillimeter-wave communication systems.

watem reg

3. PomroPony Teavsaussion Lows

Poiint1o-Point sranemission links, wsing portable equipment can be installed
very rapidly on maximum hop lengths of up to abour 10 km. The equipment
is easily mounted on a flar roof, or can even be allowed to radiate through &

The described t1ype of trammiteer links will
thus justifying substantial simplification of the
Jnsallation and connésiion facilitics.

The main employment area for such links is in conascting subicribers, for
example the MEGASTREAM Service in England, used for pelvate da- and
selcphone circults.

Anoher application arises with the new VIDEOSTREAM Service, which
wis introduced oaly secently in England. This video conference service is effectod




Conliguraica of

oot keabend links (Cousteny of BTELL,

from deskoiwp terminals inn customens’ premiscs, entirly eliminating the |m...
venlence and thme consuming sspects of wravel for many routine meeti
Pornable millimeterave equipment can provide the necessary video hmd-m!zh
for connecting customers sad local exchange.

Figure | shows as a0 cusmple posible cofigurations of poini-io-poing local
end-links.

loped since the lase 1970's. Table 1
todays” commercial

be presented in ihe following.

Tante 1 - Performmee data of various commercial millimeter-wave comuiunication
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34 40 GHz NTT Systems

¢ work in the area of point-o-poine millimeter-wave links 1o the suthars
Jnawledge bas been caried out by the ENGINEERING BUREAU of NIT,
Japan, and was published in 1979 [141, These first messcements being conducted
in Tokyo were quite promissing; 4 tepeater spucing of 4 km with oaly two hops
cpanning & km almost covers the enrire city. Figure 2 shows the Tokyo area
cowered by 4 km and § km mdius circles with their centers at alresdy existing
rerminal a1

301 Equipment Design
T ondet 10 case transportation and installation work, anienna, RF-circuie and

Ban

Fig. 2. 40 G NTT Syiem. Servicable aea i ceneral Tokyo (o Stz e o, (141}
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Ffmodem are integrated in a single contsiner. Fusther equipment cconomization
it acconsplished by simplifying the filter deslgn with the adoption of dusl
comvession teceiver technique, using @ double balanced mixer, and an integrated
circult. TF amplifics,

The data of the cmplosed 40 GH equipment is given in Table 1. By using
@ 40 GHr IMPATT diode amypdific 00 mW transmitier output i achieved.
A 60 cm Cassegrain type antenna with mﬁm\: is used to reduce the cquipment
siic; antcsinn galn s caboulited 10 be 455 B wr 40 GHr by assuming 60%
apernure efficiency and 0.3 dB radome loss. The mixer noise figire amounis. to
115 dB for 1 4 MHz IF.bandwidih.

Power is supplied by converting 100 ¥ AC commercial power ot by a battery
with 4 capaciy of 2 hours, if the commercial power supply should fail.

3.2 31 GHz ENET Sytem

Taking advantage of the mi ve spprosch — compactosss of the
RF-components, narrow beamswidth with likewise small antenna apertures, etc. —
the 31 GHz CNET System was developed by Thameon €SI undes comract of the
Frenh Telocommunications Adminisiration (@ cwansct groaps of up 10 10 remore
subscribers. Tt was iniroduced nto the french petwotk In 1983, Figure 3 shows
a maunted unit (111,
The RF-equipment and the antenns are indludod in » cylinder having 20 em
in Kengeh and 25 cm in dismeter. The millimeter set is associated with a digital
ulriplexer of & or 10 tclephone lines. The major sysiem data ae given in
Table 1 as well

3,21 Equipment Design and Resnlzs

For economical reasons, the millimercr-wave equipment has been miimired,
Figure 4 shows the simplified blosk dingram.

The tramceiver froned consists anly of an oscillaor, a circultor, wnd a
wiser, exluding any bigh © cavities or narrow band filters. The chamecteristics
ase as follows:

— transmitted power: 50 mW

— receiver noise Fignre 12 dB.

— anterna: 33 B gain parabalic reflector

— received power at 10 exp(—4) BER: —83 dbm

— power consumption: 24 W (8 W in sund-by).

In 1990 a 9 km Jong link was cxperimented with, an impartant result was,
that the outage durstion rarely exceeded 10 minutes, Seinsillation phesomens
wese recorded, the ampliwde variation never exceeded 3 dB with respect o the
nominal level This demonstrates, that millimeter-waves can be used for trans-
missin links connecting less than ten
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3. 29 GHz BTRL System

Early work at British Telocom Research Leboratories (BTHL) was con
centrated on developiog 4 70 Mbit/s system for transmission of data and fullband
video traffic beoween custamers” premises and focal concen
Tnternational (BF1) also required some
uits between customers and small earth st

ators. British Telecom
ks to carry 2 Mbit/s

ons for SATSTREAM

The time available to develop and manofacture radio equipment for these
requirements was short, s 2 modular construction was wlrru-d to establish
‘mechanical interfaces and speed design. Contracts foc producing RF oscillators and

integrated finrline transmiticy aod rosciver modules. were avnzdtd ta Mollard Led.
{a Philips company), being invelved in millimeter-wave integration techniques
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Fig, 4. 31 GHe CNET Smieos. Siplificd block Sgram (fom: Durors 5 ol [11])
A Amesoa. C: Circulawoe. D: Discriminatce. G- Guam diede. MM:  Millimerer maier.

