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Diversity reception is a radio communication technique that
improves system performance during periods of adverse prop-
agation conditions by providing more than one transmission
channel (or branch) to deliver the signal intelligence to a spec-
ified destination. Generally, the goal is to increase the trans-
mission link availability sufficiently to meet prescribed sys-
tem performance criteria and provide acceptable service. To
take advantage of the multiple channels and increase the link
performance, the capability must be provided either to select
among the available signals, or else to combine the signals.
(An approximate analogy is found in telephony, where many
paths are generally available to the Public Switched Tele-
phone Network to complete a call from one telephone to an-
other, greatly increasing the probability of completing any
given call.)

Usually, the objective in diversity reception is to reduce
performance degradations caused by signal fading, such as
multipath fading in mobile and terrestrial point-to-point sys-
tems, or signal attenuation caused by rainfall on the propaga-
tion path (rain attenuation) in earth-space (satellite) systems.
Significant performance improvements can also be achieved
with respect to other path impairments, such as unwanted
signal depolarization (as encountered in dual-polarization fre-
quency-reuse communication systems), angle-of-arrival varia-
tions, and cochannel interference. In many scenarios, link
performance can of course be enhanced by simply increasing
the transmitter power (assuming this approach is cost-effec-
tive), but this option is often precluded by regulations estab-
lished to limit intersystem interference.

The propagation medium is presumed to cause occasional
degradations in a single transmission channel that are suffi-
ciently severe to justify the expense and complexity of imple-
menting diversity reception. A sufficient understanding of the
propagation environment is essential for designing effective
diversity reception systems. For example, when multiple
earth terminals are installed in earth-space telecommunica-
tion systems to reduce rain attenuation outages that would
be experienced on a single path, the minimum site separation
for the diversity terminals is dictated mainly by characteris-
tics of the rain environment, although performance elements
of the earth terminals, such as antenna gain and link fade
margin, are also quite important.

For diversity reception to be effective, impairments on the
separate channels are preferably independent, or at least suf-
ficiently decorrelated that simultaneous severe signal degra-
dations are rare. If the time-varying propagation effects on
the individual channels are highly-correlated, the probability
of simultaneous signal impairments is large, and the benefits
offered by diversity reception will be small. (Anticorrelation
of impairments is even more advantageous than zero correla-

tion, but this condition is not generally attained.) If the prop-
agation medium is spatially uniform or is not time-varying,
there is little reason to use diversity. Diversity reception is
not generally intended to counter slowly-varying macroscopic
(bulk) changes in the propagation environment, as such
changes tend to affect all available channels more-or-less
equally. A general condition to be met in diversity systems is
that the individual diversity signals should have similar
mean received power levels (within 10 dB or so). Otherwise,
the link performance is dominated by the strong signal(s),
with little gain derived from the other channels.

Providing redundant transmission channels to deliver
identical information can be expensive, and inevitably in-
creases the equipment complexity. For example, diversity in-
stallations that employ spatially separated antennas must be
connected by a communication link, such as a microwave link
or optical cable, to allow combining of, or switching among,
the signals from the diversity branches. In some installations,
the diversity terminals may be separated by many kilometers.
Furthermore, conditioning of the multiple signals is typically
required to support selection or combining of the signals with-
out losing information (“hitless switching”), and a decision
criterion or algorithm must be devised to control any diversity
operation. There must usually be an expectation of substan-
tial performance benefits to justify implementation of diver-
sity reception.

A well-designed diversity reception system can yield im-
pressive enhancements in system performance during im-
paired propagation conditions. There are two standard mea-
sures used to quantify the benefits provided by diversity
reception. One measure, diversity gain, specifies the reduction
in single-path impairment level (signal fading in decibels,
usually) achieved with diversity reception for a given op-
erating time percentage (of the year or worst month). Diver-
sity gain equals the decrease in signal-to-noise ratio, SNR
(dB), that is required to meet a given performance criterion,
relative to the SNR that would be required without diversity.
The other measure, called diversity improvement (or diversity
improvement factor or diversity advantage) is defined in the
orthogonal sense as the ratio of the nondiversity and diversity
probabilities of exceeding a specified impairment level. Both
measures are used in this article.

APPLICATIONS OF DIVERSITY RECEPTION

Diversity reception has long been recognized as a viable im-
pairment-mitigation technique in telecommunication systems
(1,2), and applied in a variety of modes to practical systems
(next section). Diversity reception has been used in high-fre-
quency (HF) communications since the 1920s, when spaced
receive antennas were found to yield partially decorrelated
fading signals that could be used to improve path availability.
Diversity operation is virtually mandatory in modern tropo-
scatter communication systems, for which 4-channel (quadru-
ple) diversity operation is common, implemented with dual
spaced antennas at both ends of the link, each capable of
cross-polarized reception or some other form of antenna-pat-
tern diversity (3).

Vertical space diversity (often combined with angle diver-
sity) improves the performance of terrestrial microwave links
(4), and has been evaluated as a countermeasure against low-
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angle refractive fading on satellite links (5). Protection
against severe frequency-selective (notch) fading is achieved
by reserving an alternate frequency-diversity channel to pro-
tect several other channels that suffer notch fading (6). (In
general, however, frequency diversity is considered wasteful
of spectrum, and not recommended for many applications.)
Space diversity using separated base-station antennas has
proven valuable for mobile and cellular radio systems (7).

Site diversity reception is used on earth-satellite links at
small path elevation angles to decrease the effects of severe
low-angle fading (8), as well as to improve performance dur-
ing rain impairments for high-reliability earth terminal in-
stallations (9). Antennas with small horizontal separations
can be used to decorrelate tropospheric scintillation fading on
earth—space paths (10). Since at frequencies above about 10
GHz, rain impairments are often severe for significant per-
centages of the time at many locations, site diversity may find
wide application in earth—satellite systems at Ka-band (11),
especially to protect feeder links that carry information from
a central “hub” earth terminal to a satellite for eventual dis-
tribution to user terminals such as mobiles.

