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Abstract—A wide variety of unique systems and components tion. Today, a variety of LOS and BLOS communication and
inhabits the HF, VHF, and UHF bands. Many communication radar systems operate at HF/VHF/UHF.

systems (ionospheric, meteor-burst, and troposcatter) provide be- At HF/VHF/UHF, the effects of line length and component

yond-line-of-sight coverage and operate independently of external L L
infrastructure. Broadcasting and over-the-horizon radar also layout are significant design issues. However, the wavelengths

operate in these bands. Magnetic-resonance imaging uses HF/VHFremain large enough that lumped elements are generally pre-
signals to see the interior of a human body, and RF heating is ferred to or used in conjunction with transmission lines for fil-
used in a variety of medical and industrial applications. Receivers tering and matching. The needs for high power and large band-

typically employ a mix of analog and digital-signal-processing \yiqths favor the use of components such as RF-power MOS-
techniques. Systems for these frequencies make use of RF-powerFETS -i-n diodes with large time constants, and ferrite-loaded
MOSFETs, p-i-n diodes, and ferrite-loaded transmission-line P g ’

transformers. transmission-line transformers.
Index Terms—Broadcasting, communication, HF, high fre-
guency, ionosphere, magnetic-resonance imaging, meteor burst, Il. HF COMMUNICATION
MOSFET, p-i-n diode, radar, receiver, RF heating, transmis- .
sion-line transformer, troposphere, UHF, ultra-high frequency, HFs (2-30 MHz) offer long-range and even worldwide com-
VHF, very high frequency. munication via the ionosphere. Since HF systems require only

modest transmitters and antennas, and do not require external
infrastructure, HF links can be easily established from remote
locations, or following a natural disaster. Terminals are often
I N THE early days of wireless, it was generally accepted thedbnnected to the local PSTN or Internet to allow remote access.
lower frequencies were better for long-range communick- is widely used for voice and data communication by military,
tion, and this principle was indeed true for ground-wave proghplomatic, aeronautical, marine, and amateur-radio services.
agation. Radio amateurs were thus relegated to the “useledsivever, the variable and dispersive nature of the ionosphere
wavebands of “200 meters and down” (1.5 MHz and abovéinposes some unique requirements on both hardware and com-
The amateurs, however, soon (late 1921) discovered the capabilmication protocols.
ities of high frequencies (HFs) (2-30 MHz) for long-range com-
munication via the ionosphere using only modest transmittess HF Communication Systems
and antennas. Communication at VHF (30-300 MHz) and UHF - . : : .
o - . The transmitting station consists of a transmitter, matching
(300 MHz-1 GHz) was originally thought to be limited to line of L S
. . . network, and antenna. The receiving station includes an
sight (LOS) distances. Circa World War II, however, a number : . o
; . an(t]enna, matching network or active preamplifier, and re-
of scattering modes (e.g., meteor, troposphere) were discovere

that could reliably provide beyond-LOS (BLOS) communicagelver' Most HF equipment is operable over all or most of the

I. INTRODUCTION

—30-MHz range, and each group of users is typically assigned
a number of frequencies or bands.
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(wire-cage) and fan configurations allow operation over a 3:
frequency range with good gain at low angles. NVIS systen
typically use dipoles or loops to ensure good gain at high angle
Whips (lengths 2-5 m) are generally used for mobile system
center loading is often employed to reduce losses in the grour
Dipoles and random wires are often used for convenience in ¢
ployment.

The input impedance of a typical antenna is satisfactory fc
connection to the transmitter only at a limited number of fre
quencies or over a limited band. The antenna tuner provid
impedance matching that allows operation on other frequencies.
It is typically a’Z” or IT with a series inductor and shunt capace, . .
. . . . . . ig. 1. lonospheric propagation.
itors. Automatic tuning is accomplished by sensing SWR an
using relays or p-i-n diodes to select from banks of components
with binary-stepped values (typically seven of each). C. Link Establishment

The basic elements of the transmitter are the frequency syn-

thesizer, modulator, frequency converters, and RF-power chain] "€ highly variable nature of the ionosphere makes it im-

The peak output power of the transmitter is typically in thRossible to rely upon a single assigned frequency for reliable
range of 10 W—1 kW. The signals include CW (Morse COdecj;ommunication over a given path. Link establishment basically
single-sideband (SSB) voice, FSK, and multitone data modfvolves testing communications on a set of significantly dif-
lation [orthogonal frequency-division multiplex (OFDM)]. A ferent frequencies and then selecting the one with the highest
given transmitter generally generates one or two voice-barltfk quality. In the past, this required skilled radio operators
width (3-kHz) signals. Modern modulators are based upon difith knowledge of ionospheric-propagation characteristics. In
ital signal processing (DSP), and modern transmitters oper gmodern era ofmlcroprocessor—cort‘trolIed ra_d|o.s, itis accom-
under microprocessor control. Since the SSB and OFDM si@'-'Shed through a process known as “automatic link establish-
" (ALE). The fundamental elements of ALE include se-

nals require linear amplification, most HF transmitters empld}€"t : _ _ _
class-B linear amplification [2]. The Kahn technique is used fd¢Ctive calling and handshake, link quality analysis (LQA) and

high-efficiency linear amplification in some newer equipmentchannel selection, scanning, and sounding [1], [5]. The common

Reception at HF is limited by atmospheric noise, hence, thE Protocol known as “2G” or *basic ALE” and specified in
receiver can use either a tuned or an active antenna. An “AL-STD-188-141B is discussed subsec‘!uently. S?me newerra-
tive antenna,” is typically a short whip (0.5 m) connected dfi0S implement a refinement known as 3G ALE.
rectly to a preamplifier with a high input impedance. Such ac- The ALE waveform provides a robust low-data-rate signal
tive antennas have very wide bandwidths (e.g., the whole fased upon eight-tone frequency-shift keying (FSK) modula-
band), but are subject to intermodulation and sensitivity reduéan. The tones are evenly spaced at 250-Hz intervals between
tion by overload from strong signals. The receiver consists off20—-2500 Hz, allowing them to fit into the passband of standard
preamplifier, synthesizer, frequency converter(s), and demodeSB transmitters and receivers. The symbol rate is 125 Bd and
lators (Section X). Since atmospheric radio noise is significantfCh tone represents three bits of data, resulting in a data rate of
impulsive, noise limiting or blanking is generally employed. 375 b/s.

