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Abstract

Phase Sweeping Transmit Diversity with Fading Resistant Constellations
by Edward Mah

Master of Applied Science, 1998

Department of Electrical and Computer Engineering, University of Toronto

The problem of slow fading in the forward link of a mobile radio system is ad-
dressed in this thesis. Transmit diversity at the base station is investigated as a
solution to mitigating the long term impairment. A diversity system is proposed in
which multiple antennas spaced far apart transmit simultaneously the same signal to
the mobile terminal. The objective is to create artificial fast fading in an otherwise
static environment. A channel coding scheme is devised which exploits the auto-
correlation properties of the resulting fading envelope. By matching the frequency
offset of the carriers to the interleaving depth of the channel coder, it is possible to
realize antenna diversity gain at low mobile velocities and coding gain at high veloc-
ities. Simulations demonstrate the feasibility of increasing the diversity order of the
forward link under slow fading conditions without having to maintain a condition of

orthogonality between the multiple transmissions.
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Chapter 1

Introduction

1.1 Mobile Communications

The mobile communications industry has experienced phenomenal growth over the
last decade. The ability to establish communications with others at anytime anywhere
has improved individual productivity and mobility. The introduction of personal
communication services provide mobile users with ubiquitous access to voice as well
as data services. In 1995, the FCC regulatory body auctioned off radio spectrum in
the C band to selected telecommunications companies for a total of $10.2 billion. The
price paid by the successful bidders is an attestation of the profit potential of the new
services as foreseen by the industry.

With the advent of miniaturization of the mobile station came an increase in
the proportion of hand-held mobile stations in a conventional cellular system. Since
pedestrian users tend to remain stationary for an extended period of time, they are
susceptible to slow fading. Slow fading can cause temporary outages in service, lost
messages, and dropped calls when the received power falls below an acceptable level.
In order to mitigate this impairment, some form of diversity is required.

The issue of coverage and quality of service requires dwelling into the properties of
the radio channel and methods of improving the reliability of communications through

this medium.




1.2 Radio Channel

Consider a radio link between a base station transmitter and a mobile receiver. Typ-
ically, there exist a multitude of paths that radio waves may follow in traveling from
one antenna to the other. Multipath propagation is attributed to the presence of scat-
terers in the environment which act as reflectors of electro-magnetic radiation. The
resultant signal that the receiver actually receives is the sum of all these reflected
radio waves. Depending on the relative phase of these constituent components, either
constructive or destructive interference occurs at the receiving antenna. Fluctuations
in the received signal strength is termed fading [1]. In general, the receiver is mobile
relative to the transmitter and/or scattering bodies. Hence, fading of the received
signal is both time and spatially varying.

In addition to multipath interference, the attenuation of the received power can
be attributed to a number of phenomena. If a large structure is situated along a
direct path between the transmitter and the receiver then shadowing results. The
radio waves must travel an indirect route to reach the receiver. Standing wave in-
terference occurs when the receiver lies in between the transmitter and an almost
perfect reflector. Since the standing wave pattern that arises is frequency dependent,
this induces spectral nulls and peaks in the channel at certain frequencies. This is an
example of frequency selective fading in which the amount of fading is variable over
the bandwidth of the channel.

Slowly moving or pseudo-stationary terminals are sensitive to nulls in the received
signal due to multipath propagation. Long term fading caused by shadowing also
poses a problem for pedestrian users because a person in an affected area tends to
remain there for prolonged periods of time. It is this group of mobile terminals that

benefit the most from antenna diversity schemes.

1.3 Diversity Techniques

Various diversity schemes are used to combat the effects of fading. For instance, data
symbols may be transmitted repeatedly over distinct channels so that the receiver will

ideally have multiple independent estimates of which symbol was sent. These channels



Figure 1.1: Hlustration of Multipath and Scattering Phenomena

may be separated by intervals of time, frequency, or space. In time diversity, if the
period in which a data symbol is repeated is greater than the coherence time of the
system then the amount of fading affecting the different estimates are uncorrelated
[2]. Similarly, radio channels that are apart in frequency by an amount larger than
the coherence bandwidth of the system also undergo independent fading conditions.
In space diversity, multiple antennas separated by a physical distance are located at
the transmitter and/or receiver to achieve the same purpose.

In periods of deep fade, the received SNR is low which causes a high bit error
rate to occur. However, the dynamics of the channel may change leading to a sudden
rise in SNR and substantial improvement in the probability of error. Consequently,
transmission errors are prone to be bursty in nature over a fading channel. This
characteristic defeats the gains offered by error correction coding unless interleaving
of the data symbols is performed. The purpose of interleaving is to ensure that
adjacent data symbols are transmitted at different times which subjects them ideally
to independent fading amplitudes. The net result is a more uniform spreading of
the bit errors over the entire data stream which is more desirable from an error
correction coding point of view. The limitation of this approach is the amount of
delay incurred during transmission. If the coherence time of the channel is very
large then the interleaver depth will also have to be large to compensate for this. A
significant length of delay may be intolerable for a real time voice application. One

of the drawbacks of using time diversity is that it assumes that the mobile station
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is in motion relative to its environment. Since coherence time is inversely related
to Doppler spread, a perfectly stationary system exhibits an infinite coherence time.

Consequently, no time diversity is obtained in a fixed environment.

1.4 Antenna Diversity

Antenna diversity techniques are classified by their use of multiple transmit and/or
receive antennas separated in space for the purpose of realizing alternate radio chan-
nels with different fading conditions. Performance gains are achieved by exploiting
the de-correlation property of fading with increasing antenna separation distance.
Antenna diversity techniques are advantageous over other forms of diversity in that
they do not incur a bandwidth penalty to implement. A receiver which performs
diversity combining from multiple antennas can be made compatible with any mobile
radio communication standard. Receive antenna diversity is typically employed at
the base station to improve the reception of signals originating from mobile stations
which have relatively low transmit power.

Although receive antenna diversity may be feasible for vehicular based receivers,
it is usually not an option in hand-held units as the required spacing for multiple
antennas would make the device quite bulky. Assuming that a large number of
scatterers are uniformly distributed around the mobile station, the antenna spacing
needed to achieve a correlation factor of 0.2 is in the order of 0.5 to 1.0 wavelengths [3].
This corresponds to a separation distance of 17 cm at a carrier frequency of 900 MHz.
The reciprocity of the channel between the transmitter and the receiver ensures that
the propagation conditions in both directions are fairly identical. However, the spatial
distribution of received multipath signals is often uniform at, the mobile but directional
at the base station. This is because the receiver experiences local multipath due to
the presence of scatterers all around the mobile whereas the base station antenna is
usually located at an elevated position clear of most obstructions. A consequence
of the narrow angular spread of the multipath rays at the base station is that the
spatial correlation of fading is much higher than in the case of the mobile station.
The required spacing between antennas may be upwards of tens of wavelengths in

order to achieve a correlation factor of 0.2 at the base station {3].



Base
station

Figure 1.2: Base Station Antenna Diversity

1.5 Transmit Diversity

1.5.1 Considerations

Transmit antenna diversity involves coordinating the transmissions from multiple an-
tennas to obtain spatial diversity in the system. The different antennas might be
excited selectively one at a time or they may transmit together simultaneously. In
practice, the large separation distance between transmit antennas makes transmit di-
versity schemes feasible only at the base station (ie. the forward link) where space is
readily available. Although they introduce more complexity to the system in compar-
ison to receive diversity, the centralized role of the base station means that all mobile
receivers benefit from their application. Transmit antenna diversity schemes are most
effective in mitigating slow fading and/or long term fading in the forward link because
of their ability to effect change on the propagation paths thereby altering drastically
channel conditions. If feedback information regarding the receiver’s performance is
unavailable to the transmitter then only diversity techniques operating under open

loop control are possible.

1.5.2 Non-Overlapping Transmissions

In selection diversity, the base station cycles through all the antennas by exciting
each one individually while the mobile station notes the fading amplitude that arises
from its use at each step. The mobile station then notifies the base station via a
control channel as to which antenna yielded the best channel response. Subsequent

communications originate from the selected antenna until either a fixed period of



time has elapsed or the performance of the link deteriorates below a preset threshold.
At that point, the selection process is initiated once again. A drawback of selection
diversity is the amount of time consumed in searching for the best antenna. The
selection process incurs a search time which is proportional to the number of available
antennas. The overhead can be significant when frequent switching is required because
it reduces the overall throughput of the link. The decision time can be reduced by
restricting the number of antennas that must be searched at each iteration. Another
concern is the round trip propagation delay which causes the moment when the
selected antenna is activated to lag behind the point in time when the optimum
decision was made. Under fast fading conditions, selection diversity can not keep up
with the rapid fluctuations in the fading envelope. Figure 1.3 illustrates the resultant
fading envelope for two branch selection diversity over a Rayleigh fading channel.

If time division duplexing (TDD) is employed in the system then the selection
process is greatly simplified. The mobile station and the base station alternate turns
transmitting to each other over a common frequency band or over two bands which
are separated in frequency by no more than the coherence bandwidth of the system.
During the period when the radio channel is operating in the reverse direction, the
base station monitors the signal from the mobile station as it is received by each
antenna. Assuming that the coherence time is sufficiently long, the task of channel
probing is realized here for free transparent to the transmitter and receiver pair.
When the link flow changes to the forward direction, the base station transmits from
the one antenna that vielded the best reception for the up-link signal. The reciprocity
of the radio channel makes the selection of the optimum antenna the same for both
link directions. Hence, there is no need to perform a systematic search among the
candidate antennas.

Another technique that circumvents the search procedure is switched diversity
[4]. When the fading envelope affecting the forward link falls below some minimum
level, the mobile station instructs the base station to switch antennas. The choice
of alternate antenna is predetermined in either a random manner or a cyclic fashion.
The decision process is quick and simple but it is not optimum. There is no provision
that the newly selected antenna results in a radio channel which is better than the

previous one. The likelihood of switching to a better antenna is increased with a lower
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threshold setting. However, a threshold value which is too low results in the system
dwelling in a sub-optimum state for unnecessarily long durations. Consequently, the
challenge of switched diversity is to determine the threshold level which yields the
best performance.