TYPES OF DIVERSITY RECEPTION

Several major classes of diversity reception are used in com-
munication systems. These methods include space, angle, po-
larization, antenna-pattern, field-component, frequency, time,
and RAKE diversity (see following subsections). Space diver-
sity generically applies to methods that exploit the spatial
characteristics of the propagating field and its interaction
with the propagation environment. Frequency diversity re-
quires access to an alternate, lesser-impaired frequency band
to which communication traffic may be switched when the
normal channel is impaired. Time diversity relies on retrans-
mission of information that is received with inadequate unin-
telligibility, as in packet-switched communication systems
whereby packets containing errors are identified at the desti-
nation and requested to be resent. In wideband systems that
permit individual multipath components (echoes) within the
delay-spread spectrum to be resolved, a RAKE diversity sys-
tem, so named because it uses a comb of signal components
that mimic the appearance of a garden rake, can combine the
components to increase the signal power available to the re-
ceiver. Time diversity and RAKE diversity are generally used
only for digital systems. (In general, diversity techniques are
easier to implement in digital than in analog systems.)

Frequency diversity imposes a spectrum utilization pen-
alty, since spare capacity must be reserved for access during
adverse propagation conditions. Likewise, time diversity in-
volves a penalty in information throughput, as some intelli-
gence must be retransmitted, and overhead bits are required
to identify information packets and control the diversity oper-
ation. For these reasons, these methods are often inefficient
from the standpoint of spectrum utilization (12).

Space Diversity

Space diversity, probably the most common and easily visual-
ized form of diversity, relies on the provision of two or more
spatially separate propagation paths, typically by installing
more than one receive antenna (or equivalently, more than
one transmit antenna, then called diversity transmission) at
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Figure 1. Annual statistics of 11.6 GHz rain attenuation for two
earth—space paths, compared to diversity statistics obtained by al-
ways selecting the smaller single-path attenuation. (Copyright 1979
COMSAT Corp. All rights reserved by COMSAT Corp. Used by per-
mission.)

one end of the link. Planning for the multiple paths is gov-
erned by the primary path impairment that the diversity con-
figuration must overcome, such as rain attenuation, refractive
fading on satellite paths at low elevation angles, or multipath
fading on terrestrial line-of-sight links. Space diversity has
been investigated in particular for application to the mobile-
propagation environment. The benefits can be very large for
the frequent and severe signal fading encountered while com-
municating with a terminal in motion.

In terrestrial line-of-sight telecommunications, space di-
versity generally refers to the use of multiple antennas dis-
placed vertically on a tower, mainly to overcome refractively-
induced fading caused by unwanted multipath propagation on
such links. Other examples include path diversity (access to
adjacent microwave routes in terrestrial fixed telecommunica-
tions) and site diversity (deployment of multiple earth termi-
nals in earth—space telecommunications), both generally used
to reduce the effects of severe rainfall attenuation at frequen-
cies above about 10 GHz.

Figure 1 shows 11.6 GHz cumulative rain attenuation dis-
tributions derived from measurements with two terminals
separated by 35 km on propagation paths at an elevation
angle of 18° (13). The curves labeled “Path 1” and “Path 2”
are the rain attenuation distributions for the individual
paths. The “Diversity” curve is the joint cumulative rain at-
tenuation distribution obtained via computer simulation by
always selecting the lesser-faded signal for each concurrent
pair of rain attenuation samples:

A;(t) = minf{A, (t). Ay (®)) 1)
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Figure 2. Measured Ka-band dual-site diversity gains (symbols) vs.
site separation, along with curve fits (lines) parameterized in terms
of single-path attenuation. (© 1976 IEEE.)

The increase in path availability achievable by (perfect) diver-
sity switching is observed to be considerable, although inde-
pendent fading statistics (equivalent to the product of the two
single-path probability distributions) are almost never ob-
served for dual diversity paths (14) because of mesoscale
(widespread) rainfall effects. Practical diversity-switching
systems are unlikely to achieve the degree of improvement
indicated in Figure 1 since the switching algorithm would
purposely be designed to avoid switching under conditions for
which the resulting performance gain is not required to meet
system performance objectives.

Space diversity gains are large during periods of heavy
rainfall since it is highly probable that there is considerable
spatial variability in the rain intensity. For terrestrial and
earth—space links, separating diversity antennas by several
kilometers greatly reduces the probability of simultaneous
large fades on the different paths. Antenna separation is the
dominant parameter, as illustrated in Figure 2 for several
earth—space experiments at frequencies from 15 to 30 GHz
(15). The majority of the available diversity gain is in fact
achieved with separations smaller than 10 to 15 km. At tem-
perate latitudes, diversity gains measured during the spring
and summer (thunderstorm) seasons are generally signifi-
cantly greater than those observed during the fall and win-
ter (16).

The International Telecommunication Union (ITU) has
compiled results of many earth—space site diversity experi-
ments, mainly in the 10 GHz to 20 GHz range, to derive an
average representation of site diversity improvement that
gives the decrease in unavailable time percentage attained by
dual-site diversity for a specified impairment level (17). The
improvement is plotted in Figure 3 for site separations of
0 km (no improvement) up to 50 km. Results in this figure
are approximate, since weaker influences such as frequency
and path elevation angle are not explicitly taken into account.
The figure indicates that performance gains achieved by in-
creasing the site separation tapers off for separation greater
than about 15-20 km. As an example, the curve for a separa-
tion of 30 km indicates that a single-path unavailability of
p1 = 0.01% (about one hour per year) can be reduced by two

orders of magnitude (to p, = 0.0001%) by the addition of a
diversity terminal 30 km distant.