Br Vamowe diede K Avslocal chuk TC: Froquency dil commpen
satice. DI, Digial fverdace. T Tramesiting, sovity

vince she lue 1970, The iniegraicd modules implicated collsborative. develop-
ient, with some original BTRL components being included i the sssembly pro-
ductions engincesed by Mallard. The reemindee of the equipment, like IF, base-
band, and other electronics was designed and bailt at BIRL.
The major system data src given in Table 1, while Figue the
installation of two 29 GHz wransceiver units in confunetion i
unit (6 GHz range) [6].

33.1 Eguipment Design and Results

G, the cost of mansfacture and assembly ean be reduced by adopring
techniques, which are different from those wsed for convenrional millimeser-wave
equipment. At this high frequency alternative transmission media, such as dielectric
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image lin. i thers have bocn jnvestigated (151 Out of
these, the scture, which is a pla

puidelike splivblock housing, has emerged as o frons
about 25100 GHE: Te has rolasively Tow loss sl the conductoe patc
boasds, which can be made reproducibly wsing conventicnal photolitho-

i prinied cireuit enclosed in & wave-
runer for feequencles of

cirea
wrap

iques.
The RFainit contaias the integrated fin-line modules, 10 which the Gunn diode
local oscillator and the. eranmitter sources are mounted (16), Figure 6 and 7
show the findine madules.

The transmitter
trolled attenuator

a biphse modulator, @ voltage con-
coupler for checking power and frequency
cantains & low noise balanced mises with inteprated

thig. 6) o]

and a

El
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IF. preamplifier, an sttemustor w adiost the LO level 1o the mixer, and a moalter
coupler for oscillaror power and frequeacy chiecking, The entire RF assembly is
desiconted. The characteristics are as follows:

— msmitced power: 150, mW

— voceiver ooise fgarc: 8 dfs

— amcana: 41 dBi gain parabolie reflector

— cutage at BER 10 exp(—3) less than 0.01%

The tmansder of techaology from the Isboratory direct tw the production line
has bocn demansiratidl. Expericnce gained with, these pilor produstion links, plur
jarallel advances In millimerer-wave. companent design will lead 1o 8 fully con
elfective second generation prodce 1o handle MEGASTREAM, VIDEOSTREAM
and other services

4. Baporuns AppLicATIoN

Besides the alresdy doscribod pointw-point a0d area type connections a new
application, he Radiotube, has bocome mportant in recent time. The millivetet-

Doc 1o their quisioptical propasation enly a fimited ao0e of influcace, the
Rediotabe, s formed, which is ideally sulted to be used for tnaffic conirel
purposes, for ecample on rrikwars.

The operation of medem raifways systems requires a high degre of safety
aid relabillty, this can be sccomplished by the introduciion of mobile communics-
tion. As there is a worklwide lack of frequeacies for conventional mobile radio
bands, millimeter-uave frequencics were chosea due to the following  merits:

— k hit error rates because of the sheence of man-made noise and
relatively welldefined propagation areas along the track,

— bigh data rate transmission because of the igh carrier frequencies, and

— cconanic reuse of frequencies, due to the limiwed radiation range and

high gain antcanss

Propagasion messurements carried out carlies [19] have shown the unique
performance of this approwch, Thus, with respect to the rosmhs of the WARC
80 Conference [20], o milliméter-wave rallway communication system has been
developed for the porman federal ailway, the “Deutsche Bumdesbahn®. Two
perman firms. Siensens (171 and AEG [18], rest dy, were involved in this
development. The majoc system data of both systems ace inchided in Teble 1

41 36 G

According 10 the system sequitements described in [21] the 36 GHx S;
system was developed during the larc 1970's. Figure 8 shows an installed stationary

Siemens Syitem




wnit during tests. Due 1o the high frequency being taken, 1 small dod compact
wransceiver unit cookd be realized. All components
weather prosected hox. Th
covered by the radom. A o
froatend together with the frequency control circuit s well a5 the FSK-modubsior
and the power supply are contained in’ the trassceiver uait

pal block disgram s given in Figare 9, The main pant of the
transceiver wnit it & temperature compensated G oucillaror delivering about
100 mW' of outpur power. fexd vin a transmitreceive.diplexer/
circulator 10 the 3 dB-power divider, which inturn fecds the bidirectional antenna
atray. In order fo achieve good wntcana performances. fike low VSWR, high
well defined- side lobes, and compaciness, as the most driving factor, hom
fed diclecaric leos. ant s were chosen,  Wave guide technok as taken for
the reslization of the millimcter-wave components, as it was the standard of the
late 1970's. A dusl PLL circuit based on & 460 Mz quartz oscillator controls
the millimeter-wave Gunn oscillaor. FSK modulation s achieved by switching
the. division ratia within the second PLL [17]. The powes comsumption of the
cntire transceiver unit smounts to less than 20 W,