Rather than switching when directed by the mobile station, the base station can
simply transmit from a different antenna at regular intervals. In pre-switched diversity
[5], alternate transmit antennas are selected for use just prior to the transmission of
a new frame of data. Forward error correction coding is applied jointly across the
multiple antennas in order to guard against data loss. When one antenna is affected
by fading, ideally another one can still provide sufficient signal to the receiver so that
it can recover the transmitted data. The net result is an average link performance
which is neither the best nor the worst that can be acheived from using only a single
transmit antenna out of the group. Pre-switched diversity is suitable for combating
slow fading channels and applications where feedback control from the mobile station
is unavailable. This technique can be viewed as a low frequency on-off gating of the
antennas which purpose is to create time varying channel conditions. A drawback of
pre-switched diversity is that it is not optimum for mitigating shadow fading. For
example, it would be spectrally inefficient to reserve different time slots for transmit
antennas which cover disjoint areas in the service region (to overcome shadow fading)
[6]. It is better to simply place a transmitter in the problem area and re-transmit the
blocked signal.

1.5.3 Overlapping Transmissions

Several authors have proposed transmit diversity techniques that exploit the proper-
ties of the channel equalizer in the mobile receiver [7][8][9][10][11]. For instance, delay
signal transmission in the forward link can be used to create artificial time dispersion
in the radio channel. If the equalizer window is wide enough to accommodate large
delays typical of large cells then the equalizer might not be utilized to its full potential
in smaller cells where the propagation delays are much less. Therefore, in a small cell
environment it may be possible to transmit the same signal twice but delayed in time.
The second transmission would originate from a spatially separate antenna such that

the fading envelope exhibited by the two antennas are uncorrelated. The equalizer
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can compensate the received signal for the artificially introduced multipath distor-
tion. Performance gain is obtained through diversity combining of the received signal
energy provided that the differential delay between the transmissions is sufficiently
long. With most equalization algorithms, it is necessary for the differential delay to
be greater than about a quarter of the symbol period before any diversity benefit is
realized [12].

If the base station employs a phased array for both reception and transmission then
a time division duplex system can utilize adaptive retransmission to improve signal
reception at the mobile station. Time division duplexing exploits the reciprocity of
the transmission channel to implement open loop selection diversity and/or power
control. During the up-link cycle, the base station observes the signals received at
each antenna and measures the relative phase difference separating them. When the
direction of the link changes, the base station uses the antenna array to transmit
in the forward direction by feeding each element with a delayed signal which phase
is determined by the complex conjugate of the previously observed phase difference.
Effectively, this steers the main lobe of the array in the direction of the general
vicinity of the mobile unit. For a sufficiently slow varying channel, this also causes
the various signal paths to add constructively at the mobile receiver. Antenna arrays
are capable of concentrating the transmitted signal energy through a thin beam width
which illuminates a narrowly defined region. A consequence of the directivity in
transmission is that interference to other users outside the coverage of the main lobe
is reduced in comparison to a system which employs only a single antenna.

In jitter diversity [13|[14], the main lobe of the transmit antenna is subject to
constant movement in space with the purpose of creating artificial fast fading at the
mobile station. The displacement in the direction of illumination about its mean
position is only a few degrees. Angular shifting of the main lobe is accomplished by
either rotary motion of the transmit antenna or the introduction of a time varying
differential phase in the signals feeding the various elements of a phased array. Jitter
is normally something to be avoided in communication systems as it complicates the
process of synchronization and impairs symbol detection. However, forcing the fading
envelope to vary over time can actually improve the coding gain provided by forward

error correction codes. An interleaver with finite memory is able to better randomize



the position of the faded symbols when the fading amplitude is changing rapidly. In
turn, this leads to more effective use of time diversity.

In phase sweeping diversity [15], multiple antennas transmit the same signal si-
multaneously except that the RF carrier of each antenna is phase modulated slightly
by different functions of time. Note that the transmissions do not necessarily origi-
nate from co-located sources. The transmit antennas are spaced sufficiently far apart
such that they experience independent fading conditions. Phase sweeping prevents
the incidence of multiple carriers from the different antennas canceling each other’s
signal at a fixed location in space. Fast fading is induced in the overlapping areas
of coverage which benefits pseudo-stationary mobile receivers. Non-overlapping areas
gain by the fact that multiple transmit antennas can provide more thorough coverage
of a service region than a single antenna.

The introduction of artificial fast fading to an indoor environment has been pro-

posed in [16].

1.6 Simulcasting

The term simulcast is a derived from the words simultaneous and broadcast. In a
simulcast system, a common RF signal is transmitted simultaneously from multiple
antennas distributed over a wide geographical area [17]. The ubiquitous nature of
these transmissions ensures greater service coverage than would otherwise be pos-
sible from using a single transmitting antenna. Applications where simulcasting is
employed include paging, dispatch, digital radio, etc.

Simulcasting is a form of transmit diversity in that the mobile terminal may
receive its signal from more than one radiating source {18] [19]. However, it is usual
to distinguish simulcasting from transmit diversity in that latter classification usually
denotes the schemes which involve several transmit antennas common to one base
station. Transmit diversity may or may not operate under closed loop control whereas
simulcasting is open loop by design.

Inherent to a simulcast signal is the problem of intersymbol interference in which
the mobile terminal receives multiple time delayed versions of the same signal. These

signals can originate from different transmitting antennas or from even the same
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Figure 1.4: Illustration of Simulcast System with 3 Transmitters

source due to multipath propagation. The receiver observes the superposition of these
time shifted signals which, in a narrowband scheme, can not be resolved individually.
When the delays are small compared to the symbol duration, the received signal
behaves as if it were originating as a single ray subject to a time varying multiplicative
distortion [20}[21].

Simulcasting is inferior in performance to selection transmit diversity for a given
amount of transmitted power. Redundant transmissions throughout a service region
inevitably results in signals being radiated in areas in which the intended recipient is
not present. This may seem wasteful of system bandwidth considering that frequency
spectrum is a scarce resource. For a given amount of spectrum, frequency reuse
enables a cellular system to support simultaneously more users thereby increasing
overall throughput. However, simulcasting is necessary for applications in which only
one way communications is available. The lack of a reverse channel means that the

system has no way of knowing where the mobile terminal is located.

1.7 Research Objectives

The use of multiple transmit antennas to mitigate slow fading is the objective of this

research. The emphasis is on transmit antenna diversity for the forward channel of

11



a mobile radio system characterized by short delay spreads (eg. indoor radio). It
is assumed is that the base station can always implement receive diversity/adaptive
antenna arrays to mitigate fading/interference in the reverse link making it straight-
forward to improve upon. These mitigation techniques are usually not feasible at
the mobile station though due to practical considerations. It is a challenge to add
antenna diversity to the forward link as an after thought, once a particular signaling
format has been standardized or when no feedback control channel is available. In
order to resolve these issues, there are four self imposed requirements that must be

satisfied in the following research.
e The slow fading problem needs to be addressed.
e Multiple transmit antennas are used to achieve space diversity.
e The proposed diversity scheme should operate under open loop control.

e The design of the diversity receiver should be compatible with a non-transmit

diversity scheme.

The last criterion allows for the installation of a single transmitter to cover a service
area with the option of adding later additional antennas as needed. In other words, the
operation of the mobile receiver should be transparent to the invocation of transmit
antenna diversity at the base station.

A phase sweeping technique combined with fading resistant constellations is re-
searched in this thesis. It is proposed that artificial fast fading be introduced to an
otherwise slow fading environment to realize an increase in coding gain. The possibil-
ity of applying transmit diversity at the base station as well as in a simulcast network

is investigated.

1.8 Outline of Thesis

The simultaneous transmission of a signal from multiple antennas in the forward
link is studied in Chapter 2. The performance of orthogonal, co-phased, and non co-
phased carriers is compared. Phase sweeping is investigated as a method of simulating

fast fading for a static environment. The autocorrelation of frequency offset carriers
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is derived to characterize the artificially induced fading. A novel transmit antenna
diversity technique is proposed in Chapter 3. The architecture of the transmitter and
receiver pair, choice of coding and modulation are outlined. The merits of simulcasting
are explored for its ability to provide redundant coverage to a given service area.
The performance of phase sweeping transmit diversity, obtained through computer
simulations, is presented in Chapter 4. A complete transceiver pair is simulated for
different values of mobile velocity, differential delay, number of antennas, choice of
constellation, etc. Lastly, conclusions drawn from the research and suggested future

work are summarized in Chapter 5.
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Chapter 2

Simultaneous Narrowband
Transmissions from Multiple

Antennas

2.1 Coverage and Capture Zones

Consider the case of a forward link consisting of a single transmitter with no co-
channel interference. Associated with the transmit antenna is a region in space in
which it can generally provide adequate illumination for a given level of radiated
power. If contour lines could be mapped tracing out points with identical average
received power, the terrain features and the presence of scatterers would determine
their geometry while the transmit power would affect their size. When a second
transmitter is introduced to the system, the joint region which is serviceable by at
least one of the two antennas would ideally be the union of their individual areas of
coverage. This is true provided that their transmissions are disjoint somehow, that is,
they do not interfere with each other. For narrowband radio, the signals from the two
antennas could be made separate in time or in frequency but this would be spectrally
inefficient. With cross-polar discrimination, the signals from two co-channel sources
can be made separable if they are transmitted on different polarizations. This allows
for better utilization of the frequency spectrum. Figure 2.1 illustrates the use of

simulcasting to increase coverage and to overcome shadow fading. The regions of
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Figure 2.1: Tllustration of Larger Overlapping Coverage in a Simulcast System (top)
with Increased Transmit Power (middle) or More Transmit Antennas (bottom)

overlapping coverage can be either beneficial or detrimental to the mobile receiver
depending on the method of transmission and modulation used.

In general, determining the total coverage area in a simulcast network of trans-
mitters is not as simple as in the example illustrated previously. Assuming that
the receiver is not capable of diversity combining, the simultaneous reception of two
or more comparable strength transmissions at a common radio frequency results in
simulcast interference. Simulcast interference causes non-capture zones to appear in a
conventional digital FM simulcast system where the receiver is unable to adequately

lock on to one particular carrier. A capture zone is a geographical region where the
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signal received from one antenna is strong enough to overcome the simulcast inter-
ference from other antennas thereby permitting proper signal detection to occur. In
determining whether a given location coincides with a capture or non-capture zone,
it is necessary to compare the relative strengths and differential delays of the received

signals. There are three distinct scenarios to consider.

e Single dominant ray: The mobile station receives most of its signal energy from
one radiating element. This usually happens when the receiver is close to one
transmitting antenna. Any simulcast or intersymbol interference that may be
present is small enough so that its degradation on receiver performance is min-
imal. Multipath fading and shadow fading are the primary channel impairment
which affect communications, as in the case in which the forward link comprises

of only a single transmitter. Reliable communications is possible in this region.

e Comparable strength rays, small differential delay: Multiple carriers of similar
magnitude impinge the receiver from different sources. The differential delay
separating the various transmissions is small relative to a symbol duration.
Hence, intersymbol interference is not a significant problem. Such a situation
would likely occur when the mobile station is located approximately equidis-
tant to two or more transmitters. The simulcast interference can be either
constructive or destructive in nature resulting in fluctuations in the received
signal envelope. Communications is feasible in this region provided that certain
issues are addressed. For example, a good forward error correction scheme can
overcome the simulcast interference present in the channel (provided that the
fading is not flat). Also, strict tolerances on the exact transmit frequency must

be maintained.

e Comparable strength rays, large differential delay: As before, the path gains
from two or more transmit antennas to the mobile station are similar in strength.
However, the path delays incurred along the various propagation paths differ
by a duration comparable to a symbol period. Severe intersymbol interference
occurs which complicates and degrades the process of symbol detection. A
scenario like this would happen if shadow fading attenuates the transmission

coming from the closest antenna. Hence, the signal energy originating from
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more distant sources become significant in comparison. Communications is
generally difficult, if not impossible, in this region without the help of channel
equalization and coding. Note that with equalization, the link performance
can actually actually be better here than in the previous case. An equalizer
can perform diversity combining of the received signal energy when a large

differential delay exists between the paths.