An empirical formula (18) has been derived to predict the
dual-site diversity gain, G (dB), in terms of site separation D
(km), frequency f (GHz), path elevation angle 6 (deg), and the
angle i (deg) between the path azimuth and the baseline be-
tween the two sites (defined so that ¢y = 90°), as

G=a(l—-—e?P).e 0025/ .(14+0.0060)- (1+0.002y) (2)

where a = 0.784 — 1.94(1 — e *4) and b = 0.59(1 — e 1),
and A (dB) is the single-path rain attenuation exceeded for a
specified time percentage. Site separation is the dominant fac-
tor in this expression for site diversity gain. Three-site diver-
sity has also been examined, but the additional gain achieved
by adding a third terminal is generally marginal (16).

Another form of space diversity envisaged for earth-space
communications is orbital diversity, in which multiple signal
paths are established by providing access to two or more sat-
ellites that are within view of an earth terminal antenna.
(The diversity antennas are in space, instead of on the
ground.) Figure 4 shows attenuation time series measured
during a fade event for an orbital diversity configuration us-
ing two satellites at frequencies of 19.8 GHz (“Satellite 1”)
and 18.7 GHz (“Satellite 2”), with a geostationary orbital an-
gular separation of 32° (19). The peaks in attenuation on the
two paths occur at different times, and the benefits of switch-
ing between the two paths in this event would have been sub-
stantial.

Orbital diversity requires that at least two satellites be
available, and that spare capacity be reserved or that commu-
nication traffic be suitably prioritized so that higher-priority
traffic may be switched upon demand. Since the diversity
paths terminate at an earth station situated in that region of
the atmosphere where rainfall occurs, the diversity gain may
be small when the rain region surrounds the earth station.
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Figure 3. Relation between annual time percentages that a given
earth—space path attenuation is exceeded single-path and dual-site
diversity. (© ITU. Adapted from Recommendation ITU-R P.618-5.
Used with permission of ITU. Author solely responsible for this pre-
sentation.)
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Figure 4. Concurrent 20 GHz path attenuation time series for two
earth—space paths with geostationary orbital angular separation of

32°, demonstrating orbital diversity for rain attenuation. (© 1995
IEEE.)

Protection of large frequency bandwidths by transferring traf-
fic from one satellite to another (and accommodating the cor-
responding network reconfiguration) appears difficult.

Angle Diversity

The general technique of configuring antennas to detect sig-
nals that have propagated along different paths, and which
appear at the receive antenna with different directions of ar-
rival, is called angle diversity. On terrestrial paths, vertically
separated space diversity antennas may be mounted with
slightly different pointing angles with respect to the normal
line-of-sight direction to the transmit antenna to enhance re-
ception during periods of angle-of-arrival variations caused by
refractive structures near the earth surface. Vertical beam
separation is preferable to horizontal separation in this appli-
cation because variation in the refractive structure of the tro-
posphere is more pronounced in the vertical direction. An-
other approach, used in troposcatter systems, is to employ a
large antenna with several feeds configured to yield some-
what different pointing directions to create some degree of
decorrelation among the corresponding propagation paths.

In troposcatter systems, the optimal vertical separation be-
tween the beams is about one antenna beamwidth, although
the range of the optimum is rather broad (3). For terrestrial
microwave paths, more complicated procedures are required
to determine the diversity gain provided by angle diversity,
which is related to the average angle of arrival as determined
by the average value of the vertical refractivity gradient for
the location of interest (4).

Polarization Diversity

For environments in which the polarization properties of a
signal are altered during propagation, orthogonally-polarized
transmission channels may become sufficiently decorrelated
for polarization diversity to be effective. Polarization diversity
is the reception of a signal on two mutually orthogonal polar-
izations, with or without transmission in the same two polar-
izations (20). If both polarizations are transmitted, a 3 dB
penalty in transmit power per channel is imposed with re-
spect to single-polarization transmission, as the power must
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be split between the channels. In contrast to the unwanted
path-induced signal cross-polarization that afflicts dual-polar-
ization frequency-reuse communication systems, signal depo-
larization is essential in polarization diversity systems. Sev-
eral polarization-dependent reflections are usually required to
depolarize the incident wave adequately.

Although the technique is limited to two diversity channels
(one polarization and its orthogonal state), no additional fre-
quency spectrum is needed, and a single dual-polarized an-
tenna can be deployed instead of separate space diversity an-
tennas, with positive cost and “real estate” consequences in
mobile communication systems. The capability to receive both
polarizations with adequate isolation between the channels
must be incorporated into the receiver. Polarization diversity
reception may be particularly beneficial for mobile handheld
terminals, especially to compensate for the random orienta-
tions that such a terminal can assume in everyday use (21).

Antenna Pattern Diversity

Antenna pattern diversity, basically the same concept as angle
diversity and polarization diversity, can introduce decorrela-
tion among received signals by, in effect, sampling arriving
wavefronts in different ways (6). This type of diversity can be
accomplished by using adjacent antennas of different types,
for example. Performance improvements with this method are
primarily attributed to the sensitive dependence of frequency-
selective (notch) fading on the amplitudes of the separate rays
that destructively interfere to cause such fading, as observed
in terrestrial microwave systems. With different antenna pat-
terns, the probability of simultaneously experiencing the con-
ditions for deep fades at both antennas is much reduced be-
cause the received signal amplitudes are less likely to be of
almost equal magnitude, a condition for nearly complete de-
structive interference.

Field-Component Diversity

The electromagnetic fields of propagating signals are com-
prised of both electric and magnetic components which may
be designated as E,, H,, and H,, each of which contains the
intelligence of the transmitted signal. In some environments,
particularly mobile radio, these components are uncorrelated
upon arrival at the receive antenna, but the powers in the
field components obey the conservation relation (22)

|EZ| = |HZ| + |Hy| @)

If the individual components can be detected and combined,
conditions for diversity reception are met and the average re-
ceived signal power can be augmented by summing these
components to achieve field-component diversity.

Three methods are envisaged to achieve the desired diver-
sity action. Incoherent combining of the field components
yields a resultant, R,

R=E,+H,+H, (4a)
Coherent combining of the components is equivalent to
R = |E;| + |H.| + |H,| (4b)
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A third energy-diversity approach is given by (22)

R = E|" + |H| + |, [ (40)
which yields a resultant that is approximately constant with
time. Special “energy-density” antennas have been designed
for the implementation of field-component diversity (22).