Stations are assigned addresses and can be called either in-
dividually or as part of a net or group. Prior to initiating a call,
a station listens to the intended transmit channel in order not

The ionosphere [3], [4] is created by ionization of the uppd®@ interfere with calls or traffic from other stations. A given
atmosphere by ultraviolet and X-rays, and is divided ibtp Station can be in one of three states, i.e., available, linking, or
E, andF layers. TheF layer extends from 150 to 650 km andinked. An available station is free to send or receive an ALE call
is responsible for most long-range HF propagation. Since tffame, which transitions the station to the linking state. Upon re-
ionization varies with altitude, signals are not reflected, but réeiving an ALE call, a station discontinues scanning and enters
fracted by the ionosphere. Signals of different frequencies dhe linking state. If the link establishment succeeds, the station
thus returned to Earth at different distances (or not at all), &i@nsitions to the linked state. Establishing a successful link be-
shown in Fig. 1. During the daytime, the “skip distance” for &veen two individual stations consists of three ALE frames, i.e.,
7-MHz signal might be 300 km, while that of 21-MHz signap call, a response, and an acknowledgment.
could be 3000 km. With the lower electron densities at night, theEach time a call or sound is received, signal parameters are
skip at 7 MHz might increase to 2000 km, while 21 MHz wouldneasured to determine the quality of the transmission. When
not be returned at all. Long-range communication can also aecall is to be placed, the LQA database is searched for the
accomplished over multiple-hop paths that include a reflectidrest possible channel. As a minimum, the LQA information
from the earth o layer. Conditions vary with the time of day, mustinclude the signal-plus-noise-plus-distortion to noise-plus-
latitude, season, and solar conditions. Predictions are made hijstortion ratio (SINAD) values for both received and trans-
variety of programs including IONCAP, PROPMAN, and MIN-mitted signal (as reported by the other station); bilateral bit-
IMUF. error rate (BER) and multipath (MP) information. The channels

B. Propagation
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having the highest probability of successful connection (best
LQA score) are attempted first.

ALE receivers listen to signals only on sets of pre-
programmed frequencies called scan lists. Under normal
operation, the receiver controller stops scanning if it detects
ALE tones on the current receive frequency. Scanning occurs at
either two or five channels per second. The length of time of a
transmitter call is the dominant factor in determining the length
of time to establish the link, and the maximum time between
initiating the call and link establishment is 14 s. Stations are
required to initiate sounding periodically to allow continual
updating of the LQA memory as link conditions fluctuate.

D. Modulation Fig. 2. AN/VRC-100 ground/vehicular HF transceiver (courtesy of Rockwell
Collins).

Early HF communication used CW (Morse) and some full-
carrier AM signals. In the late 1950s, SSB became dominant .
for voice communication and FSK was used for rf:ldioteletype.'vlodern single-tone modems employ 8 PSK at 2400 Bd

While SSB continues to be used, much of the traffic is now in {8 tpr(f)dbuc% a 48?0| b/s raw—da:a ratel.t F'llterlng tol m'.?k']”gzteh
form of digital voice and packetized data. Modern digital tectfUt-01-0aNd spectral components resufts in a signal with bot
litude and phase modulation and a peak-to-average ratio

niques are based upon PSK and offer data rates up to 14.4 q approximately 3 dB. Inclusion of a rate-1/2 convolutional
1]. S hi ded by the LPC-10 technique. LPC-10 i ; i .
[1]. Speech is encoded by the echnique rror-correcting code gives the throughput of 2400 b/s. Since

based upon linear-predictive coding with ten poles (five res% durati fthe data bit is | than the tvpical del d
nances) [6]. Basically, in each 22.5-ms time frame, the voco uration of the data bit IS /ess than the typical delay spread,
must be counteracted by constant adaptive equalization

fits the five resonances to the speech waveform. The resonal ?h h | The sinale-t dem tends t ide th
information requires a data rate of 1200—2400 b/s. The receiyer € cnannel. The singie-tone modem tends 1o provide the

synthesizes the speech waveform from the resonance data owest BER in many situations. However, because of the high
. . . . . . . latency (up to 9.6 s) associated with the maximum interleaving,
A signal transmitted via the ionosphere is subject to fadin

dispersion, Doppler shift, and MP distortion, all of which ar%ey are better suited to packet data rather than digital-voice

constantly changing. The noise is generally impulsive and Oﬁgransmission.
Y o g ¥ p he capabilities of HF modems continue to improve, and data

occurs in bursts. Coding must extend over 1.4 ms or more to cor- . : . :
rect over 99.9% of the burst errors [1]. Standard channel modrgi%es as high as 64 kb/s have been achieved. Since the bandwidth

: o an HF channel is inherently limited to about 2.7 kHz, mul-
are defined for good, moderate, and poor conditions. . . : .
. . . . iple data bits must be carried by each symbol. Trellis-coded
The ionosphere often provides multiple propagation pat

ith arrival times differing b 10 10%. This produces a dela odulation is used to maximize the distance between symbols.
w vatimes ditiering by up 0. 1NIS produces 52-tone modem with 16 PSK [1] allows data to be transmitted
spread of up to 3 ms on a 1000-km path. The first 3 ms o

received data bit is thus subject to changes as signals from 1—7200 bls on one sideband (one voice channel) or 14400 bfs

ferent paths begin to arrive. Transmission at higher rates causgsbOth sidebands (two voice channels).
the signals from multiple data bits to overlay each other. Earl
digital systems avoided MP interference by transmitting at rel
tively low rates (75 b/s, 133-ms data-bit duration) and discardingThe AN/VRC-100 transceiver (Fig. 2) illustrates the
the information from the first 4.2 ms (“guard time”) of a restate-of-the-art in ground/vehicular HF-communications trans-
ceived data bit. Modems based upon 8 FSK at 125 Bd provideivers. It operates from 2 to 30 MHz, produces power outputs
data transmission at 375 b/s. to 175-W PEP, and supports a wide variety of modulation
Multitone modems [7] similarly avoid MP interference, butypes including USB/LSB, AME, CW, and various ECCM
boost the data rate by employing multiple carriers (tones). Adapaveforms. The AN/VRC-100 provides ALE in accordance
tive equalization is not required, nor is a long interleaving irwith MIL-STD-188-141A, as well as the alternative quick
terval. Another advantage is that signal processing can be easityl (AQC) ALE, which has the potential to reduce the call
divided among the tones. Due to the relatively low latency, thigne by as much as 50%. The system consists of three line
multitone modem is the preferred technique for HF digital voiceeplaceable units (LRUS), i.e., receiver/transmitter, the power
The standard 16-tone modem uses 75-b/s PSK to achieve a tataplifier/coupler, and the control/display unit. Tuning time
raw bit rate of 1200 b/s. Newer 39-tone modems use a baintb a new load is nominally 1 s, but is reduced to 35 ms for
rate of 44.44 with 3.5-ms guard time to produce a raw data rateeviously tuned frequencies.
of 3466.66 b/s. The inclusion of a (14,10) Reed—Solomon block
code to correct errors yields a data throughput of 2400 b/s. These
modems employ OFDM, in which the frequency separation is
set to the inverse of the symbol rate to prevent modulation onOccasional bursts of energy in the VHF band were associ-
one tone from interfering with reception of another. ated with the occurrence of meteor trails as early as 1929. MBC

. Typical Equipment

[ll. M ETEORBURST COMMUNICATION (MBC)
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Fig. 3. Meteor-burst communication.