sed in & streamined
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Maliple tesis on & milioud track between Humburg and Bremen, being 13
km Jong, wore carsied out Incorporating six staioaary and ane {or optionally
o) mobile transseiver ons on top of the ool af an clectrical express engine.
The tests have shown good syem performance, independent of speed and rail
romd specific clectromagnetic inicifevcovcs, But haviag only a single oucillstor
Serving a8 tramnmitcer. and localoscillatos sovscs i an ahiernatcly switchod mode,
. described shove, this system approsch has & major dravbuck: due 10 the

ry seulingtime of the PLLeircuit (< 5 ), the maximom dota mate
limited 1 45 Kbit/s. This is sulficient for the plansed spplication — raikeny
walfic control — bun Jeaves no masgin for furher services

432 40 GHz AEG System

Thas, with respect 1o these results the AEG sysiem — displayed in Figare 10
dising witver 1ials — had apsin separate eansemic aad. hocaloscillarors. Such a
design 15 far more complicazed, e daia raices vt the Mbit/s rangs can be
caslly achieved

411 Fquipeent Desigy and Performance

According 10 the system requirements described in [21] stationary and mebile
traniscelver unirs have been developed. Both types have been constracted similarly,

Fig. 9. % GHz Semean System, Trwsiver block diagram (ces: Mszuen (17))
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Fig 10 40 GHa AEG Sprem. Starinary smseelver umit, radome semoved

a different antenna reslization has been used with the mobile uni. Figore 11
nMws a stationary unit
block diagram is-given in figure 12,

A l’l,lauhﬂuul Guna VOO delivers an output power of aboar 10 mYV,
which s fed 10 the anienaas via unifine, dipleser The received
signal i fed to & bulaoced miser via » power combines and diplexer. The employed
Tocal oscillatos is also & PLL-abilized Gunn VCO, After amplification, desodula-
sion, and signal processing, the malog and digial modulated sign:

a level coatrol signal can be extracted.

The technology cmployed for the construction of the millimerer-wave
components was chosen according 1o the system demands and the techaical state.
of-thears in 1980, thus different technologies were introduced

The Gunn oscillaor was realized rogether with the harmonic mixer #s o
single modsle using hybeid planar cireuit design, a low level integration rechnique,
being expecially sited for oscilluior realizations [12), An osiput power . of
150 mW und 60 mW was achicved for tcammitter and Jocal escillasor, respectively.

Because of the bigh precision demands, electroforming was chosen 1o realive
the sransmitreccive diploxer, The inservion loss is less: then 1 dB while the
isolation between both outpar ports exceeds 65

i —— e —-
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The balaoced mixer is built using finlioe techaigie [15]. Being inberently
broadhand, this design enables w usc the same mixer configuration for both, the
stationary and the mobile receiver units, while production costs can be reduced
due 10 the fully integrated consruction, The conversion, loss amounts to 6.3 4B,
catrespoeiding 15 dsb rioksé igure ol % 10, 6 dB.

different. componcats are displayed in figure 12,

412 Measmrewents Resalts
Employing the described equipment, several measirement campalgns have been
carvied ous, Data rases between 1.2 kbits/s and 64 kbits/s were realized. Besides
data transmission measurements, waln. control via 60 GHz tramsmlssion wis
demonstrated.
The output signal Jevel of o single transceiver unie is given in fgure 13

The correspanding bit etor rate wis less than 10 * exp (—3) for a data rare
of 12 bhits/s. The transmission range of more thin 7 km = |=m|m| mﬂr by
the ead of eptical lineol cight due 10 the topology of the mi This
o ke Tl s s vl o € un i
planncd too conservatively. Hoplengths of 3 10 6 km, concerning the enviran.
mental. condition, sheald be schicvable

3. Commprciatiy Avanascy Equiesest

The described world-wide development and investigation of millimeter-wave
transmission Hnks has stimalated new interest in this arca and has rendered possible
the commercial wvailability of such systems. Alcatel-Thomson's TM 440, NEC's

-35 dBm

LEVEL

-100 d8m
9 1 2 3 & 3 6 7 8 5 Wkm

Fig. 13, 40 GHe ABG Spuern. Received signal fevel of 2 single




——

Pasolink 30, Fujltsa's Facom 2160, and M/A€Com's MA 40 are cwmples of
fobile millimeter.wave communication links, being developed for video trans
mission purposes, for example.

The system data of these commercially available millimeses wave radio cquip-
ment i given in Table 1 for comparison.

6. Concausion

It has been shown that millimererwave transmission can be applied success-
rnny foe various commercial applications, However, wide spresd applicavions. will

a5 long as millimeter-wave instromentation is as expensive s it was.
nm are possibilities to reduce the component costs, using varied approsches
as shown above; warldwide elforss are ongoing in this area, F
e e A e e et
achicved and it i ideally suited for Jow cont production. Thus, 1he consequent
BEEE e i echniwss. will Bl coil B exiiowine. ol
prospering future.
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