Frequency Diversity

If the propagation characteristics of the medium depend sig-
nificantly on the signal transmission frequency, then fre-
quency diversity, the capability to select the transmission fre-
quency to suit prevailing conditions, can be effective. In
severe multipath fading on terrestrial line-of-site links, for ex-
ample, the fading is often very frequency selective, such that
deep but narrow notches appear in the receive channel (6). If
provision can be made to switch the information contained in
the channel experiencing the notch fading into a less im-
paired reserve channel, the probability of successfully trans-
mitting the intelligence can be greatly increased.

The capability of frequency diversity to overcome severe
multipath fading on digital terrestrial links is demonstrated
by Figure 5, which displays bit-error rate (BER) data collected
for “Channel 1” and “Channel 2” of a 6 GHz, 42.5 km digital
radio link operating at 90 Mb/s during a 2.5 month period of
active multipath fading (23). The center frequencies of the
two channels were separated by 59 MHz. If a typical outage
criterion of 1073 BER is specified, the observed diversity im-
provement factor is about 45, an impressive enhancement in
performance (approximately equivalent to the improvement
expected for a vertical space-diversity separation of 10 m).
The experimental data revealed that although power fading
in the two channels was highly correlated, the multipath dis-
persion was decorrelated. The latter finding was presumed to
account for the good performance of frequency diversity on
this link.

In another form of frequency diversity envisaged to over-
come deep fading associated with rain attenuation, use is
made of the fact that the severity of rain attenuation in-
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Figure 5. Bit error rate (BER) statistics measured at 6 GHz on 42.5
km link for two channels separated by 59 MHz, compared to BER
statistics with one-for-one frequency diversity protection in severe
frequency-selective fading environment. (© 1985 IEEE.)

creases rapidly with increasing frequency. If traffic on a high-
frequency channel (say, at 14/12 or 30/20 GHz), where rain
attenuation is severe, can be switched to a lower-frequency
(such as 6/4 GHz), the probability of successful transmission
is much enhanced. Frequency diversity requires that spec-
trum be made available at the diversity frequency to carry
the information that would otherwise be lost in the impaired
channel, and that the traffic either be satisfactorily priori-
tized or spare capacity held in reserve, to allow the transfer
of protected channels to the alternate satellite when required.
Diversity in this form might be used to protect smaller termi-
nals of modest bandwidth capacity, such as Very Small Aper-
ture Terminals (VSATSs), by providing a small spare capacity
on a satellite that can be accessed by terminals when experi-
encing propagation impairments. However, frequency diver-
sity is less likely to be useful for large trunking earth sta-
tions, which generally continuously utilize all of the allocated
frequency spectrum in a given band to support many commu-
nication links, and for which alternate provision will be ex-
pensive.

Time Diversity

Time diversity refers to the exploitation of the time-varying
nature of the signal impairments to retransmit information
at suitable time intervals. A commonplace analogy is resend-
ing an unsuccessfully transmitted facsimile. Information
should be retransmitted at time intervals somewhat greater
than the reciprocal of the signal fading rate, to ensure ade-
quate decorrelation between successive transmissions (1). If
the fading conditions are quite variable, adaptive adjustment
of the time interval may be necessary to attain efficient per-
formance over the anticipated range of environmental situa-
tions.

In digital systems, such as packet-switched networks, the
bit stream can be reconstituted from successfully received
packets, possibly by interpolation between successfully-re-
ceived packets or other sophisticated methods (24), allowing
for powerful implementation possibilities. Overhead capacity
must be provided both for network control and to identify and
process the information bits, so increased spectrum and
higher data rates may be needed to maintain sufficient infor-
mation throughput. In time diversity systems, storage of the
communication information is required at both the transmit-
ter (to permit retransmission) and receiver (to support bit ma-
nipulation and message reconstruction), which constitutes an
important disadvantage for many analog, real-time, and
wideband applications.

RAKE Diversity

RAKE diversity is effective with wideband signals if the indi-
vidual multipath components (echoes) can be separately iden-
tified and processed (1). RAKE diversity, also called
multipath diversity or path-delay diversity, takes advantage
of the existence of multipath components in its operation. It
can be viewed either as a variation of frequency diversity (as
in spread spectrum systems, where to reduce small-scale
multipath effects the transmission signal is spread by several
times the frequency width of the reciprocal of the delay
spread) or time diversity (where the incremental time delays
among components are used with a system time reference to
identify and process the individual multipath components).



RAKE diversity is considered applicable mainly for digital
systems, which can support elegant information-processing
techniques (25). A RAKE receiver should be matched to the
signal received after distortion by the environment, instead of
being matched to the transmitted signal. Therefore, channel
adaptivity may be required if the propagation environment is
quite variable.

DIVERSITY-RECEPTION PERFORMANCE ANALYSIS

Many investigations of diversity reception techniques have
been undertaken to quantify and model the corresponding
gain in channel performance to support reliable system de-
sign. Much of the analytical basis for diversity reception de-
rives from studies related to communication with mobile ter-
minals, for which the fading environment is generally quite
severe. The motion of mobile terminals creates numerous op-
portunities for destructive interference to occur among
multipath transmission components. Conditions for such in-
terference can arise for every half wavelength of travel (per-
haps every few centimeters). Methods to overcome such fad-
ing impairments are required. Diversity reception is a
prominent impairment-mitigation method, and classic de-
tailed treatments of diversity techniques are available (1,2).

METHODS FOR SELECTING OR COMBINING CHANNELS

A fundamental requirement in diversity reception is a reli-
able method for either switching among, or combining, the
available transmission channels in order to enhance link per-
formance. While various difficulties are encountered in prac-
tice, the basic concepts of switching and combining are ame-
nable to theoretical analysis. In this section, the major classes
of linear diversity selection and combining are analyzed. Lin-
ear diversity combining applies to implementations based on
relatively straightforward linearly-weighted sums of the mul-
tiple received signals, the only method generally capable of
distortionless reception in analog systems (1). Diversity signal
processing schemes that are more-sophisticated can be envi-
sioned for digital systems.