The first situation described above can be classified as a capture zone. The latter two

cases exemplify the properties of a non-capture zone.

2.2 Important Simulcast Parameters

The composite signal that the receiver observes is a superposition of multiple car-
rier wavefronts from different transmitters. Assuming that the differential delay for
the various propagation paths is negligibly small, the received signal for a simulcast

system employing phase modulation may be expressed as

L
r(t) = ZAieJ'(wiHrbi(t)-*-ﬂe) (2.1)
i=1

¢i(t) = d;cos(a;t + G;) (2.2)

where

A; is the amplitude of the signal from the i** transmitter,
w; is the carrier frequency,
¢;(t) is the information bearing phase,
@; is the carrier phase,
d; is the peak deviation of the phase modulation,
a; is the frequency of the baseband signal, and
B; is the phase of the baseband signal.

The subscript ¢ enumerates the L radiating elements that are transmitting simultane-
ously to the mobile station. In the ideal case, w;, ¢;, and 8; would be the same for all
of the transmitters. This condition would result in all the signals adding coherently at

the receiver. The carrier phase 0; that is observed at the mobile station is dependent
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Parameter
Mismatch

Effect on Simulcast Channel

Wy F wy

A frequency offset Aw exists between the two carriers which induces
a beat frequency component on the received signal envelope. If Ay =~
A, then periods of deep fade will occur whenever the two signals add
destructively. Artificial fast fading is superimposed on top of the slow
fading envelope for large Aw.

6, # 6,

A phase offset A@ exists between the two carriers which gives rise to
standing wave interference patterns in regions where there is overlap-
ping coverage. The standing wave patterns remains fixed in space pro-
vided that the scattering environment is static, w; = ws, and ¢; = ¢s.
It is possible for a stationary mobile station to be situated in a null
region for an extended period of time.

&1 # &y

An imbalance in the amplitudes Ad of the modulating waveform trans-
lates into a mismatch in the modulation indices for the different trans-
mitters. A small value for Ad causes distortion in the received base-
band signal. A moderate value of Ad can actually be beneficial when
the A;’s are unequal because it enables the receiver to be captured by
the strongest signal.

) # ag

A frequency offset Aa exists between the two modulating waveforms
which results in spectral spreading of the received baseband signal.
Severe distortion can occur if A« is relatively large.

b # B2

A phase offset A exists between the two modulating waveforms. At-
tenuation occurs in the detected signal if AB # 0. If all else remains
equal, maximum signal loss occurs when AG = 7.

Table 2.1: Effect of Parameter Mismatch on a Simulcast Channel

on the complex manner in which multipath components add together making it not

a determinant quantity prior to transmission. Consequently, the base station has no

control over this quantity in a simulcast application. Suppose that L = 2 and there

is a mismatch in one of the above parameters. The effect of the mismatch on the

simulcast channel is summarized in Table 2.1.

2.3 Frequency Tolerance

It is critical to the operation of a simulcast network to maintain the carrier frequency

of the transmitters within a prescribed tolerance. Consider the case where a line of

sight condition exists between the mobile station and two transmitting base stations.
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Hence, the receiver is situated geographically in an area where there is overlapping
coverage from two transmitters. If the transmit frequencies of the two antennas are
derived from a common reference then the superposition of their carrier waves will add
either constructively or destructively at the receiver depending on their relative path
difference. Consequently, there will be static regions of standing wave interference in
the overlap area. This can lead to the undesirable situation in which either one of the
two base stations operating alone could have adequately served the mobile station
but when both antennas are transmitting simultaneously, the radio channel is in a
faded condition.

If the carriers for the two different transmitters originate from independent os-
cillators then they generally will be running at frequencies slightly offset from each
other. A small displacement in frequency generates artificial fast fading at the mobile
station due to the superposition of the carriers cycling between a co-phase and anti-
phase condition. The frequency offset should not be so large as to cause the fading

envelope to change appreciably over a two symbol periods.

2.4 Average Energy of Simulcast Signals

2.4.1 Slow Fading Channel Model

Since the velocity of the mobile station follows directly from the user, its value can
range from zero (ie. stationary mobile) to walking speeds and then up to vehicular
speeds. Pedestrian behavior is often characterized by stop and go movement. Conse-
quently, the velocity of the mobile station is assumed to take on a limited number of
discrete values. In the simplest case, velocity is generalized as being in either a zero
or non-zero state. When the mobile station is at rest, the channel is said to exhibit
pseudo-stationary fading. The static nature of the environment fixes the amplitude
and phase relationships between individual multipath components. This causes the
overall fading amplitude to remain constant over an extended period of time.

Let the channel between a given base station transmit antenna and the mobile
terminal be modeled as a single ray Rayleigh fading channel. It is assumed that L

such transmit antennas are available and that they are situated sufficiently far apart
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to experience independent fading conditions. Furthermore, the fading process varies
slow enough that the envelope can be deemed constant over one signaling interval.
Consider the simultaneous transmission of a single pulse through this system of L
antennas. The composite signal is received via one omni-directional antenna at the
mobile station. After down conversion to baseband the received signal is fed to
a correlator, the output of which is used for symbol detection. In the following
sections, the received signal energy & is defined as the magnitude squared output of

the correlator in a noiseless system.

2.4.2 Orthogonal Carriers

If the channels corresponding to the L transmit antennas are orthogonal (eg. via time
or frequency division multiplexing) then the transmissions do not interfere with each
other. Let a; denote the complex valued fading amplitude associated with the i** an-
tenna. It is assumed that the fading processes affecting each channel are independent.
The signal energy from the L diversity branches can be combined using the maximal

ratio combining technique [1] which yields

L
E = Z |as[? (2.3)
i=1
_ L
E, = Z o? (2.4)

=1

The a;'s are modeled as independent complex, zero-mean, Gaussian random variables,
each with a variance 2. Thus, &, is a sum of L independent x? distributed random
variables. In general, the o;’s will not be equal in a simulcast system where the
propagation paths and/or conditions among the L transmit antennas and the mobile

terminal may differ considerably. The probability density function of & is

N
p(&) = Z;ﬁe i (2.5)
i=1 Yi
L o2\ !
=
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For transmit antenna diversity at a base station, the o;’s are taken to be equal due to
the relative proximity of the antennas. In this case, the probability density function
of & is ,
1 -=%
E) = ——r&l7le 2.7
Note that for a system with L orthogonal channels, there are L correlator outputs to

consider. Consequently, there will be L sources of noise in the decision statistic.

2.4.3 Co-Phased Carriers

In an ideal system, multiple transmissions originating from spatially separate anten-
nas could be coordinated such that their signals all add constructively at the receiver.
The coherent addition of RF signals requires that the phase of the carriers be the same.
Also, the differential delay separating the transmissions must be small compared to
the symbol period. The antenna gain that would arise from evenly distributing a
given transmit power among L antennas equidistant to the receiver which then co-
phase the L equal strength carriers at the receive antenna is equal to V'L, assuming
a free space environment.

Given a slow fading channel, the signal energy received at the mobile station from

L co-phased transmissions is equal to

L L L
E = Y lal>+ DY laillal (2.8)
=1

i=1 j:l
J#i
The first summation term is analogous to Eq. (2.3) and the second summation term

is always non-negative. The probability density function of & can be evaluated

iteratively as

p(E,) = 2—1\/—?f (V&) (2.9)

where
) = [ Fua (= 2 () (210)
fnw) = fala) (211)
fe(zi) = %6_;? (2.12)



It is worthwhile to note that the mean value &, is larger here than in the case of
orthogonal carriers.
_ L, ndd
£, = o; + Z ZO’,‘O'J‘ (2.13)
i=1 i=1 j=1
J#
An antenna array would be an example of co-phased transmission of signals except
that the a; are correlated. Also, the spacing between antenna elements is kept small,
on the order of half a wavelength, to ensure that the signals add coherently at the
receiver. Such a small separation does not provide adequate spatial diversity to
mitigate shadow fading. In a non-stationary environment, the co-phasing of carriers
from geographically disperse transmitters is not feasible due to the rapid changes in

carrier phase caused by the displacement of scatterers relative to the receiver.

2.4.4 Non Co-Phased Carriers

If the co-phasing of carriers is not performed then the impulse response of the channel

as observed by the receiver can be modeled over a short period of time as

L
h(t) = Z a;d(t — ;) (2.14)

=1

The equation for h(t) is similar to that describing an L-path Rayleigh fading channel
for a single transmit antenna system. The matched filter bound on the performance
of binary (or 4-QAM) transmission over a multipath Rayleigh fading channel has
been derived previously in the literature {22][23]. Since the simulcast channel model
is similar to that of the time-discrete multipath fading channel, a similar approach to

the derivation of p(&;) is followed. The equation for the signal energy &; is

L L
E = ZZaia;Rg('ri—Tj)

i=1j=1

= zHRz

where R,(t) is the autocorrelation of the transmitted pulse, z is a column vector of
complex, zero-mean, unit variance, Gaussian random variables of length L, and R

is an LxL matrix of elements defined by ry; = oi0;Ry(; — 7;). A singular value
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decomposition of the Hermitian matrix R yields a diagonal matrix A. The diagonal
elements \; are the eigenvalues of the system. If the eigenvalues are distinct then the
probability density function of £, is given by

e > (2.15)

o

i

== 1Me
TN X|es

I
Zroh2
—

!

p(g_,) =

..
1
N

(2.16)

..
4l

The case of non-distinct eigenvalues is treated in [22]. Typically for a simulcast
arrangement of transmitters, A; # \; for i # j because the individual propagation

paths that comprise a simulcast channel are inherently dissimilar.