. . . . Fig. 4. Troposcatter communication.
was investigated in the 1940s and 1950s, and the first MBC sys-

tems were developed in the 1960s and 1970s. The emergence of o )

microprocessors has made implementation of the various c&§9inNning data transmission. The footprint of the meteor-scat-
trol and data-handling functions relatively easy. Today, MBéred signal is an ellipse approximately 8 kma0 km; hence,
(Fig. 3) provides statistically reliable communications to di<? 12rge number of users can share the same channel without in-

tances up to 2000 km [8]. MBC systems generally operate §fference. S o
lower VHF, transmit bursts of relatively high power, and pro- As in a radar system, the received field strength varies with

vide low-to-moderate data rates. MBC systems operate indepkif inverse-fourth power of distance. For a typical 1000-km link

dently of external infrastructure and can provide reliable confth antenna gains of 10 dB on each end, approximately 1 kW

munication to remote regions. A number of military application@l transmitter power is needed for a data rate of 1 kb/s during

are based upon the more rapid recovery of MBC than HF ioni€ duration of the meteor. MBC systems typically operate with
spheric communication following a high-altitude nuclear det@ duty ratio of 2.5%-5%, allowing communication at an av-
nation. Civilian applications include tracking vehicle fleets an@age rate of 50-100 b/s. The average delay in waiting for a suit-
monitoring of the environment at remote locations [9]. Such netPle trail varies from 10 to 80 s. Conventional MBC equipment

works typically have a large number of mobile stations that rd&nsmits data at a fixed rate. More modern systems [1] achieve
port infrequently. Coverage of the continental U.S. is accorfigher data rates (factors of 2-5) by dynamically varying the
plished with only a few base-stations. data rate to track the signal strength offered by the meteor trail.

lonized trails are produced as meteors enterEhegion of For example,'the instantaneous data rate might begin at 128 kb/s
the atmosphere at altitudes of 80—-120 km [3]. The length of tﬁ‘@dpd'rv? pin b||r31ary Stgplf EO 2 kp/ S as trlLeEtl\r/laIIBILdEe cays. The High
trails is typically on the order of 15 km, but can be as large d eperc])r ur_st n Xpef‘?je”té . )dsystelin em-
50 km. While an individual trail lasts typically only a fraction ofPloyed eight Yagi antennas with 13-dB gain and 4.8-kW PAs

a second, the aggregate of all trails provides several minuteé%ﬁcme\/e a throughput of 10 kb/s.
communication per day. The minimum number of meteors oc-
curs in February at 1800 local time, while the maximum number IV. TROPOSCATTERCOMMUNICATION