An obvious choice for diversity switching is simply always
to select the “best” available signal, as defined using some
criterion based on a quantity that can be measured or esti-
mated (such as signal-to-noise ratio, bit error rate, signal-to-
interference ratio) to enable the system to identify the best
signal. This approach is called selection diversity. Each chan-
nel must have its own receiver or some other detection device
to supply the information that permits selection of the best
signal. A simpler form of diversity switching is threshold se-
lection, in which the available signals are sampled in se-
quence until one is determined to be above some minimum
acceptable threshold. That signal is then used for reception
until it falls below the specified threshold, at which point the
scanning process is repeated.

A more sophisticated approach is to combine the diversity
signals to achieve overall augmentation in signal level avail-
able at the receiver. Common methods include maximal ratio
combining and equal gain combining, which typically require
that signals be suitably conditioned to ensure that they sum
coherently. Other variations on these basic methods can be
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envisaged, depending on the signal conditioning and pro-
cessing to be performed.

There are two general classes of diversity combining,
called predetection and postdetection combining, depending
on whether the diversity decisions take place before or after
baseband detection. In predetection combining, the informa-
tion required to make a decision regarding selection or com-
bining of signals is acquired and applied prior to baseband
detection, so the diversity operation can take place anywhere
from the receive antenna down to the intermediate frequency
(IF) input to the baseband receiver. Postdetection combining
is implemented at baseband after the signal detection re-
ceiver, and typically implies that each diversity channel must
be supplied with its own receiver.

Essentially identical diversity performance is typically ob-
tained with well-implemented predetection or postdetection
diversity combining for linear modulation formats. For non-
linear modulation techniques such as frequency modulation
(FM), coherent predetection combining of diversity signals
can in cases increase the signal resultant above the receiver
signal detection threshold, even if the individual signals are
below the detection threshold. Conversely, predetection
switching can cause unwanted switching transients in the
signal carrier, requiring some strategy to minimize the re-
sulting degradation in receiver performance (2).

Selection Diversity. This subsection discusses the gain in
performance achievable by selecting one channel from among
M (=1, 2,. . .) available diversity channels (M-channel selec-
tion diversity), and summarizes the approach found in classic
texts (1,2). In the severe fading environments often encoun-
tered in mobile radio systems, the signal fading signal is usu-
ally observed to obey Rayleigh fading statistics, which corre-
spond to the sum of random multipath components in the
absence of a direct line-of-sight (LOS) signal. When a direct
LOS signal exists, as often is the case in microcellular and
some other systems, Rician statistics (corresponding to the
sum of a direct component and several random multipath
components) are applicable.

If the electric field available to the receive antenna is as-
sumed to be the summation of in-phase and quadrature
terms, where each term is comprised of the N diversity com-
ponents that arrive at the antenna, the in-phase and quadra-
ture fields may be modeled as independent (uncorrelated)
zero-mean Gaussian random processes (2). The in-phase and
quadrature terms, designated as E; and Eg, each obey the
standard normal distribution with probability density given
by

px) = ——e /20 (5)

where x is either E; or Eq and b, is the mean power level. The
envelope of these two components is the modulus (magnitude)
of the electric field composed of the in-phase and quadrature
terms:

r=vVE; +E} (6)
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The probability density for the envelope, r, formed by the sum
of many multipath components (without a direct LOS compo-
nent) is the Rayleigh density function:

—r2/2b,

pr) = bLe r>0 7

0

where the density is zero for r < 0.

If the signal in each diversity channel is assumed to obey
the Rayleigh distribution, the signal envelope for the ith
channel is given by Eq. (7), with r replaced by r;.. Over one RF
cycle of the field (assumed sinusoidal), the instantaneous
mean signal power in the ith channel is simply r?/2. The noise
power in the ith channel may be designated as n? If each
channel is assumed to contain the same mean noise power,
this power is a constant, IV, independent of the channel. The
instantaneous signal-to-noise ratio (SNR) in the ith channel
is thus simply the ratio of the local mean signal power and
the mean noise power in each channel:

2
ri

2N

y, = SNR, = (8)

The average signal power in the ith channel is b, = (r¥/2), so
the mean value of the channel signal-to-noise ratio is I' =
(SNR) = by/N. Replacement in Eq. (7) yields a representation
for the probability density function of the envelope in terms
of the SNR quantities y; and T":

p(y,) = %e-%‘/r 9)

The probability that the SNR in the ith channel does not ex-
ceed a particular threshold value of interest, ys, where the
subscript S indicates selection diversity, is obtained by inte-
grating the probability density over the domain of interest:

7s
P(y; < vg) :/ pydy; =1 —e s/l (10)
0

For M channels, the probability that the SNR values in all
branches are all concurrently less than the threshold value
v, is just the M-channel product:
Py(y) =1 —es/MM (11)
The probability distribution given in Eq. (11) can be computed
for various values of M to estimate the efficacy of M-branch
diversity selection. For M = 1 (no diversity), the distribution
is again the Rayleigh representation, which predicts an im-
pairment level that increases at the rate of 10 dB per proba-
bility decade (a straight line on normal probability paper).
For example, at a probability level of 99.99%, the expected
ratio of the local SNR to the average SNR is computed to be
—40 dB, —30 dB at a probability level of 99.9%, etc., demon-
strating the Rayleigh roll-off of 10 dB/decade. These fade
depths illustrate the severe fading encountered in some mo-
bile environments. With dual-channel diversity (M = 2), the
multipath fading level predicted for 99.99% reduces from 40
dB to 20 dB, and the fade depth at 99% reduces from 20 dB
to 10 dB, representing substantial improvements. Adding yet
more diversity channels yields useful performance enhance-
ments, but by far the largest diversity gain increment is

achieved in going from M = 1 (no diversity) to M = 2 (dual di-
versity).