2.4.5 Performance of BPSK Signaling

The matched filter bound on the performance of BPSK signaling over the channels
described in Sections 2.4.2-2.4.4 is determined by averaging the probability of error

over the range of &,.

_ © 1 &, Ep
P, —A -2-erfc ( ENG) p(&s)dE, (2.17)

In order to compare the performance of BPSK for the three channels in the case of

transmit antenna diversity at the base station, the following assumptions are taken.
e The L transmit antennas undergo independent Rayleigh fading.
e The average received power from each of the L antennas is the same.
e The differential delays are small relative to the symbol period.
e The total transmit power is held constant across all schemes.

Given these conditions, the case of L non co-phased transmissions reduces to that of
single ray Rayleigh fading. That is, the sum of L complex valued fading amplitudes
(each of which is complex Gaussian distributed) yields a complex Gaussian random

process, the magnitude of which is Rayleigh distributed. Consequently, the baseline
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Figure 2.2: Performance of BPSK for Multiple Transmit Antenna Configurations

scheme is that of BPSK signaling via a single diversity branch. The performance of
selection transmit diversity, transmission over L orthogonal carriers, and co-phased
transmission is plotted in Figure 2.2. The majority of schemes exhibit a probability of
error curve that varies asymptotically as ﬁlif‘ The notable exception is the error rate

for non co-phased transmission which falls only as gz

Although the performance
of 3 orthogonal transmissions is inferior to that of selection transmit diversity by 2.2
dB, it is superior to co-phased transmission with 2 antennas at a probability of error
better than 0.002. The benefit of the L orthogonal transmissions scheme is that it
operates without any feedback control. The diversity gain of the four schemes over a
single antenna system at a bit error rate of P, = 10™* is summarized in Table 2.2 for

L=2and L =3.
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Scheme Gain [dB]
L=2|L=3
Selection Tx 16.2 | 21.1
Orthogonal Tx 14.6 | 189
Co-phased Tx 17.1 22.8
Non Co-phased Tx 0 0

Table 2.2: Performance Gain of Simultaneous Transmission over Baseline Scheme,
P, =10

2.5 Phase Sweeping

Since the co-phasing of carriers is not feasible without some elaborate control mech-
anism, the alternative is to design a transmission scheme in which the receiver can
somehow capture the mean signal level provided jointly by the L transmit antennas.
The objective of phase sweeping is to create an averaging effect over the fading ampli-
tudes corresponding to the L antennas rather than seeking constantly the optimum
transmit antenna configuration via feedback control. The application of phase sweep-
ing creates an artificial fast fading environment which finds use in the mitigation of
slow fading environments.

Let z;(t) denote the passband PAM signal transmitted via the ¢** antenna, cen-

tered at a carrier frequency of w. = 2« f,.

[o o]
Ti(t) = Y. Apg(t — kT)ellwet+oi(0) (2.18)

k=-o0

The time-varying phase ¢;(t) in the complex exponential is defined as the phase
sweeping function for the i** transmitter. Any drift or offset component in the carrier
frequency is assumed to be absorbed by the term ¢;(¢). The channel impulse response

can be modeled to include the effect of phase sweeping on the channel.
L
h(t,7) = 3 asbi(£)5(r — ) (2.19)
i=1

where b;(t) = e/%(9 is the complex exponential which is superimposed on the trans-

mitted signal from the ¢** antenna. Two time indices, t and 7, are required to model
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the time varying nature of the impulse response. The phase sweeping functions are

chosen such that
® ¢;(t) # ¢;(t) + C for i # j and any constant C.

e The phase difference ¢;(t) — ¢;(t) has close to a uniform distribution over the
interval [0, 27).

® The variation of ¢;(t) over two successive symbol durations is small enough to

permit differential detection at the receiver.

e The effect of phase modulation on the carrier is small so as not to cause appre-

ciable spectral widening of the passband signal.

The first point ensures that any interference pattern that arises between the L simul-
taneous transmissions does not remain fixed in space. The second point attempts to
equalize the likelihood of occurrence of constructive and destructive interference over
a given observation interval. If the set of phase sweeping functions ¢;(¢) is jointly
periodic then the period over which this occurs is defined as one phase swept cycle.
Examples of phase sweeping functions are sine waves and triangle waves [15]. The
simplest of phase sweeping functions that satisfies all of the above properties is a
linear ramp ¢;(t) = a;t which is equivalent to having a frequency offset between the
L carriers. The only restriction on the choice of frequency offsets is that they all be

unique.

2.6 Autocorrelation of Frequency Offset Carriers

Consider a phase sweeping transmit diversity system with dual transmit antennas
(ie. L = 2) employing a frequency offset strategy. The transmission of an unmodu-
lated carrier wave is investigated here but the result can also be applied to a modu-
lated carrier as long as the overall fading envelope can be considered constant over
one signaling interval. Let z(¢) and y(¢) represent the time varying fading amplitudes
associated with the two antennas. It is assumed that z(¢) and y(t) are complex valued
(ie. comprising of magnitude and phase) and that the fading processes are indepen-

dent. Let w, denote the frequency offset between the two carriers. The autocorrelation
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of the received signal r(t) is

Relto,t) = B [(3°(0)e 0t 2)0 4y gg)e i8]

(I(tl)e’(“°+£2“)“ + y(t[)ei(“’c-%“)h)] (2.20)
= Re(to,t))edF0=0) L B (2o, t,)e T F o+t 4
Ryz(to 1) F0+) 4 By (£, 8y)e™7 F (1710 (2.21)
Rer(T) = Rup(7)EF7 + Ryy(r)e 777 (2.22)

where Rp,(fo,;) = 0 and Ry(to,t,) = O given that z(t) and y(t) are independent.
Note that the autocorrelation of 7(¢) depends only on the difference of the time indices
to and t,. In the case of transmit antenna diversity, the two antennas are co-located at
a common base station. The proximity of the antennas causes their fading statistics
to be the same even though their corresponding fading amplitudes are uncorrelated
due to multipath propagation (assuming a non-zero mobile velocity). Hence, the

autocorrelation of z(t) tends to equal that of y(t) which yields

Rep(7) = 2Ry (7) cos (%r> (2.23)

Without phase sweeping the autocorrelation of r(t) is simply

R (7) = 2Rz (7) (2.24)

The quantity R..(7) depends on the mobile velocity, the spatial distribution of scat-
terers around the mobile station, and whether or not line of sight propagation is
available. If the magnitude of the fading process follows a Rayleigh distribution and
there exists a uniform circular distribution of scatterers around the mobile station
(see Jakes method [2]) then Eq. (2.23) becomes

R (7) = 2PJy(wmT) cos (C—;g‘r) (2.25)

The significance of invoking phase sweeping is that by controlling the frequency offset

parameter w,, it is possible to force the autocorrelation function R,..(7T) to zero at
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The set of time lags satisfying Eq. (2.26) also includes those which correspond to the
zeros of R,,(7). However, R;-(7) = 0 has no fixed solution given that it depends
on the mobile velocity and the propagation conditions. The zero forcing of R..(7) at
known values of 7 can be advantageous in forward error correction coding for slow
fading channels (depending on the coding strategy employed). Figure 2.3 illustrates
a conventional channel coding scheme in which the encoded bits are passed through a
block interleaver. By matching the interleaving degree n of the channel coder to one
of {@‘fl’i}, it is possible to engineer uncorrelated fading amplitudes for adjacent

coded symbols independent of the mobile velocity provided that

2n+ 17

= (2.27)

We =
where T is the symbol period. For a slow fading channel, this technique causes
adjacent coded symbols to undergo uncorrelated fading but coded symbols positioned
two intervals apart experience similar fading amplitudes unless the interleaving degree
is sufficiently large. Consequently, two branch diversity is feasible even under pseudo-
stationary fading conditions. A plot of Eq. (2.25) is shown in Figure 2.4 for a carrier
frequency f = 1 GHz and a frequency offset f, = 25 Hz. In a conventional system with
a single transmit antenna, the rate at which the autocorrelation of the fading envelope

decreases with time lag 7 and the location of the zero crossings are closely related to
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the mobile velocity. Given that mobile velocity is an uncontrollable parameter and
that the interleaving depth of a channel coder is often fixed and finite in extent, a
conventional system with a single transmit antenna is vulnerable to slow fading. In
the limit, interleaving becomes ineffective and the diversity order of the system tends
to unity in a pseudo-stationary fading channel.

Similarly, consider a phase sweeping transmit diversity system employing three
antennas (ie. L = 3). Let z(t), y(¢), and z(¢) represent the independent complex
fading amplitudes for antennas 1, 2, and 3 respectively. The difference in carrier
frequency between antennas 1 and 2 is the same as that between antennas 2 and
3 and is denoted by w,. The autocorrelation of the fading envelope is derived in a

manner analogous to the previous example.
Rer(T) = Rzz(7)e’” + Ryy(7) + Raa()e ™77 (2.28)

where R’-ﬂ_](tO:tl) = Ry:(tm tl) = sz(tO,tl) = Rz:(tOytl) = Ryz(th tl) = Rzy(thtl) =
0. If the fading statistics of the three antennas are identical then it follows that

R (1) = Rez(7) (2 cos(w,t) + 1) (2.29)
Without phase sweeping the autocorrelation of r(t) is simply
R (T) = 3Rz (T) (2.30)

It is possible to force the autocorrelation function R,.(7) to zero for at regular intervals

of 7.

2r 4w 8r 10w }
3wo 3we 3w, 3w,

The set of time lags satisfying Eq. (2.31) also includes those which correspond to

R.(r) =0, T € { (2.31)

the zeros of R.-(7). Note that the solutions for 7 are not evenly spaced apart. It
is possible to engineer uncorrelated fading amplitudes for adjacent coded symbols,

independent of the mobile velocity, when the block interleaving scheme of Figure 2.3
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is used provided that

2r 4m 87 10w
° '30T, 30T, 30T, 2.32
“o £ {31751’, 3T, 3nT,’ 3nT, } (2.32)

If w, = 5% then coded symbols positioned one and two intervals apart undergo
mutually uncorrelated fading whereas the fading amplitude affecting every third coded
symbol can be highly correlated in a slow fading channel. Thus, three branch diversity

is feasible even under pseudo-stationary fading conditions.