occurs at 0600 in July. The diurnal variation is somewhat sinu- Scattering by irregularities in the troposphere (Fig. 4) allows
soidal and the random fluctuations are roughly equivalent ta@iable communication at distances of up to 2000 km [11]. Fre-
variation of 10 dB in power. Meteor trails are generally classiuencies from 300 MHz to 3 GHz are generally used, and tro-
fied as either underdense or overdense. Underdense trails hayscatter systems can provide relatively high data rates (2400
a typical scattering area at 32 MHz of 2.5 Mrand a median b/s—10 Mb/s). The power levels vary from moderate (100 W) to
persistence of approximately 0.85 s and provide the majority igh (50 kW) as do the antenna requirements (apertures from 2
the usable channel capacity. to 40 m). Troposcatter systems are essentially “self-contained”
MBC generally uses lower VHF (30-50 MHz), but has beeand require neither external infrastructure, nor cooperation of
accomplished on frequencies as high as 432 MHz. The lovibe ionosphere.
frequency limit is determined by the need to penetrate/the The two principal mechanisms for over-the-horizon (OTH)
layer of the ionosphere, while the upper frequency limit is dg@ropagation at VHF and UHF [FR2] are diffraction and tro-
termined by the sensitivity of the receiver and capture areamdscatter. Diffraction is dominant from the end of the LOS range
the antenna system. Galactic noise is generally dominant fr¢p0—-30 km) to a maximum of about 100 km. Troposcatter dom-
approximately 20 to 150 MHz. Transmitter powers vary frorinates at larger distances and provides weak, but reliable sig-
100 to 5 kW. MP delay is typically on the order of:$, but can nals. Scattering in the troposphere is produced by both turbulent
be as large as 10s [3]. Doppler shifts of 5 Hz are typical, butmotion and laminar motion. The sizes of the irregularities vary
shifts as high as 18 Hz are sometimes caused by high-altitifelem a few meters to tens of kilometers. In either case, the ir-
winds. regularities produce multiple changes in the dielectric constant,
Typically, the receiving station transmits a probe signal comesulting in multiple weak random reflections.
tinuously. Upon receipt of the probe signal, the transmitting Both transmitting and receiving antennas view a “common
station begins sending data packets and continues until losvolume” of the troposphere, and the scattered signal is strongest
the probe signal. Alternately, the transmitter can send the prdhethe forward direction. In contrast to an LOS link, the link
signal and wait for an acknowledgment from the receiver befoBN\R improves with the square root of the antenna gain (i.e.,
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half of the gain in decibels) because increasing gain reduaesthe order of 1-5 W for handheld, 25 W for mobile, and 100 W
the beamwidth and with it the common volume that scatters tf@ base. Access times of a few tenths of a second make LMR
signal. The effective scattering volume varies with climate argystems very attractive for emergency services.
season, but is essentially independent of frequency when thén a trunked radio system [also called specialized mobile
wavelength is small in comparison to the size of the turbulencadio (SMR)], a commercial radio operator provides land-mo-
cells. bile service to a number of different user groups. This allows
Analog troposcatter systems typically transmit multiplenore efficient use of the spectrum (since channels are shared),
voice signals as SSB subcarriers on an FM carrier (FDM/FMyider coverage, and a greater variety of services including
Data rates of up to 2-3 Mb/s can be achieved by a conventerconnection to the Public Switched Telephone Network
tional receiver, but greater data rates require adaptive sigfRSTN). A single SMR base-station typically covers a 25-mi
processing to mitigate the effects of MP propagation. Thadius. Multiple sites are interconnected through the use
“standard” AN/TRC-170 troposcatter system has a range of op repeaters to extend coverage. Many systems also allow
to 300 km with a small antenna. K-band (20 GHz) system mobile-to-mobile “talk around” to improve local coverage. A
employs a 2-m antenna and covers a distance of 240 km witide variety of standards and protocols are in use. The original
100 W per 32-kb/s channel. analog standards have been supplanted by digital standards
Communication via spatially distributed scatterers inherentlyithin the last two decades.
results in MP distortion and fading. At any given time and loca- Analog systems use FM or AM and include a control channel
tion, the MP signals can reinforce or cancel each other. Since fbedigital information. Despite the proprietary nature of analog
turbulence cells change continuously, the amplitude, phase, agdtems, some have become standard in the marketplace.
frequency response also change continuously. The decorrelaio@mples include Clearchannel Logic Trunked Radio by E. F.
time of a troposcatter channel varies from 50 ms to 10 s, wiflohnson, SmartTrunk, and PassPort by Trident Micro Systems.
an average of approximately 1 s. The effects of fading can beA number of digital systems are now being deployed. Inte-
mitigated by diversity reception, which is typically based upograted Digital Enhanced Network, iEDN is a TDMA system
two or more antennas separated by several tens of meters. diéecloped by Motorola in which up to six users share a single
receiver can either select the antenna with the maximum sig@gtkHz channel. A bandwidth utilization of 5.6 b/Hz is achieved
or blend all received signals to maximize SNR. by 16-QAM. The mobile burst power can be as much as 0.6 W.
A typical troposcatter signal has MP delays of up tad, The Ericsson Enhanced Digital Access Communication System
which result in scrambling of information in sidebands sepgEDACS) operates at 150, 450, 800, and 900 MHz and allows
rated by 1 MHz or more. Adaptive equalization is commonlysers to share 12.5-kHz channels through FDMA. Terrestrial
accomplished by a tapped-delay-line (TDL) filter in which thérunked radio (TETRA) is a digital LMR system commonly
output signal is formed from a weighted linear combination afeveloped in the U.K. in the bands between 150-900 MHz.
the signals from each tap in a delay line. The RAKE filter [12)Channels of 25-kHz bandwidth are shared through TDMA, and
so-called because it rakes together all of the scattered signad DQPSK modulation provides up to 7.2 kb/s per channel.
components, adds automatic adaptation to the TDL filter.  Base-station power levels range from 0.6 to 40 W, while the mo-
bile peak power ranges from 1 to 30 W.
Marine communication in the coastal and inland waterways
V. VHF/UHF MOBILE COMMUNICATION use NBFM in the 150-MHz band much as land mobile. The
Decades before the cellular technologies began to provigge is typically 25-50 km. Civilian aeronautical communica-
wireless access to the masses, two-way radio met the needti@n uses AM in the 108-137-MHz band. The range can be up
mobile communications. As early as 1946, AT&T obtained ape 300 mi, depending upon altitude. Military airborne commu-
proval from FCC to operate the first commercial car-borne moication uses 225 to 400 MHz.
bile-telephone service in St. Louis, MO. It had one base-sta-
tion on high ground and was equipped with six channels. Within
a year, the service had expanded to 25 other cities. The appli-
cations for modern mobile radio include land, marine, and air- Broadcasting (BC) is the one-way transmission of audio,
borne use by both civilian and military organizations. There adata, and/or video via radio frequencies to a multitude of users.
also telemetry and one-way paging services. Each service isse roots of BC lie in the first transmission of audio to ships
signed a specific set of frequencies in the VHF and UHF banutsthe Boston, MA, harbor by Fessenden on Christmas Eve,
(primarily near 160 and 460 MHz). 1906, and the first commercial broadcast by station WKDR in
Conventional land-mobile radio (LMR) and private mobiléPittsburgh, PA, in 1920. Modern broadcasts carry a variety of
radio (PMR) systems generally dedicate a single channel tmews, entertainment, and educational programs. The three basic
specific group of users (e.g., a local police department). Tygarts of a broadcast station are the studio, studio-to-transmitter
cally, a small number of base-stations with well-placed antenhiak (STL), and the transmitter. Programs are created in the
systems communicate with a large number of mobile statiorstudio, then relayed to the transmitter by cable or microwave
Narrow-band FM (NBFM) with 25-kHz channel spacing is genlink. The transmitter includes the power amplifier and antenna
erally used, and most systems offer half-duplex or simplex cosystem, and is usually located on a site (such as a mountain top)
munication. Selective signaling is accomplished by subaudilileat affords good coverage. Transmissions can also be made
squelch tones or digital codes. Transmitter powers are typicatlyer cable or from satellites.

VI. BROADCASTING (BC)
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A. AM BC RFour

AM radio transmissions are used worldwide at mediunm
frequencies (530-1700 kHz). The modulation bandwidth it
typically 5 kHz. Transmitter powers typically range from 1 to
50 kW. MF AM broadcast provides local coverage (100 km) C(V?,?&?,::';?
via ground-wave during the day. Selected “clear-channel
stations provide regional and even continental coverage at nig
via sky wave propagation. In the USA, an L-R signal from

TEMPERATURE
SENSOR

which stereo sound can be reconstructed is multiplexed k Control and
phase modulation. Multiple solid-state class-D RF PAs (5-kW | ow power bias signals
modules) are generally used in combination with pulse-ste AMPLIFIERS

amplitude modulators based upon insulated-gate bipolar trar ~ 300W) ([\),{,\{IL?”ES'Z“)
sistors (IGBTs) to achieve transmitter efficiencies of 70% ol

more. RFinput

: vy test
Blowers RF

B. Longwave BC

ig. 5. Solid-state 1-kW FM BC transmitter (courtesy of OMB Sistemas
lectronicos).