The mean SNR can be calculated by integrating ys over the
probability density function for the range of allowable values
(zero to infinity):

—/OO dP )|d —l"M1 (12)
(Vs)— ) Vs[m M(Vs] Ys = ;E

The mean decibel signal-to-noise ratio, 10 logl[{ys)/T'] (dB), is
plotted as curve (a) in Figure 6 to illustrate the gain in aver-
age output SNR obtained by selection diversity with an in-
creasing number of channels (2). (The other curves in this
figure are explained in the next two subsections.)

A disadvantage of pure selection diversity is that each
channel must be provided with a receiver, or at least some
detection device that can identify the “best” signal at some
stage of the detection process, which can be expensive to im-
plement. In a variation called scanning or threshold selection
diversity, available channels are scanned until an acceptable
signal is found. The selected channel is used until the re-
ceived signal falls below a specified threshold, where upon the
scanning process is repeated until an acceptable signal is
again obtained. This mode of operation is clearly nonopti-
mum, and can lead to rapid and unproductive switching when
all diversity signals are below threshold.

A similar technique for two-channel diversity, called
switch and stay, is to switch to the alternate channel when
the received signal falls below threshold and stay at the new
position, even if the signal is below threshold, until that sig-
nal is available and itself eventually goes below threshold.
The signal, R(¢), resulting from such a process (2) is illus-
trated in Figure 7. If the individual envelopes r1(¢) and ry(¢)
are assumed to be independent Rayleigh-fading time series,
the probability density for each being above a specified fade
threshold, A, is given by Eq. (7), with r replaced by A.. By
further assuming that the individual segments of each time

10 T T

(c)

Diversity gain (dB)

0 | | | | | | | |
1 2 3 4 5 6 7 8 9 10
Number of branches, M

Figure 6. Predicted diversity gain in Rayleigh-fading environment
with M diversity branches: (a) selection diversity; (b) maximal ratio
combining; (c) equal gain combining. (© 1994 IEEE.)
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Figure 7. Signal envelope resulting from switching between two
Rayleigh-fading envelopes with switch-and-stay technique: ri(¢) and
ro(t) are the two envelopes, R(t) is the composite switch-and-stay en-
velope, and R, identifies the start of time segments defined by a signal
switch. (© 1994 IEEE.)

series (portions prior to switching from, and portions subse-
quent to switching back to, either envelope) are uncorrelated,
the density function of the composite (switched) carrier enve-
lope, R(¢), can be established, as in the previous case for a
single envelope. The composite probability density is found to
be comprised of two Rayleigh densities with different
weighting factors (2).

Maximal Ratio Combining. In maximal ratio combining, the
signals are phased and coherently summed, instead of being
selected one at a time. The complete scheme is to cophase the
M channels, then apply weights, w;, to the signals that are
proportional to the SNR; of the individual channels, and fi-
nally sum these signals. The resultant envelope, r, is the sum
of the weighted envelopes r;:

M
T'IE w;r;

i=1

(13)

The channel noise contributions also scale in proportion to
the corresponding weights, w;. If the average noise powers
(before weighting) are all assumed equal to N, the total noise
power is

M
Ny =N)Y w} (14)
i=1

In parallel with the analysis for selection diversity (but with
a change of subscript to R to indicate ratio combining), the
resultant SNR is y; = r?/2Ny.

If the w; are weighted proportionally to the instantaneous
channel SNR; = y,, then

2 M
L =

M Mr. (r‘ —|—r‘)
yR:;ViZZW Z L@

i=1 i=

(15)

As in Eq. (5), the in-phase and quadrature components obey
zero-mean Gaussian probability densities with equal vari-
ances. The sum of the squares of independent standard nor-
mal variables, as given by the right-hand side of Eq. (15),

DIVERSITY RECEPTION 759

is the chi-square distribution, with corresponding probability
density function

yI]EW—lefyR/l"
p(yg) = M- Yr=0 (16)

The cumulative distribution function, obtained by integrating
Eq. (16) from zero to g, is (2)

_VR/F Z (VR/F)k !

. (17)

PM(VR) =1-

From Eq. (17), the diversity performance for maximal ratio
combining is found to be somewhat better than that for selec-
tion diversity with the same number of diversity channels.
Instead of the 10 dB diversity gain obtained with selection
diversity at a time percentage of 99%, maximal ratio combin-
ing provides an 11.5 dB gain. Maximal ratio combining in fact
provides the best performance that can be achieved with lin-
ear diversity combining techniques.

The average SNR, obtained in parallel with the first two
terms on the left of Eq. (15), is

(18)

M
(vg) = Z ZF Mr

The average SNR (dB) is plotted as curve (b) in Figure 6 to
show the incremental diversity gain achieved by adding diver-
sity branches to a maximal ratio combining system.

Equal Gain Combining. Equal gain combining is a simplified
form of signal combining in which the weights are all constant
and equal, and can be set so that w; = 1. From Eq. (13), the
signal envelope of the combined signal is

M
=Zri

i=1

(19)

For equal noise power in all diversity channels, the corre-
sponding output SNR is yg = r2/2NM, a sum of Rayleigh vari-
ables, for which there is no general solution for the probabil-
ity distribution function. Solutions generated numerically
reveal that the performance of equal gain combining is only
slightly worse than maximal ratio combining (usually by less
than 1 dB).

The general expression obtained for the average value of
the output SNR is given by (2)

(vg) = F[1+(M— 1)%] (20)

where I' is the mean channel SNR. The output SNR (dB) is
shown as curve (c) in Figure 6 for comparison with the selec-
tion diversity and maximal ratio combining techniques. Maxi-
mal ratio combining provides the best performance, though it
is not very superior to equal gain combining. Maximal ratio
and equal gain combining are both better than selection di-
versity, but these performance gains are achieved with added
system complexity and cost.
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Operational Considerations in Diversity Systems

The performance gains estimated above for different types of
diversity systems ignore several limitations that are con-
fronted in practical applications. For example, impairments
on the individual diversity channels may not be completely
independent, and combining errors may introduce additional
degradations in diversity system performance. Estimates of
these degradations (1,2) are briefly illustrated here.