2.7 Average Symbol Energy

An alternative argument for choosing the combination of frequency offset w, and
the interleaving depth rT; is to maintain constant symbol energy over a slow fading
channel. A symbol is defined here as a point in signal space drawn from an L-
dimensional constellation. The application of phase sweeping transmit diversity over
a fading channel can actually deteriorate the performance of uncoded transmission
due to the simulcast like interference it creates. This is especially true when the
signal received from multiple antennas exhibits a strong coherent component. It
is desirable to pair a faded signal with a non-faded signal so that the information
they bear together may be recovered via some means of joint detection. Hence, the
transceiver pair should be designed to exploit any anti-correlation properties in the
received signal envelope.

Consider a phase sweeping transmit diversity system with two antennas. Let
a, and a, denote the complex valued fading amplitudes corresponding to the two
antennas and assume a slow fading channel. Over many phase swept cycles, the fading
envelope as observed at the receiver resembles that of standing wave interference. The

instantaneous received signal energy is given by

|r(z§)|2 = |a.1]2 + |c12|2 + 2|ay ||as| cos(wot + b12) (2.33)
_1 {Imfa,a3]
= Tan~!{|{—"-2

612 (Re[a1a§] (2:34)

where 6,5 is a random quantity uniformly distributed over [0,2x). Note that the
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average of the instantaneous received signal energy at the peak and at the null of the

fading envelope happens to equal to the average signal energy &, defined as
L
& =3 lal (2.35)
=1

Since the fading envelope is pseudo-periodic with the period determined by the fre-
quency offset, it is possible to match any fading amplitude observed over one phase
swept interval with a dual 7 seconds later such that their mean square is unaffected

by the artificially induced fast fading.

Ir(®)® + |r(t + 1)
= 2(|a1[* + |a2]?) + 2|a1|lazl(cos(wot + 012) + cos(wo(t + T) + 612))  (2.36)
(2n + 1)71” nel (2.37)

o

= 2(|la]* +agf?), 7=

The result is analogous to combining the energy received from two antennas individ-
ually (ie. |a:|? + las|?) over two signaling intervals. By transmitting one coordinate
of a 2-dimensional symbol at time ¢ and then the other coordinate at time ¢ + 7, the
average symbol energy remains constant given a pseudo-stationary fading channel.
Observe that the solution for 7 is the same here as in Eq. (2.27). A similar derivation

for the case of phase sweeping transmit diversity with 3 antennas yields

i Ir(t + kT)}?

k=0
3 2 3 3
= 3> laxl2+ 3D laillaj| cos((i — j)wo(t + IT) + 8;;) (2.38)
k=1 =0 i=1 j=1
J#
3
27 4w 87 107w
= 3 2 { am ST } 2.39
2 1okl T € 3 B B, (2.39)

Hence, it is possible to average |r(¢)|2 over three points in time T seconds apart to yield
an average symbol energy which is constant over one phase swept cycle (assuming
that a; is constant over that interval). Note that the solution for 7 is identical to that
of Eq. (2.32).

The analysis can be generalized to L antennas where 7 = [?w—’: In general for a non-
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stationary system, the fading amplitudes will diverge both in magnitude and in phase
by the time a full cycle of phase sweeping has occurred. Consequently, the average
symbol energy will not be constant over one phase swept interval. Nevertheless, the
de-correlation in the fading amplitudes along the different dimensions of a symbol
still holds.
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Chapter 3

Phase Sweeping Transmit Diversity

3.1 Fading Resistant Constellations

Rather than relying strictly on channel coding to mitigate the fades induced by phase
sweeping, the use of L-dimensional fading resistant constellations is investigated. A
constellation is deemed fading resistant if all the signal points remain distinct when
projected along any one of the L dimensions. This property introduces redundancy
in the constellation as to which symbol is selected for transmission. The coordinates
along each dimension are transmitted to the receiver ideally via L independent fading
channels which are realized by using time, frequency, or space diversity techniques.
Up to L — 1 channels may be subject to a faded condition simultaneously and the
receiver can still uniquely decode the correct signal point provided that an estimate
of the fading amplitude affecting each dimension is known.

A fading resistant constellation can be constructed by rotating an L-dimensional
hypercube along (g) axes [24]. An optimum rotated constellation in L space can be
found via a search procedure, the solution of which depends on the fading channel
conditions and the method of signal detection used. Figure 3.1 illustrates the rota-
tion procedure for a 4-QAM constellation. A characteristic of rotated constellations
is that the transformation is an isometry, that is, the distance properties of the con-
stellation are preserved. Consequently, there is no performance degradation in using
this constellation over the AWGN channel. Also, the symbol energy is identical for
all points in a rotated hypercube.
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Figure 3.1: Rotated 4-QAM Constellation about the z-Axis

Another family of fading resistant constellations is that proposed by Kerpez [25].
Let c;; denote the coordinate of the " symbol along the j** dimension of an L-

dimensional constellation. A Kerpez constellation is given by

cij = —2 (((z — 1)M" =7*!) mod ME + ME—I+! - [ D +ME -1 (3.0)

_t
Mi-t
where 1 < i< ML, 1 <j < L,and M = 2. A characteristic of these constellations
is that the signal points collapse into an equally spaced PAM constellation when
projected onto any one dimension. The different symbols in this constellation do not
all have the same energy except for the case of L = 2. Note that a Gray' coded fading
resistant constellation does not generally yield a Gray coded PAM signal when a fade
occurs along L — 1 dimensions.

The optimally rotated constellations of [26] and the Kerpez constellations of [25]
for L =2 and L = 3 are reproduced in the Appendix.

3.2 Architecture of Transmitter

Consider the forward link of a base station with L transmit antennas employing the

phase sweeping diversity scheme described in Section 2.6. It is emphasized that all

!Gray coding is the assignment of symbols to constellation points such that the symbols of
neighbouring points differ in value by one bit, those of second nearest neighbours differ by two bits,
and so forth.

35



Input —=| Channel +! Interleaver X o! Modulator
encoder v
Fading
channel
ak
Output =—— Channel i Deinterleaver |- Demodulator |

decoder

Figure 3.2: Block Diagram of Channel Coding for Transmission over a Fading Channel

the antennas transmit the same signal except that their carriers are slightly offset
relative to each other. If the coordinates of an L-dimensional symbol are transmitted
(stmultaneously from each antenna) as L 1-D PAM signals at times {t,t +7,...,t +

(L — 1)r} where 7 = 2 then by the previous analysis:
e The coordinates along the L dimensions are subjected to uncorrelated fading.

e Given a slow fading channel, the received symbol energy per dimension is ap-
proximately equal to the instantaneous mean signal level averaged over the L

antennas.

A novel transmitter architecture is proposed to implement phase sweeping transmit
diversity. A detailed description of the system follows the block diagram representa-
tion outlined in Figure 3.2.

Error correction coding is applied to the source bits to protect data integrity.
Either a block code or a convolutional code may be employed to introduce redundancy
to the data stream. The sequence of encoded bits is re-ordered by interleaving which
purpose is to guard against burst errors. In Figure 3.3, the input bit stream di
denotes the channel coded bits at the output of the block interleaver (see Figure 2.3).
The interleaved bits are paired off in groups of L bits which are then passed onto the
symbol mapper. Each L-bit word is used to choose one point, from a signal space of 2~
points, drawn from an L-dimensional fading resistant constellation. The coordinates
of each selected point are fed sequentially through a convolutional interleaver. The
latter operation permits the construction of L logical channels separated in time which

undergo different degrees of fading. The parameter T; determines the depth of the
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Figure 3.3: Convolutional Interleaving of Symbol Coordinates followed by Differential
Encoding

convolutional interleaving and is given by

/7
Td_z(ﬁ—l),ne[ (3.2)

where 7 is chosen according to Eq. (2.26) and T, is the signaling period. The individual
interleaved coordinates are subsequently treated as a 1-D pulse amplitude modulated
signal denoted as A; in Figure 3.3. The application of differential encoding to Ax
vields another sequence A, which is robust against phase ambiguity (see Section 3.3).

The differential encoding is given by
Ay = Agsgn(4,_) (3.3)

The pulse train A, is subsequently filtered by a square root raised cosine filter with
a roll-off factor of 0.35. The choice of roll-off factor is a balance between spectral
efficiency and having a rapidly decaying impulse response g(t). Finally, the resultant
signal z(t) is up-converted to the carrier frequency w. and then transmitted from
L spatially separate antennas. The baseband representation of the transmitter is
illustrated in left half of Figure 3.4. A fixed frequency offset is introduced to the i**
branch by the phase sweeping function b;(t) given by

bi(t) = e T wet (3.4)
where w, is set according to Eq. (2.27).
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Figure 3.4: PAM Signaling via Multiple Phase Swept Transmit Antennas

3.3 Channel Model and Considerations

A mobile radio channel characterized by a very short delay spread is assumed such
that the coherence bandwidth of the channel is larger than the bandwidth of the
receiver. For example, these propagation conditions would exist in an indoor envi-
ronment. A single ray model to Rayleigh and Rician fading is adopted as a result.
Let the L transmit antennas in Figure 3.4 be subject to independent fading processes
{ai,as,-..,a.} and the differential delays |r; — 7;| be a negligible small fraction of
the symbol period. Consequently, the receiver perceives there being only one path
overall which is impaired by multiplicative distortion. The L separate transmissions
sum together in the simulcast channel which is perturbed by additive white Gaussian
noise denoted by n(t).

The application of phase sweeping transmit diversity results in frequent nulls in
the received signal envelope. The phase of the carrier may change abruptly after
incurring a deep fade which renders carrier tracking difficult. A phase ambiguity
can arise in the transmission of PAM signals where the sign of the received signal is
inverted unexpectedly. Figure 3.5 illustrates the effect of simulcast interference on a

rotated 4-QAM constellation over one phase swept interval for a transmit diversity

38



~-~e A 77Q g R ¢ ? oo
1 Ve N 1b----- [, ... A W 1t _&\ . 1t- . _l_
+ \ t ! ol |
of | I I l 0 N of - |
* | (. !
-1 \\ Cep At v f -1} \,* -1 f
X - - \K Y \I l
- v
2 -2 2 X -2 X
-2 0 2 -2 0 2 =2 0 2 =2 0 2
2 p,- 2 - 2 2
\ @
1 ' .\. 1 £ | SRR 1 o=~
! / T / + s
. 1 1 b0 ol Lo ). Lo \.
0 Ly o | [l ) . ) 0 v )
/ ~ s
-1 * ! -1 * Y -1 N Vs -1 = —-%
\_I \ ~ _ X
® ~ X
-2 A -2 -2 -2
-2 0 2 =2 0 2 =2 0 2 - 0 2
2 2 2 . 2
l J : K L
1 1 1 ‘ 1 .-~
’6-—‘\ - T T % '( N
0,* Y Ohe—6 — — x—H of*' e *}( 0 / AN
~ - ~— - \ J
- ——x [ Y——— - A
B -1 -1 -1t [ SN
-2 -2 -2 -2
- 0 2 =2 0 2 =2 o 2 =2 0 2

Figure 3.5: Effect of Phase Sweeping on Signal Constellation over Time for a Coherent
Receiver, L =2, § = 18.4°

system employing coherent detection. Note the zero crossing phenomenon for the
signal points after the occurrence of a deep fade. Consequently, a differential encoding
scheme is employed which enables differential detection at the receiver and simplifies
the task of carrier tracking. Figure 3.6 corresponds to a differentially coherent system

which is able to resolve the sign reversal problem.