In the U.K. and Africa, a low-frequency band (153-281 kHzE
is also used for AM BC, primarily by governments. Transmitter

powers in the range of 250 kW to 2 MW provide regional cov- o
erage. E. Television (TV)

The origins of TV lie in the development of the cathode-ray
C. Shortwave BC tube by Braun in 1897 and the work in the 1930s by Zworkin
at RCA. Television became a commercial entity after World
The HF bands (3-26 MHz) provide international coverag@ar |1. Television BC uses both VHF and UHF bands (54-72,
and are used mainly by national entities such as the Voice 88, 174-216, and 470-860 MHz). Television transmitters
America, Radio Moscow, Deutsche Welle, etc. The signals Poduce outputs from 100 W to 50 kW. VHF and lower power
amplitude modulated with audio bandwidths of 5 kHz. TrangjHF transmitters are mostly based upon solid-state PAs, while
mitters use both solid-state (5'kW mOdUleS) or vacuum-tube Hﬁth-power UHF transmitters emp|0y vacuum tubes. The
PAs, with power levels ranging from 10 kW to 2 MW. Direccoverage area is similar to that of FM broadcast; i.e., to about
tional antennas beam the programming to the target audiencggo km.
North American analog television [13] is based upon the
D. FM BC NTSC standard. The image is divided into 525 lines, which
are scanned in an interlaced fashion at 30 Hz, resulting in a
FM was developed by Armstrong in the 1930s and initiallg5 750-Hz scanning frequency. The brightness signal (4.2-MHz
transmitted on 41-44 MHz just prior to World War Il. FM BC isbandwidth) is transmitted by vestigal-sideband modulation
now used worldwide in the 88—108-MHz band and offers great{y'SB), which is DSB/SC with some of the upper sideband and
reduced noise and interference, as well as high fidelity (bothost of the lower sideband removed, resulting in a 5.25-MHz
lower distortion and larger audio bandwidth). The modulatingandwidth and a flat frequency response. The sound carrier is
signal is a composite of the primary audio and subcatrriers. Tlheated 4.5 MHz above the brightness carrier and frequency
primary audio [(left4 right (L+R)] has a 15-kHz bandwidth modulated with a 25-kHz deviation. Color information is trans-
and modulates the RF carrier with a 75-kHz deviation. Steredgitted on a subcarrier located 3.58 MHz above the brightness
transmission is accomplished by adding a 19-kHz pilot subcaarrier so that color-sideband components fall in between those
rier and 38-kHz subcarrier with DSB/SC modulation by the L-Rom the brightness signal. The | and Q signals of the color
signal. Additional subcarriers are used for background musiformation correspond roughly to the differences between
and the radio data system (RDS). The resultant bandwidth amijhtness and the red—orange and blue—green components of
channel spacing are 200 kHz. the image. The phase alternation line (PAL) used in the U.K.
The output power for commercial stations typically varieand the sequential couleur avec memoire (SECAM) techniques
from 1 to 50 kW. Solid-state PAs (e.g., Fig. 5) are used wwsed in France and Russia use alternate lines to transmit
the 5-kW level and vacuum-tube PAs are used for highdifferent color information.
powers. The antenna typically boosts the effective radiated
power (ERP) by compressing the vertical radiation patterp.
The antenna heights vary from 50 to 500 m, allowing coverage
slightly beyond the LOS to distances up to 100 km. Recently, CATV originated in 1950 as a means of providing local dis-
there is considerable interest in low-power FM stations that caibution in areas where over-the-air reception was poor. Sig-
be used for local coverage by educational, civic, and religionsls from a common well-placed antenna are amplified and dis-
organizations. tributed via coaxial cable. Cable television is now present in

Community-Antenna Television (CATV)
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most cities and carries not only signals from local over-the-ag derived from the difference between the frequencies of
broadcasts, but signals from distant stations and its own pthe transmitted and received signals. Doppler shifts (e.g.,
gramming as well. CATV offers perhaps 100 channels in ti#0-40 Hz for an aircraft, 0.5 Hz for ocean waves) distinguish
frequency range from 50 to 750 MHz. Local-distribution amplimoving targets from background clutter. Surveillance from two
fiers typically produce 1-10 W and must be very linear to avoidifferent locations allows derivation of the speed and direction
producing cross-modulation products among the multitude of the target.

signals carried on the cable. OTH sky-wave radars typically operate from 5 to 35 MHz
and provide surveillance at distances of 500-3500 km. The
G. Digital-Audio Broadcast (DAB) antennas are large phased arrays of monopoles that can extend

ver 2—-3 km. Each of the 10-30 transmitting elements is

broadcast bands, as well as a new band from 1452 to 1492 M riven with 5 to 20-kW to produce a total transr.nltter.power of

SRR X . B3—-1 MW and a beam that can be steete2D° in azimuth.
which is divided into 23 1.536-MHz channels. Sound is encod e receiver is located 100—160 km from the transmitter
with CD quality by the MUSICAM technique. The resulting

. . nd employs a phased array of 80—-250 elements, resulting in
384-kb/s data stream is transmitted by orthogonal frequency a{éamwizthé of £2 5 and a tgrget resolution from 1 to 10 kmg
vision multiplex (OFDM) using various combinations of car- : .

riers and baud rates (e.g., 1536 carriers with 1-kHz spacing ﬂ(’)f}e U.S. Air Force OTH-B system, currently in an inactive,

VHF, 384 carriers with 4-kHz spacing fdr-band) [14]. In the .nUtl\;Zﬁ]dey ;;Ztihzr%/;?i?osrr?farl/g:?ngﬁ ggrb doef:] ?rohaesta ZOT\IS\IlteS
U.S., DAB will use the standard AM and FM bands with OFDN)H' 9 i T y
0

In the U.K., DAB transmissions use the existing AM and FI\}I)

. , elocatable Over-the-Horizon Radar (ROTHR) covers the Gulf
carriers at the band edges (“in-band on-channel).” Two satel- . : o N
lite systems transmitting &-band will also provide nationwide MeXI.C ° and Caribbean from sites in Texas and Virginia. Th_e
DAB coverage Australlan Jindalee system is being expanded to a three-site
) Jindalee Over-the-Horizon Radar Network (JORN).
Surface-wave radar systems operating from 10 to 50 MHz
are used for surveillance of coastal areas to distances of 300 km
Digital television transmission can provide either higher resfL8]. These systems are much smaller than their sky-wave
lution or multiple programs from the same station. Digital trangounterparts. Typically, the transmitter employs one or more
mission eliminates most interference, resulting in a picture thawonopole elements and power levels of 50 W-1 kW. The
is in essence perfectly received as long as the SNR is sufficigigiceiver may employ a single direction-finding array consisting
To reduce the effects of MP, data are transmitted at relativej/two loops and a whip.
slow rates on multiple carriers through OFDM. The transmitter

power is about the same or slightly lower than that for analog
television. VIIl. M AGNETIC-RESONANCEIMAGING (MRI)