Imperfect Channel Decorrelation. Prior analyses implicitly
assumed independence of fading among the diversity chan-
nels. In many environments, complete decorrelation is not
achieved, and indeed is found to be unnecessary for successful
diversity operation. General limits can immediately be placed
on the behavior of the resulting statistical distributions: Com-
plete independence of channel impairments yields results
identical to analyses in the previous section, while complete
correlation leads to Rayleigh fading statistics equivalent to a
single channel without diversity. To investigate the effects of
intermediate channel correlation, the complex correlation co-
efficient, p, between the diversity signals must be taken into
account, where p? approximates the correlation function be-
tween signal envelopes (7).

For selection diversity, analyzing more than two diversity
channels is difficult, but for dual channels the probability dis-
tribution is found to be (1)

Py(yg) =1-e 7M1 -Q(a.b) + Q(b,a)] (21)
where Q(a, b) is expressed in terms of the zeroth-order modi-
fied Bessel function, I, as

Q(a,b) = /b e‘<a2+x2)/210(ax)xdx (22)
with the parameters a and b given by
VI +[pl?) VI~ [pl?)

Figure 8 displays the cumulative distribution functions com-
puted with these expressions (2). The curve for p?> = 0 corre-
sponds to zero correlation, as in prior analyses, while for p? =
1, no diversity advantage is conferred by switching between
the two channels. However, substantial diversity gain is
achieved even when the correlation between the two signal
envelopes approaches 0.8, attesting to the efficacy of diversity
operation for this environment. Similar results are obtained
for other modes of diversity combining.

Switching and Combining Errors. No diversity switching or
combining device is expected to operate perfectly, especially
since randomly-fading signals supply much of the information
used to control the switching or combining device. Errors in-
troduced by imperfect operation degrade the performance of a
diversity system. As already noted, a maximal ratio combiner
must cophase and sum the diversity signals in proportion to
the SNR in each channel, necessitating SNR estimates for
each channel. In some systems, a continuous-wave pilot sig-
nal is transmitted adjacent to the communication band to
supply reference amplitude and phase information to assist
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Figure 8. Rayleigh-fading statistics for 2-channel selection diversity
assuming varying degrees of envelope correlation, p?. Fade distribu-
tions are referenced to the SNR for a single (nondiversity) channel.
(© 1994 IEEE.)

in the control of the combiner. Degradations resulting from
imperfect correlation between a pilot signal to control opera-
tion of a maximal ratio combiner and the signals themselves
are summarized here to indicate the magnitude of the antici-
pated errors.

The output of an M-channel maximal ratio combiner that
relies on a pilot for the reference control information is found
to have the probability density (2)

1 2\M—-1,— /1‘11471 M-1
Py (i) = (1= p") M le ; ;

x [7%#’2 ] 1

rd-p2) | n!

The first term after the summation is the binomial distribu-
tion, and p is the correlation coefficient between the pilot and
the adjacent signal channel. (Note that here correlation is de-
sirable, unlike the case for envelope correlation.) The first mo-

ment (mean) of y; is obtained by integrating with respect to
the probability density in Eq. (24):

(24)

(vg) = /() vePy (vp)dyg =T[1+ (M — 1);02] (25)

and is equivalent to the mean SNR. The probability distribu-
tion obtained by integrating over the density function is

YR
Py (yp) = /0 Py (%) dx

M-1 M-1 n r »
=1-er/" )" ( >p2n(1 — prMm Y (VR]; )
o\ " k=0 :
(26)

which represents the statistics of the combiner output signal.



If the correlation between the pilot and channel signal is
perfect (p?> = 1), representing perfect operation of the diversity
combiner, Eqs. (26) and (25) respectively give

(vr/D)*

M-1
Py(yp) =1 — e Vr/T Z o (vg) =MT 27
k=0 .

which are equivalent to Egs. (17) and (18), respectively. If
there is no correlation between the pilot and channel signal
(p*= 0), the resulting expressions are

Py(yp) =1—e """ (yp) =T (28)
showing that diversity operation provides no benefit for this
case.

To illustrate the impact of such errors on the overall per-
formance of a maximal ratio combiner, Figure 9 displays fad-
ing statistics for 4-channel operation with varying degrees of
correlation (2). The performance penalty imposed by com-
biner-control errors is considerable, especially in the critical
deep-fading portion of the distribution (for example, compare
curves for p* = 1.0 and p? = 0.75). From Eq. (25), however,
the degradation in mean received signal power is modest. If
the correlation coefficient p? decreases from 1 to 0.5, for in-
stance, the mean SNR for the 4-channel combiner decreases
from 4 I" to 2.5 T', a loss of only 2.0 dB.
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Figure 9. Rayleigh-fading statistics for 4-channel maximal ratio di-
versity combining with combiner errors (specified by p?) between ref-
erence pilot and channel signal. Fade distributions are referenced to
the SNR for a single (nondiversity) channel. (© 1994 IEEE.)
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Other System Considerations. Even if diversity operation of-
fers substantial improvement in overall circuit availability,
other practical constraints may need to be taken into account.
For example, site diversity significantly improves availability
for earth—satellite paths subject to rain attenuation, as veri-
fied in Fig. 3. However, in large earth stations that utilize
wide bandwidths to serve many users, potential outages re-
lated to switching among available diversity signals is a se-
vere problem to be avoided. Therefore, the entire receive band
for the diversity channel must be conditioned and synchro-
nized with the main-station signal to support switching
among channels with no loss of information.