3.4 Architecture of Receiver

The front end of a differentially coherent receiver is depicted in Figure 3.7. The

received signal r(t) is down-converted to baseband where the in phase and quadrature
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Figure 3.8: Convolutional De-interleaving of Coordinates Followed by Symbol Detec-

tion

components are correlated with the transmitted pulse g(t). The complex valued

output of the correlator, denoted by X, = Xg + 7Xj, is compared relative to the

previous value X;_; to derive a decision variable A4 for use by the decision device.

4o XeXe + XiXi

VIXE1)? + (Xi,)?

The sequence A; must pass through a convolutional de-interleaver to restore the

original sequence of 1-D PAM signals prior to symbol detection. The re-ordering of

the input is illustrated in Figure 3.8. The L-dimensional vector y = (y1,¥2,.--,YL)
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represents a noisy estimate of the transmitted symbol subject to fading. Since the
received signal r(t) is formed by the superposition of L transmissions, the resultant
fading amplitude a observed at the receiver is the magnitude of the sum of L complex
valued fading processes.

a=|a+a+...+ag (3.5)

Given an estimate of the fading amplitudes {&,, &,, ..., &L, } along each dimension,
the vector y is compared with all possible points m in the constellation. The decision

device chooses the symbol m which minimizes the following metric (see [27]).

. — .. - . 2
=1 !li.!:-—l) +1

A parallel to serial conversion of the message bits corresponding to m yields an
estimate of the coded data stream di. The d; bits are block de-interleaved and then
decoded. The &; are subject to the same re-ordering as A, and dj before being passed
on to the decision device and channel decoder. If soft decision decoding is required

then symbol detection and channel decoding are treated jointly.

3.5 Effect of Constellation on Performance

3.5.1 Choice of Constellation

In addition to carrier frequency offsets and channel coding, the other important aspect
of phase sweeping transmit diversity is the choice of signal constellation. Constella-
tions which are optimum for an AWGN or Rayleigh fading channel may or may not
be optimum for a simulcast channel. The search for good constellations follows the
approach outlined in [26] for the case of Rayleigh fading except that here the rotation
is limited to one degree of freedom. For L = 2, a 4-QAM constellation is rotated
incrementally clockwise about the positive z-axis. A union bound on the probability
of symbol error is calculated for the resultant signal constellation. For L = 3, a 3-

dimensional hypercube constellation is rotated clockwise about the vector (1,1,1)2.

2The rotation of a 3-dimensional hypercube constellation about an arbitrary vector is formulated
in the Appendix. See Section A 4.
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Figure 3.9: Rotated 3-D Hypercube Constellation about the Vector (1,1,1)

The Kerpez constellations described by Eq. (3.1) are also considered.

Note that the 2-D Kerpez constellation is equivalent to Figure 3.1 with 8 = 26.6°.
Also, the 3-D rotated hypercube constellations optimized for a coherent and a differ-
entially coherent receiver in [26] are equivalent to Figure 3.9 with 8 = 28° and 6 = 52°
respectively. This symmetry is not surprising as one would expect the projections of
the constellation on any one axis to yield the same 1-D PAM signal. Otherwise, the
transmission along some channels/dimensions would be favored more than others.

A union bound on the probability of symbol error is calculated for the resultant

signal constellation C.

P < 5 X 5 Plm ) (3.7)
ﬁrggm

Phase sweeping transmit diversity with dual antennas (ie. L = 2) and PAM sig-
naling with coherent detection over a pseudo-stationary Rayleigh fading channel are

assumed in the following sections.

43



~1

10

[3

[

Upper Bound on Probability of Symbol Error
= =
| M

-5 ' ] 1 [ ~ o~
5 10 15 20 25 30
Signal to Noise Ratio, Eb/No [dB]

10

Figure 3.10: Upper Bound on Probability of Symbol Error for Various 2-D Constel-
lations, L = 2

3.5.2 Rotation Angle

The performance of phase sweeping transmit diversity as a function of the 2-D rotation
angle is shown in Figure 3.10. It is found that the optimum constellation is that of 8 =
31.7°. Note that the error curve is insensitive to small deviations from the optimum
rotation angle. Observe that probability of error for the 8 € {18.4°,26.6°,31.7°}

: L
constellations vary as gggz-

3.5.3 Rician Parameter

If line of sight propagation is available then the fading envelope follows a Rician dis-

tribution. The performance of a phase sweeping transmit diversity scheme under a
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6 [deg] | v [dB]
186 | 99
225 | 83
2.6 | 7.0
31.7 | 67

Table 3.1: Asymptotic Gain Penalty for Phase Sweeping Transmit Diversity over an
AWGN Channel

Rician fading channel is plotted in Figure 3.11. The probability of error improves
as the Rician parameter K is increased. When the received signal comprises of only
a coherent component (ie. K = 00), then the radio channel approaches an AWGN
channel. For an AWGN channel, the asymptotic uncoded bit error rate is deter-
mined solely by the minimum Euclidean distance separating constellation points in
signal space. Since the presence of simulcast interference still causes the 4-QAM con-
stellation to periodically collapse to a 1-D PAM signal, it is the minimum distance
properties of the PAM constellation which ultimately characterizes the probability of
error curve at high SNR. The performance of dual antenna phase sweeping transmit
diversity over an AWGN like channel is no worst than uncoded BPSK by a maximum
of v dB where vy is given by Table 3.1. Therefore, the decision whether to invoke phase

sweeping transmit diversity at the base station depends on the Rician parameter.

3.5.4 Random Interleaving

If the frequency offset w, and the interleaving depth n are not matched or a random
interleaver is assumed then the symbol energy will not be constant over one phase
swept cycle. The performance of phase sweeping transmit diversity would then be
less than ideal. A plot of Eq. (3.7) is shown in Figure 3.12. The diversity order of
the system is reduced effectively from 2 to 1.7.

3.5.5 Relative Power

If the receiver is closer to one antenna than the other or if shadow fading affects the
two links differently then the mean received power from the two antennas will not be

the same. In general, the received power from two separate simulcast transmitters
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will not be identical due to shadow fading or propagation path loss with distance.
However, it is not feasible though to average the bit error rate of phase sweeping
transmit diversity under shadow fading through simulation because of the required
computation time. Consequently, the BER performance is inferred by simulating
the system with a relative imbalance p in the average received power from the two
transmit antennas. It is seen in Figure 3.13 that the BER for the case of Rayleigh
fading worsens as the relative imbalance diverges from unity. The contribution of
space diversity to the system is reduced when the received power of from one antenna
dominates over the other. In contrast, the BER actually improves with increasing p

for the case of an AWGN channel because of lower simulcast interference.
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3.6 PDF of Relative Received Power

In the search for optimum constellations for simulcast channels, it was assumed that
the mean power received from each of L antennas is identical. The assumption is
generally true for antennas which are co-located at a common base station and for
locations in space which are equidistant to all the antennas involved. However, the
occurrence of shadowing and propagation path loss with distance will cause inevitably
an imbalance in the received power from different transmitter locations. In order to
determine the distribution of the relative received powers, a Monte Carlo simulation
approach is taken.

Consider a system consisting of seven simulcast transmitters arranged in a hexag-
onal grid as illustrated in Figure 3.14. Define the region R, as being the collection
of points in space which are closer to the transmitter in the center than to any other
transmitter in the system. The region Ry takes on the shape of a hexagon which is
shaded in the diagram. A point P; is drawn randomly from the region R in a uni-
formly distributed manner. The propagation path loss to point P; is calculated for
each transmitter. In addition to the attenuation due to distance, independent shadow
fading is added to each link. A path loss exponent of 3 and a log-normal standard
deviation of 6 dB are assumed. The relative strengths of the seven transmissions are
recorded. The whole procedure is repeated for 1 million iterations. A histogram of
the relative received power (in dB) between the strongest rays is calculated using a
bin size of 1 dB. After normalizing the result, it is interpreted as an approximation to
the desired continuous valued probability density function. Figure 3.15 shows the pdf
of the relative received power between the two strongest rays. It is evident that the
situation in which the mobile station is receiving two approximately equal strength
rays is the most probable. Figure 3.15 also shows the pdf of the relative received
power between the first and third strongest rays and the first and fourth strongest
rays. The plot reveals that the reception of three closely equal strength signals is not
likely. That is, it happens with only 5.3 percent likelihood that their powers differ by
no more than 3 dB. It was determined from the simulations the probability that the
transmitter at the center yields the first, second, or third strongest signal among the

group is 0.786, 0.132, and 0.049 respectively. Consequently, the probability that the

49



S e mm. -

Figure 3.14: Hexagonal Placement of Simulcast Transmitters

closest transmitter in the given simulcast system is not among the top 2 or 3 strongest
received signals is 0.082 and 0.033 respectively. Since 42 percent of the time the two
strongest rays are within 6 dB of each other, it is important that the coding and/or
modulation employed for transmission be robust against simulcast interference.

In the case of rectangular placement of simulcast transmitters, a system of nine
transmitters arranged in a square grid as shown in Figure 3.16 is considered. Here
the region Ry, as defined previously, is the square portion shaded in the diagram.
Figure 3.17 shows the pdf of the relative received power between the two, three,
four strongest rays. The probability that the transmitter at the center yields the
first, second, or third strongest signal among the group is 0.689, 0.166, and 0.074
respectively. Consequently, the probability that the closest transmitter in the given
simulcast system is not among the top 2 or 3 strongest received signals is 0.145 and
0.071 respectively. It is inferred from the pdf that 51 percent of the time the two
strongest rays are within 6 dB of each other.

It is possible in the hexagonal scheme for the mobile station to lie at a point which
is equidistant to two or three transmitters. In the square scenario, the mobile station
may be situated midway between two or four transmitters. Consequently, the problem
of simulcast interference is more severe in the case of a rectangular placement. The

hexagonal arrangement of antennas is more efficient in that it maximizes the area
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Figure 3.16: Square Placement of Simulcast Transmitters
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covered by a given number of antennas.