_Inthe U.S., high-definition television is based upon MPEG-2 g ses the phenomenon of nuclear magnetic resonance
video coding and Dolby AC-3 audio coding as specified biﬁlMR) (resonance of atomic nuclei) to obtain images of the
the Advancgd Television System; Commntee (AT,SC)[15 terior of an object such as the human body. The theoretical
The image is composed of 1080 lines with 1920 pixels PgL|ationships between magnetic fields and atomic nuclei were
line, resulting in a data rate. _Of 19.39 Mb/s, Wh'f:h eXpa,nqﬁeveloped by Stern, Rabi, Bloch, and Purcell in the 1940s and
to 30.28 Mb/s with the a“ddmon”of error_-corre_cnon _COdeQSOS. The first human MRI scans were produced by Damadian
and oth_er overhead. The “8-VSB t_ransmltted signal is b_as%jlg76 [19], and the first human MRI scanner (named “Indom-
upon eight-level DSB/SC modulation followed by filtering;, 4516 now resides in the Smithsonian. The largest commer-
to remove most of thg lower sideband, allowing '_t FO f't.'ntcl:ial application of MRI is medical imaging. However, there is
existing 6-'MHz tele\{|S|on channels. In the U.K.,. digital vide n assortment of emerging MR applications including magnetic
broadcasting (DVB) is based upon MPEG encoding and OI:Dll\ésonance-spectroscopy, magnetic-resonance angiography, and

using 16 or 64 QAM. The data at rates up to 31.7 Mb/S afgional MRI. MRI systems include a great deal of RF tech-
distributed among 1704 carriers with 1.1-kHz spacings or 68?1@Iogy as shown in Fig. 6.

carriers with 4.5-kHz spacings.

H. Digital Television

A. Basic Principles

Vil OTH RADAR An atomic nucleus is a small spinning charged particle and,

HF sky-wave or surface-wave radar tracks targets beyotigrefore, behaves somewhat like a small magnet. The applica-
the horizon, allowing surveillance in areas unreachable kgn of a strong magnetic field causes the protons to align with
microwave radar. HF radar was originally used for detectidhe field and to precess about it, much like a child’s top. The
of missile launches, long-range bombers, and cruise missif@gcession (“Larmor”) frequency varies in direct proportion to
[16]. More recently, it has been adapted to monitoring of drufe strength of the magnetic field. For hydrogen, which com-
traffickers and ocean conditions and currents [17]. FM—-C\ises 80% of the atoms in a human body, a field strength of 1 T
techniques with chirp frequencies of 5-100 kHz and repetitiggioduces precession at 42.6 MHz. The capabilities of an MRI
rates of 10-60 Hz are generally used. Measured informatiscanner are commonly designated by the strength of the mag-
includes range, direction, amplitude, and Doppler shift. Rangetic field it employs.
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PAs remain in use in high-power (15 kW and larger) systems
because of their relatively low cost.

When a common set of coils is used for transmitting and re-
ceiving, a T/R switch is required. Since the changeover must
be accomplished in under 165, switches are generally based
upon p-i-n diodes (Section XIl). The use of magnetic materials
must be avoided as these cause distortion of the magnetic field,
hence, the MR image.

The transmitter and receiver coils (often referred to as RF
“probes”) are one of the most complicated subsystems in an
MRI scanner. The transmitter coil and matching network must
meet a collection of requirements including a low voltage
standing-wave ratio (VSWR), production of a uniform RF
magnetic field, handling high-power levels without exces-
sive heating, and construction from nonmagnetic materials.
However, special anatomy-specific “surface coils” are used ex-
pressly for receiving NMR signals and provide better reception
from specific locations.

The low-noise preamplifier provides initial amplification of
the received NMR signal and sets the noise floor for reception.
_ In addition to a low noise figure, it must be able to withstand and
Display ; to recover rapidly from severe overdrive from the transmitted
signal, especially when used with a receive-only surface coil.

Super-Conducting
Magnet with Gradient
Coils

Transmit/Receive

Logic/Controb—"""__

Lines

Fig. 6. Simplified block diagram of MRI scanner.
C. Trends

A magnetic-field of 0.1t0 9 T (versus 5.E| of the Eart_h) IS Higher field strength produces both better SNR and better
produced by permanent or superconducting magnets in combi- > . : .
resolution, hence, better image quality. In the past few years,

natl'on Wlt.h gradient CO"‘.Q‘ that cause it to vary slightly over th e scanners with field strengths up to 3 T have been approved
region of interest. The alignment and precession produce by the

or clinical use. Higher-power systems (7—9 T) currently op-

dc field are called the “equilibrium state.” A multikilowatt RF ~_ . L - ;
el ; . rating at several university sites offer the capability to image
pulse then causes the protons to “flip” to an orientation opposﬁe

S stib-anatomical structures with features smaller than 400
to that of the equilibrium state. : ) . .
. : ther areas in which advances are being made include the re-
The RF signal is then blanked (turned off) and the RF COCI? . : . o . )
. . - ceiver coil, low-noise amplifier, and signal-processing technolo-
connected to the receiver by the T/R switch. As the spinning pro-o [20]
tons return to the equilibrium state, they emit a minute “NMRY ’
signal, which is received by the RF coil and low-noise amplifier
in the receiver. This signal is then down converted and digitized, IX.” RF HEATING

after which it is processed to form a two-dimensional cross-sec-The concept of heating materials using RF energy was ini-

tional image of the anatomy placed in the center of the cojlally explored at Raytheon in the 1940s. Since RF can heat
Since the frequency of the NMR signal is directly proportion@pjects more quickly and precisely than other techniques, it
to magnetic-field strength, the frequency of the received signg@ds found numerous applications. For example, fabric manufac-
gives information about the location from which it Originates. turers use RF energy for rapid removal of excess water from ma-
terial during the final stages of preparation, allowing the fabric
B. MRI Subsystems to be spooled through the RF dryer as the water is boiled off.
The RF signal is synthesized with precise frequency stabili§imilarly, RF can be used to cure epoxy compounds, wood, and
and extremely low phase noise. The amplitude must be contraoletal in seconds. In clinical thermo therapy, RF heats and kills
lable (typically from 0 to 10 dBm) in small increments. anomalous tissue growth, including both benign and malignant
Current clinical MRI scanners use approximately 4 kWumors. The semiconductor industry makes extensive use of RF
(pulse peak) for head imaging and as much as over 30 K@/generate plasmas during the semiconductor wafer-fabrication
for whole-body imaging. Since transmissions are short burgtsocess.
(e.g., 20 ms) with low duty ratios (e.g., no more than 10%), the Applications generally use unlicensed industrial, scientific,
average power is much lower. Linearity is crucial, as both arand medical (ISM) frequencies such as 13.56, 27.12, 900-930,
plitude and phase must be maintained over the pulse duratiand 2450 MHz. Since the depth of penetration of an RF signal
dynamic range, and operating session (several minutes tint® a conducting material is inversely proportional to the square
few hours). Efficiency is also of great importance. Eliminationoot of frequency, the frequency must be chosen accordingly.
of noise during reception of the NMR signal requires th&he power levels range from 100 W to 50 kW.
capability for rapid blanking. Solid-state PAs are now being An RF-heating system consists of a power source (PA),
used widely in lower power MRI systems, but vacuum-tubmatching network, and antenna. It is essential that such systems