However, on the uplink to the satellite, such synchroniza-
tion is extremely difficult due to variations in radio path
length (such as caused by satellite motion) between the earth
stations and the satellite. Therefore, uplink site diversity is
much less viable than downlink site diversity, except possibly
in packet-switched applications where lost packets can be re-
covered. A potential compromise solution for this case is to
protect the downlink path with site diversity, but implement
transmitter power control (27) to increase the availability of
the uplink path.

Figure 10 shows a 14/11 GHz earth-space site diversity
configuration (28), planned for the two sites represented in
Fig. 1. In this system, the entire downlink receive band (500
MHz) from the secondary station is transported to the main
station by the microwave Diversity Interconnect Link (DIL),
buffered and synchronized with the main station receive sig-
nal, and made available at the diversity switch. (Signal com-
bining of the diversity signals is unlikely to be considered for
this wideband application because of the difficulty in match-
ing phase variations across the two 500 MHz receive bands.)
Signal regeneration (demodulation and remodulation) is im-
plemented in the DIL, not only to support frequency conver-
sion, but also to preserve the quality of the transmissions. In
this design, the uplink signal is also made available at both
transmit sites, but this capability mainly increases the relia-
bility of the overall system by enabling a redundant uplink
signal transmission capability.

RECENT DEVELOPMENTS

Despite the rather well-developed state of diversity reception
concepts, the field remains quite active. Many recent develop-
ments are related to new service offerings such as nongeosta-
tionary (NGSO) satellite systems, digital cellular systems and
indoor mobile systems, and systems that often must operate
in severe propagation environments.

One novel consumer application is the installation of
space-diversity antennas in some automobiles to mitigate re-
flection multipath fading and improve urban FM radio recep-
tion (29). Antenna diversity has also been demonstrated for
vehicular reception of mobile-satellite transmissions. For re-
ception at 1.5 GHz with a single terminal fade threshold of
10 dB, space diversity reception using two antennas sepa-
rated by 3 m provided a diversity gain (fade reduction) of
4 dB when the major cause of fading was shadowing and
blockage by roadside trees (30).

Because of the importance of preserving links supporting
multiple users, site diversity is beginning to be implemented
to protect feederlink earth stations in some mobile-satellite
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Figure 10. Configuration for 14/11 GHz earth—space site diversity, including microwave link
that interconnects the main and diversity stations to support selection diversity (TX/RX =
transmit/receive; IPA/HPA = intermediate/high-power amplifier; LNA = low-noise amplifier;
UC/DC = up/down converter; HYB = hybrid). (Copyright 1979 COMSAT Corp. All rights re-

served by COMSAT Corp. Used by permission.)

systems (9). A novel proposed application of site diversity,
called wide area diversity, is to protect many VSAT terminals
connected to a metropolitan area network by switching traffic
among the VSATSs as required to counteract impairments on
the separate earth-space paths (31).

Recently the orbital-diversity concept has been investi-
gated for narrowband VSAT systems, where a small reserve
capacity can be made available on an alternate satellite as
protection for several VSAT links. This application does not
require the difficult switching of wideband signals between
satellites. Interestingly, early experimental tests (32) indicate
that the diversity gain in snow events was superior to that
for rain events, but rain will likely represent the more impor-
tant impairment.

Yet another variation of orbital diversity (also called path
or satellite diversity in this context) is planned for some
NGSO satellite configurations, such as low earth orbit (LEO)
constellations, intended to communicate with ground-based
terminals (especially handheld terminals). The primary path
impairments are shadowing and blockage by terrain and sur-
face objects (trees, buildings, etc.) as the NGSO satellites
change position with respect to a user terminal. In such con-
stellations, more than one satellite may often be potentially
accessible from a given location on the earth, providing the
capability to switch among the separate, independently-fad-
ing paths to create a diversity configuration (33).
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Figure 11. Urban shadowing/blockage fading statistics simulated
for NGSO satellite constellation. “Highest” satellite is the one with
greatest elevation angle; “best” satellite is the one with least-faded
path; other curves assume coherent combining of signals from 2, 3,
or 4 satellite paths, respectively. (© 1997 IEEE.)
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Figure 12. Polarization diversity gain (90% probability level) as a
function of antenna cross-polarization discrimination (XPD), simu-
lated for worst-case fading with selection diversity in urban environ-
ment. (© 1997 Horizon House Publications, Inc. Used by permission.)

There will be many instances when at least one of the sat-
ellite paths is free of obstruction. If the most favorable path
can be selected as required, or the multiple signals can be
combined, path performance is enhanced. Figure 11 shows
the cumulative fading distributions estimated by simulating
the path availability achieved by equal-gain combining of
available signals from multiple satellites for an urban
shadowing/blockage environment (33). The substantial bene-
fits of path diversity for this environment are apparent. In
such systems using path diversity, the RAKE receiver tech-
nique may be implemented, not only to overcome shadowing
and blockage impairments, but also to enable smooth handoff
among the available satellite beams (34), which might be re-
quired every few minutes in LEO systems, since satellite mo-
tion is rapid with respect to earth-based terminals.

Polarization diversity has found renewed interest in mo-
bile telephony as a means to improve performance while
avoiding the need for additional spectrum or a second space-
diversity antenna, especially for handheld terminals (35) in
which the antenna orientation is quite variable. In a study of
polarization-diversity reception based on measurements in an
urban area (36), the achievable diversity gain was related to
the cross-polarization discrimination, XPD, of the received
signals. Figure 12 shows diversity-gain results at the 90%
probability level for selection combining with worst-case re-
ception (assuming the two signals arrive 180° out of phase),
referenced to the +45° branch of two linearly-polarized ele-
ments oriented at +45°. The results indicate that the diver-
sity gain achievable with polarization diversity in this appli-
cation is only a dB or so less than typical space diversity gains
achieved with antenna separations of the order of 20 wave-
lengths. In this environment, better performance was ob-
tained with linear polarizations oriented at =45° than for ver-
tical and horizontal polarizations, as the former maintained
more nearly equal mean signal levels in the two diversity
channels.

Additional diversity reception applications will inevitably
arise in response to future developments in telecommunica-
tion systems and technology.
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