3.7 Constraint on Differential Delay

Consider a free space environment in which a mobile station is receiving a signal from
two simulcast transmitters. The differential delay between the two rays must be kept
small relative to the symbol period in order to minimize the effect of intersymbol
interference on the receiver performance. If the differential delay exceeds about a
quarter of the symbol period then one ray must be stronger than the other ray by
some minimum ratio in order to overcome the ISI introduced by the weaker signal.
These two constraints define the region in the service area where communications is
possible without the need for a channel equalizer at the receiver.

Let the position of the two transmitters be denoted by the vector r, and r,. The
coordinates of both transmitters and mobile receiver are restricted to two dimensions
for simplicity. As noted earlier, the differential delay between the two rays observed
at the mobile station must be shorter than the maximum delay 7.y in order to avoid
severe ISI.

|lIr = ruff = Jir = raf}] < Tmaxc (3.8)

In an environment free of multipath, the differential delay observed at the mobile sta-
tion is less than or equal to the propagation delay that separates the two transmitters.
For example, at a signaling rate of 48.6 kHz and a maximum tolerable differential
delay of iTs, the ideal maximum separation distance between two antennas is 1.54
km. Consequently, the spacing between the transmit antennas will have some bearing
on the maximum signaling rate allowed on a simulcast channel.

When the antenna separation d is greater than the propagation distance corre-
sponding to Tmax, it is possible to delimit the service area into three regions. F'ig-
ure 3.18 is a contour plot of the relation given by Eq. (3.8) where r; = (‘2—‘,0),
ra = (-—%,0), and both axes are normalized by the antenna separation. A value
of d = 1.37acc is assumed for illustration purposes only. On average, the differen-
tial delay exhibited in the inner (unshaded) region is within the required limit Tmax
whereas those corresponding to the two outer (shaded) regions are not. Note that

the boundaries just described represent only an expectation in regards to predicting
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Figure 3.18: Contour Plot of Differential Delay Constraint, Tmax = 375, d = 1.37maxC

adequate receiver performance. The asymptotic angle between the demarcation lines

satisfying Eq. (3.8) and the antenna bore-sight is

B(Tone) = ism“(“‘;;"—c) (3.9)

If the mobile station is situated in the outer (shaded) regions then it may be possi-
ble for the receiver to overcome the large differential delay provided that one ray is
stronger than the other by at least the capture threshold pni,. A free space propa-
gation is assumed in which the power received from the i** transmitter is inversely

proportional to the propagation distance raised to the path loss exponent «. If the
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relative power must be greater than or equal to pp;, then

a

P2 r—rm
P lr—r
2 Pmin

Substituting r = (z,y) in Eq. (3.10) yields

2/a 2 2/c
@ ;
(z _ 3.2@7%'*'_) +y? < _2/%“—‘12 (3.10)
Pmin — 1 ( min 1)2

Eq. (3.10) defines a region in the shape of a disk given the capture threshold and path
loss exponent. Figure 3.19 is a plot of Eq. (3.10) with pni» and @ = 3. Note that
when ||r|| > d the relative received power tends to unity. Thus, for transmit diversity
at the base station where d = 10\ and ||r]| > 100\, the mean power received from
each antenna is approximately equal.

The region where communications is generally possible without the need for an
equalizer is the union of the capture zones (ie. unshaded areas) shown in Figure 3.18
and Figure 3.19. In a real propagation environment, the presence of shadow fading

distorts the position of the contour lines depicted in both figures.
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Figure 3.19: Contour Plot of Relative Power Constraint, pyi, = 6 dB, a =3
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Chapter 4

Performance Analysis by

Simulation

4.1 Motivation

In order to evaluate the performance of phase sweeping transmit diversity under time
correlated fading conditions, it is necessary to resort to time domain simulations.
This is because the coding gain provided by forward error correction coding depends
highly on the autocorrelation properties of the fading envelope. Since the assumption
of ideal interleaving is not applicable for a pseudo-stationary fading chanrel, the
effect of finite interleaver memory is investigated. Three different coding systems
are considered, the best of which is investigated further. The effect of various design
parameters and channel conditions on system performance is determined via computer
simulation. Wherever possible, the choice of specific system parameters is made based

on existing standards for mobile communications.

4.2 Systema Description

The choice of channel coding, signaling rate, and frame format are borrowed from
the Mobitex system from Ericsson [28][29] and/or the IS-54 standard [30] with some
modification. In all cases, a differentially coherent receiver is assumed. The trans-

mitted pulse shape is a square root raised cosine pulse with a roll-off factor of 0.35.
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The sampling rate of the simulations is set at 16 times higher than the signaling rate.
Time correlated Rayleigh fading and additive white Gaussian noise constitute the
channel impairments. The maximum Doppler frequency is 0.93 Hz at 1 km/h, 9.3 Hz
at 10 km/h, and 93 Hz at 100 km/h and is relative to a carrier frequency of 1 GHz.
When multiple transmit antennas are used, it is assumed that independent fading
envelopes apply to each antenna. Also, a differential delay of 7y, = %T, separates the
transmissions from different antennas for systems employing phase sweeping transmit
diversity. At a signaling rate of 48.6 kHz, the differential delay corresponds to a path
difference of 386 m. A finite non-zero value for 74 accounts for the fact that propaga-
tion paths to the receiver may differ among the transmit antennas. One coded bit per
signaling interval is transmitted using a rotated 4-QAM constellation with 8 = 18.4°
for L = 2 and a rotated 3-D hypercube constellation with 8 = 28° for L = 3. The
reader is referred to Chapter 3 for the architectural basis of the following schemes.
System A is patterned after the Mobitex standard. The signaling rate is 8 kHz.
A frame consists of 56 header bits followed by 240 data bits. A shortened (12,8)
Hamming block code is used to encode 160 information bits. The generator matrix

is given by

(4.1)

— O
— =

1
0
1
1

— = = O

1 1
1 0
0 0
1 1

[ B Y

0 0

- O = O

The sequence of encoded bits is re-ordered at the bit level using a 20x12 block inter-
leaver. The interleaved bits are grouped in pairs before being passed onto the symbol
mapper. The coordinates of the selected points pass through a convolutional inter-
leaver with an interleaving depth of 121. A frequency offset of 33 Hz is maintained
between the two transmit antennas. A phase sweeping cycle occurs once for every 240
bits. Differential detection is employed by the receiver which makes hard decisions
as to which constellation points were transmitted. After de-interleaving the bits, the
block coded data is decoded with syndrome decoding.

System B employs a convolutional code rather than a block code. The signaling
rate is set at 10.5 kHz in order to keep the information bit rate the same as in System

A. A frame consists of 56 header bits followed by 320 data bits. A rate % maximum
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System | Rate | Constraint | Generators | dfree
length in octal
B, C 1/2 6 53 75 8
D 2/3 4 236 155 337 | 7

Table 4.1: Parameters of Convolutional Code for System B, C, and D

-1 -1
Input - Z —e Z

Figure 4.1: Encoder for Rate ; Maximum Free Distance Convolutional Code

free distance convolutional code with a constraint length of 6 is used to encode 155
information bits. The coefficients of the generator polynomials are listed in Table 4.1.
There are 5 zero tail bits appended to the information bit stream at the end of each
frame to reset the convolutional encoder to a zero state. The sequence of encoded bits
is re-ordered at the symbol level using a 20x8 block interleaver. Each symbol consists
of 2 coded bits which map to a point in a 2-D signal constellation. The coordinates
of the selected points pass through a convolutional interleaver with an interleaving
depth of 161. A frequency offset of 33 Hz is maintained between the two transmit
antennas. A phase sweep cycle occurs once for every 320 bits. Symbol de-interleaving
is performed on the soft decision output of the correlator. Soft decision decoding of
the convolutional code is accomplished via the Viterbi algorithm. The path memory
of the Viterbi decoder is 160.

System C is patterned after the IS-54 standard. It has a higher signaling rate of
48.6 kHz. A frame consists of 64 header bits followed by 260 data bits. A rate 3
maximum free distance convolutional code with a constraint length of 6 is used to
encode 125 information bits. There are 5 zero tail bits. The sequence of encoded
bits is re-ordered at the symbol level using a 26x5 block interleaver where a symbol

consists of 2 coded bits. The convolutional interleaver has an interleaving depth of
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972. A frequency offset of 25 Hz is maintained between the two transmit antennas.
A phase sweep cycle occurs once for every 1944 bits. That is, the interleaving spans
3 frames which is equal to 20 ms in duration. Symbol de-interleaving is performed on
the soft decision output of the correlator. Soft decision decoding of the convolutional
code is accomplished via the Viterbi algorithm [31]. The path memory of the Viterbi
decoder is 130.

System D has a signaling rate of 37.1 kHz which is chosen so as to retain the
same information bit rate as System C. A frame consists of 63 header bits followed by
234 data bits. A rate % maximum free distance convolutional code with a constraint
length of 4 is used to encode 150 information bits. The coefficients of the generator
polynomials are listed in Table 4.1. There are 6 zero tail bits. The sequence of
encoded bits is re-ordered at the symbol level using a 26x3 block interleaver. Each
symbol consists of 3 coded bits which map to a point in a 3-D signal constellation.
The convolutional interleaver has an interleaving depth of 891. A frequency offset of
14 Hz is maintained between the 3 transmit antennas. A phase sweep cycle occurs
once for every 2673 bits. The interleaving spans 3 frames which is equal to 24 ms
in duration. Symbol de-interleaving is performed on the soft decision output of the
correlator. Soft decision decoding of the convolutional code is accomplished via the
Viterbi algorithm. The path memory of the Viterbi decoder is 78.

A sample schematic view of the simulation program used to model the transmitter
and receiver pair and to simulate the transmission of data at the physical layer is
shown in Figure 4.2. The bit error rate for each system is determined as follows. The
transmission of 1000 frames is simulated at a given level of SNR and mobile velocity.
The SNR is incremented by 3 dB and another 1000 frames is simulated. This process is
repeated for all SNR values of interest. The bit error rates are averaged over the 1000
frames, the value of which constitute the result of one simulation run. Furthermore,
the results of 20 independent runs are averaged in order to span as many different
channel conditions as possible. Though header bits and tail bits are inserted in the
data stream, they are not included in the calculation of coded BER. In the following
figures, the SNR scale denotes the total transmitted energy per information bit. The
parameters N, L, and § denote the number of transmit antennas, the dimension of

the signal constellation, and the constellation rotation angle respectively.
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Figure 4.2: Schematic View of Ptolemy Simulation Program for System B and System
C
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4.3 Simulation Results

4.3.1 Coding Scheme

The coded bit error rates for System A, B, and C are shown in Figures 4.3-4.5 re-
spectively. The simulations are carried out at a mobile speed of 1, 10, and 100 km/h.
The baseline BER corresponds to the performance of single branch DPSK signaling
over a Rayleigh fading channel.