896 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 3, MARCH 2002

with a narrow channel filter, then amplify further and demodu-
late. A typical superheterodyne receiver may have 20 dB of gain
at the input frequency and 80 dB of gain after the channel-selec-
tion filter. Shifting the input frequency to a fixed intermediate
frequency (IF) for filtering and amplification has a number of
benefits. The IF can be chosen to make optimum use of available
filter technology. Most of the receiver gain occurs in a narrow
fixed IF band containing only the desired signal, and widely sep-
arated from both the input tuning range and LO frequencies.
The use of a moderate frequency for the IF band avoids prob-
lems with1/f noise and high gain dc-coupled stages. Signal
processing and demodulation are simplified if the IF is signifi-
cantly higher than the desired signal bandwidth. The traditional
Fig. 7. 3-kW high-efficiency PA for 13.56-MHz ISM (courtesy of andapproach is to use an IF approximately one-tenth of the RF fre-
copyright Advanced Energy Industries Inc., 2001). quency, and to limit the RF bandwidth to less than one-half of
the IF. Broad-band HF receivers use a higher IF frequency so
that the LO and spurious mixer products are well outside of the
receive band [13].

Band mage | |\ The most important alternate receiver architecture is direct
Fiter Fiter conversion [21]. Popular with radio amateurs since the 1960s for
Lfnvipbfiﬁff lightweight low-cost b_attery—operated portable transceiyers, it
Local has recently been rediscovered by cellular-handset designers as
Oscillator “near-zero-IF.” Elimination of the IF filter reduces cost. Signal

selection occurs at baseband, and most of the gain follows the
baseband selectivity. In near-zero-IF receivers, the IF typically
Intermediate Frequency Am’ii'?er uses ac-coupled amplifiers. Signal selection is performed by

Ampliter a combination of analog, switched capacitor, and DSP filters

Desired o) gi'g::: [6]. In present-generation direct-conversion cellular handsets,
Signal Fitter Demodulalor b processor the DSP sampling rate is a few megahertz or less and, in am-

ateur receivers, the sampling rate is typically 44 kHz or less.
Fig. 8. Superheterodyne receiver. The 9§—kl—!z sampling rate and 2_4—b digitizatic_)n used in audio
recording is sufficient for dynamic range and interference sup-

be reliabl dlowi i pression comparable to the best conventional receivers.
e reliable and low in cost. At present, solid-state PAs operatmgA next-generation receiver (“smart antenna”) combines re-

in class D or E are used for lower power applications ander and signal-processing functions with inputs from mul-

vacuum-tube PAs operating in class C are used for highglie antenna elements. When the received signal is strong and
power applications (tens of kilowatts). Design of the matching e e s jittle interference, the system shuts down most of its cir-
network is often tricky, as the load impedance may changgiw and uses a single antenna input. If interference is present,

during operation (for example, as the plasma ignites). T, jnyuts from the various antenna elements are combined to
antenna must also be designed to deliver the RF energy to mgximize the SNR

desired part of the object to be heated. The state-of-the-art
ISM PA shown in Fig. 7 uses class-E operation to achieve an
efficiency of 90% and printed inductors to conserve space.

[

XI|. COMPONENTS

The unique components used in HF/VHF/UHF hardware in-
X. RECEIVERS clude RF-power MOSFETS, p-i-n diodes with large recombina-

. . . . ion times, and ferrite-loaded transmission-line transformers.
A radio receiver processes the set of electrical signals on tli!1e '

antenna terminals by selecting the desired signal, amplifying
it, and recovering the information [12]. The amplitude of th&- RF-Power MOSFETs
signal of interest may be only 0.Q&/ at the antenna terminals, At HF/VHF/UHF, silicon provides as much usable gain as
while the amplitudes of the interfering signals may be as larglwes GaAs. The much larger breakdown voltage and much
as 100 mV. Selecting the desired signal in the presence of strdoger thermal resistance of silicon allow silicon transistors
interfering signals that are stronger by 120 dB and amplifyingtid produce considerably greater power than do their GaAs
by 100 dB to achieve a comfortable audio output without addirmpunterparts. The first RF-power transistors were bipolar, and
excess noise is the classic receiver design challenge. BJTs continue to find use in pulsed applications. RF-power
For over 70 years, the superheterodyne has been the beMd®SFETs became available in the 1970s and today are
mark receiver architecture (Fig. 8). The upper blocks amplifjominant because of linearity, ease of bias, and freedom from
the input band and shift its frequency using a mixer and a tunalthermal runaway [22]. The two varieties of RF-power MOSFET
local oscillator (LO). The lower blocks select the desired signéFig. 9) are differentiated by vertical or lateral current flow of
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Fig. 9. Cross sections of RF-power MOSFETS.

drain current. Vertical MOSFETs (VMOS) cannot be directly
attached to a metal flange since the underneath side of the
die is the drain terminal. Accordingly, VMOS devices must
be attached to an electrically isolating ceramic material with
high thermal conductivity such as BeO or AIN. An example of
the current state-of-the-art is the Semelab D1029UK, which is

capable of a 350-W CW output at 175 MHz with 16-dB gain o

and 80% efficiency. Fio. 10. Simplified truction of a b-i-n diod
Practical laterally diffused MOS (LDMOS) devices employ 19 25 Simpiiied construction ofa p-i-n diode.

a p+ sinker technology [23] to connect the source to the
mounting flange so that the toxic BeO insulator is not needefom thel region, yielding a high-impedance off state in which
The traditional ceramic package can then be replaced withhg capacitance is essentially constant. Insertion loss depends
low-cost plastic package. In addition, it eliminates the indugrimarily upon the on-state resistance, while isolation depends
tance associated with the bond wires to the source, resulting/ifPn the off-state capacitance.
higher gain at high frequencies. Lateral FETs are also essentidmplementation of the bias-feed network and the driver are
for the development of RF PAs in IC form. A disadvantage dhe most challenging design problems in using a p-i-n diode.
LDMOS is the drift of drain current over time. An example off he driver must supply a significant negative voltage to produce
the state-of-the-art is the Motorola MRF21125, which producéie off state, and (for high-power systems operating at HF) sig-
125-W CW at 2 GHz with 11.5-dB gain and 46% efficiency. nificant forward current to produce the on state. The RF chokes
MOSFETSs recently developed for power-switching applicdnust also be capable of operation with significant dc current.
tions have switching speeds of approximately 10 ns and canMaximizing the ratio of charge to resistance (Q/R) at a given
therefore, be used in RF applications up to 100 MHz. Thel&quency minimizes the distortion introduced into the system
devices achieve high breakdown voltages (300900 V) by usifYa p-i-n diode [25]. Since variable attenuators use p-i-n diodes
high-resistivity silicon, which reduces the output capacitanc‘é’ith smaller Q/R ratios, the distortions in these circuits is greater
but increases the on-state resistance. The on-state resistant#ajg that of switches. As an example of Si p-i-n-diode tech-
lowered by increasing the size of the die, which also decreagidogy, a diode with a 17p#m [-region thickness and a 1/
thermal resistance and facilitates the use of low-cost plasg@rrier lifetime exhibits an on-state resistance of & Qvith
packages. However, input and feedback capacitances are #@dnA forward bias and an off-state capacitance of 0.3 pF.
significantly increased. These MOSFETSs are generally used in
tuned power amplifiers for ISM applications where linearity i§- Ferrite-Loaded Transmission-Line Transformers

not a requirement. HF/VHF/UHF systems must often operate over 1-3 decades
of bandwidth. Quarter-wavelength lines are impractically large
and do not have sufficient bandwidth when used for matching.
Switching, signal routing, and level control are com€lassic wire-wound transformers are of limited use because cir-
monly required functions in RF circuits and systems. In theulation of flux in the core causes significant loss. In addition,
HF/VHF/UHF range, p-i-n diodes and GaAs MESFETs afdeakage inductance and interwinding capacitance reduce band-
widely used semiconductor devices for these functions. Thedth and create resonances. Wide-band impedance transforma-
p-i-n diode (Fig. 10) is well suited to high-power applicationgion for these applications is provided by ferrite-loaded trans-
The applied forward dc-bias current creates charges inl thanission-line transformers [13], [26].
region, allowing the p-i-n diode to carry RF current signifi- The basic 4:1 Guanella (equal-delay) transformer (Fig. 11)
cantly larger than the applied dc-bias current. The on-state B§es two transmission lines that are connected in series at one
resistance of the p-i-n diode [24] is inversely proportional tend and in parallel at the other. At HF and lower VHF, one line
the dc current, which allows its use in attenuators, as well ams through a ferrite block or beads or is wound on a pow-
switches [25] Application of a reverse-bias voltage beyond tliered-iron toroid to create a large common-mode (end-to-end)
punch-through voltage causes charge carriers to be remouagedance, which allows an arbitrary voltage from one end to

NS

B. p-i-n Diodes
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ohms R=12.5 neering New York: Wiley, 1980.
+ ohms [14] P. DambacherDigital Terrestrial Television Broadcasting Berlin,

Germany: Springer-Verlag, 1998.
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digital terrestrial TV?,"IEEE Spectrumpp. 65-67, Feb. 2001.
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41, no. 3, pp. 82-92, Mar. 1998.
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U.K., July 7-10, 1997, pp. 291-295.
[19] S. C. BushongMagnetic Resonance Imaging, Physical and Biological
L . Principles  St. Louis, MO: Mosby, 1996.
the other. The line |mped_ances must be chosen so that each |I%] “An RF power amplifier for whole-body MRI scanner applications,”
sees the proper termination at each end. The low-frequency re-  Microwave J, vol. 42, no. 2, pp. 168-172, Feb. 1999.

sponse is limited by the common-mode impedance. The higHZl] R. Campbell, “High-performance single-sideband direct-conversion re-
ceivers,”QST, vol. 77, no. 1, pp. 32-40, Jan. 1993.

frequency reS_Ponse IS II’? theory. infinite, but in PraCt'Ce' IS IIm;JZZ] S. C. Cripps, RF Power Amplifiers for Wireless Communica-
ited by parasitics associated with the connections of the ends  tion. Norwood, MA: Artech House, 1999.

of the coaxes. Various combinations of connections can prd23] A. Wood, W. Brakensiek, C. Dragon, and W. Burger, "120 W, 2GHz,

ide t h ti ding to th f i Si LDMOS RF power transistor for PCS base station applications,” in
vide transtormations corresponding to the squares ot small - \egg \7T-3 Int. Microwave Symp. DigBaltimore, MD, June 7-12,

tegers. An alternative topology developed by Ruthroff connects 1998, pp. 707-710.
the ends of a single transmission line to produce a 4 : 1 autotran&4! iés%Wh'terSem'CO”dUCtor Control Norwood, MA: Artech House,
formgr. The Ruthroff trans_former is widely used for broad—band[ZS] G. Hiller, “Design with PIN diodes,” Alpha Ind., Woburn, MA, Rep. AN
hybrid splitters and combiners [2]. 1002, 1999.
Ferrites are ceramic materials based upon a variety of oxidd36] D. Myer, ‘_‘Synthesis of equal delay transmission line transformer net-
fi ith nickel . . 271 Th works,” Microwave J, vol. 35, no. 3, pp. 106-114, Mar. 1992.
Cj' iron W'_ n_IC e » manganese, zinc, or ma_lgngsmm [ ] 63127] E. C. Snelling, Soft Ferrites, Properties and Applicatign2nd
find application in nearly all types of RF circuitry for HF and ed. London, U.K.: Newnes-Butterworths, 1988.
VHF. Basically, their function is to increase the inductance of a
coil of a given size and shape. In the case of a toroid, they also
confine the vast majority of the magnetic flux to the inductor.
Relative permeabilities from 3 to 1800 are typical in compo- derick H. Raab (S'66-M72-SM'80) ed the B.S. M.S.. and Ph.D
: - : . Frederick H. Raal '66—-M'72-SM’ receive e B.S.,, M.S,, an .D.
nents fpr HF and_VHF' In |m_plem_ent|ng an ||_"|duct0r f(_)r tunlngegrees from lowa State University, Ames, in 1968, 1970, and 1972, respec-
or filtering, selection of a ferrite with low loss is essential. Howtively.
ever, in broad-band transformers and chokes, high impedance HﬁRg) %hilefh Engins‘;r and OVIV_neff_0f Ghreen Mguntain Ra?‘iod Re_SGarCZ
H H . f , Colchester, , a consulting firm that provides research, design, an
most important, and some loss is actually helpful in suppressi elopment of RF PAs, transmitters. and systems.
unwanted resonances. Dr. Raab was the recipient of the 1995 Professional Achievement Citation in
Engineering.

Fig. 11. Basic 4: 1 transmission-line transformer.
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