At a speed of 1 km/h, the channel changes little over the time spanned by the
interleaver memory. The coded BER varies approximately as -§§1§1 for all the systems.
The slope is indicative of the diversity order which is equal to 2, the number of
antennas. Recall that the fading amplitudes affecting the two PAM signals which
comprise the 4-QAM constellation are uncorrelated by design. Forward error control
coding mitigates the simulcast interference but can not realize additional coding gain
from time diversity because the underlying a; in Figure 3.4 exhibit slow fading.

At a speed of 10 km/h, the maximum Doppler frequency is increased 10 times
over the previous example. This translates into a tenfold compression of the time
axis for the autocorrelation of the slow fading envelope. Interleaving provides some
improvement in time diversity for System A and even more for System B. Note that
the there is still significant correlation between the fading amplitudes of adjacent
coded symbols. There is little increase in coding gain for System C at this speed
because the higher bit rate renders the normalized fading rate edectively lower than
that of System A and B.

At a speed of 100 km/h, there is sufficient rapid de-correlation of the fading process
to allow effective use of finite block interleaving. This results in sizable coding gain
at a BER lower than 1072 for System B and C which employ a convolutional code
combined with soft decision decoding. However, System A (which utilizes a simple
Hamming block code with hard decision syndrome decoding) does not perform well
at 100 km/h. An error floor arises in the BER of System A at a high mobile velocity
due to the complication of phase modulation that rapid fading brings about.
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Figure 4.3: Bit Error Rate of System A, N =2, L =2, § = 18.4°
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Figure 4.4: Bit Error Rate of System B, N =2, L = 2,
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4.3.2 Single versus Dual Independent Branch Diversity

If only a single transmit antenna is used then the system degenerates into the simpler
case proposed in [26] in which L independent fading channels are created through
interleaving in time. The key difference to note is that here a finite interleaver depth
is assumed and the effect of channel coding is being considered. A configuration
similar to System C is considered in the following where applicable.

Figure 4.6 shows a plot of the coded bit error rate for the case of a single transmit
antenna (ie. N = 1). At 1 km/h, it is evident that the uncoded bit rate decreases
roughly as §i\§'_R. compared to better than ﬁg when ideal interleaving applies. Note
that the coded bit error rate is actually worse than the baseline BER when the SNR
is normalized by the number of information bits conveyed per symbol. The poor
performance of both the block code and the convolutional code under slow fading
conditions is attributed to a relatively large average duration of fade which spans
longer than the available interleaver memory. The receiver is unable to randomize
the effects of burst errors which degrades severely the coding gain provided by forward
error correction codes. At 10 km/h, the coded BER improves dramatically by 7 dB
at P, = 1073, At 100 km/h, there is a further 6 dB in coding gain. Consequently,
the performance of a single transmit antenna system (which relies strictly on time
diversity for coding gain) is highly dependent on mobile velocity.

Rather than invoking phase sweeping, if the transmissions from the two antennas
of System C are somehow orthogonal (eg. via TDM or FDM) then the two coordinates
that comprise a symbol can be transmitted via separate independent fading channels.
Figure 4.7 shows a plot of the coded bit error rate for the case of a dual independent
branch diversity. Since the two coordinates that comprise a symbol are transmitted
via two separate channels that undergo independent fading conditions, the diversity
order of the system is at least equal to 2 regardless of the mobile velocity. This is
illustrated in the comparable performance of the system at 1 km/h and at 10 km/h.
At 100 km/h, there is additional coding gain from the use of block interleaving.
Note how the BER curves here are similar to those of Figure 4.5. For the diversity
system being considered, it is not necessary to make the two separate transmissions

orthogonal in order to realize dual diversity branches.
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Figure 4.6: BER of Fading Resistant Transmission using Time Diversity, N = 1,
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Figure 4.7: BER of Fading Resistant Transmission using 2 Independent Diversity
Branches, N =2, L =2, 8 = 18.4°
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4.3.3 2-D Constellations

Figure 4.8 shows a graph of the coded BER for System C as a function of the rotation
angle of the 2-D constellation about the z-axis. A @ value of 31.7° and 18.4° corre-
spond to the optimum constellations for a coherent and differentially coherent receiver
in [26] respectively whereas 6§ = 26.6° is equivalent to the 2-D Kerpez constellation
in [25]. The performance comparison is done at a mobile velocity of 10 km/h. The
computer simulations carried out reveal that the 8 = 18.4° constellation consistently
outperforms that of § = 26.6° and § = 31.7° at both low and high velocity, for single
and dual diversity branches. More over, the 8 = 18.4° constellation continues to

exhibit superior performance when applied to phase sweeping transmit diversity.

4.3.4 Differential Delay

The effect of increasing differential delay 14 for System C is investigated here. It is
assumed that the matched filter output of the receiver is synchronized to the sample
time of the first incoming ray and that the second ray is delayed relative to the first
by a fixed amount. The minimum resolution of the simulation is 1%Ts where T is
the signaling period. Figure 4.9 shows that a differential delay of 7; = T, has
a negligible effect on of the coded BER relative to the ideal case of 7y = 0. For
T4 = %T, and beyond, the probability of error is noticeably larger due to the presence
of intersymbol interference. Note that a differential delay of 74 = %T, results in a
markedly worse performance than 7y = iT,. The sudden degradation in bit error rate
is indicative of the sensitivity of PAM signals to ISI. Without the use of equalization,
the superposition of the delayed signal with the first can cause the output of the
correlator to lie in an incorrect decision region. Therefore, it is important to arrange

simulcast transmitters in a manner such that the differential delay is kept less than

or equal to }Ts.

4.3.5 3-D Constellations

The fourth channel coding scheme, denoted as System D, is an extension of System
C to increase the dimensionality from two to three. The motivation is to evaluate the

merits of employing three transmit antennas over two.

69




+ + 08=184°
x x 08=26.6°
»* * 8=317°
Baseline

...........................................................
................................................................

..........................................................

.....................

Probability of Bit Error

........................................................ Ny
....................... \A\;‘S.s,\.._‘..,,
.......................................................... B N P
5 \l\ \\
........................................................... \\\* e

\\ \
\\ \
“ . . \\ \

10 1 il 1 b 1

5 10 15 20 25 30

Signal to Noise Ratio, Eb/No {dB]

Figure 4.8: BER of Phase Sweeping Transmit Diversity for Various 2-D Constella-
tions, N =2, L =2, v =10 km/h

70



Probability of Bit Error

\
R
10| i NN .
[ F + td=0T5 ﬁjZfﬁiIIZIZIIIﬁ::f:ff?{k'I,.'Zﬁﬁfﬁ:""""‘ T
L & x T=116T, NN
L. _ N
e w gmeT, | .
=316T .
to o T4 \y\\ .........................
= \
RS 4 T WeaAN ]
[n] o d=5/16T \\ \\
\‘\\ N
107 ' ! P M VO
5 10 15 20 25 30

Signal to Noise Ratio, Eb/No [dB]

Figure 4.9: BER of Phase Sweeping Transmit Diversity versus Differential Delay,
N=2L=20=184° v=10km/h

71



-1

10 IZZIIZ.I."ZIZZISI\III.Ii?iZIIZlZiIZILi?iZ]ZIZIZZI:ZIifIZZZIIII'iIZIIIZﬁZZ """"" LTI TEE RTINS,
[ '..f\'j“,i'fff RO I + 1 km/h
N X x 10km/h | ]
................................. * * 100 km/h | -
Baseline

]

w

a

°

> b NG N
7‘5-

Ol N

a

[<}

a : : :

10 .....<.,........,..,.............‘...::'::'.:fZ:'ZZZ:Tf::::::ﬁi:lIf:::ifIf:::Z.'.".i:::::::.'.’::.l::::..
IR \LZ::::ZQZI_\',ﬁiﬁﬁ::::,..“.ﬂ::l::f:_,,[.f::f.l ...........
...................... \\\\

...................................... | \\
\ \

...................................... \\}.\
- N
& vy

10-‘ 1 Y N )

5 10 15 20 25 30

Signal to Noise Ratio, Eb/No [dB}

Figure 4.10: BER of Phase Sweeping Transmit Diversity with 3-D Fading Resistant
Constellation (System D), N =3, L =3, § = 28°

The coded BER of phase sweeping transmit diversity with three antennas is shown
in Figure 4.10. At 1 km/h, the probability of error varies slightly less than the
expected S—Nlﬁg'. The more gradual slope is attributed to the fact that a larger value
for the differential delay (ie. 74 = SLT,) is assumed in the simulations when three
transmit antennas prevail. This results in increased ISI relative to the other systems.
Nevertheless, System D manages to realize a bit error rate of 10™* at an SNR of 20
dB over a slow fading channel. The performance is comparable at a mobile velocity
of 10 km/h. At 100 km/h, the coded BER decreases as ggzr yielding effectively a
diversity order of 4.

The performance that arises from the use of only a single transmit antenna is
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Figure 4.11: BER of Fading Resistant Transmission using Time Diversity, N = 1,
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plotted in Figure 4.11. At 1 km/h, the coded BER is noticeably worst than the
simpler baseline scheme. At 10 km/h, the coded BER improves dramatically by 8.5
dB at P, = 1073, At 100 km/h, there is a further 5 dB in coding gain. It is noted that
the performance at high mobile velocity is the same as in System D. The application of
phase sweeping transmit diversity does not result in a degradation in the probability
of error for this system.

Figure 4.12 shows the coded BER for a system with three independent diversity
branches. Here, the superior performance under slow fading conditions emphasizes

the importance of transmit diversity.
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Figure 4.13: BER of Phase Sweeping Transmit Diversity for Various 3-D Constella-
tions, N=3,L =3, v =10 km/h

Figure 4.13 shows a graph of the coded BER for System D as a function of the
rotation angle of the 3-D hypercube constellation about the vector (1,1,1). A rotation
angle of 52° and 28° correspond to the optimum constellations for a coherent and
differentially coherent receiver in [26]. The performance comparison is done at a
mobile velocity of 10 km/h. The computer simulations carried out reveal that the § =
28° constellation consistently outperforms the others at both low and high velocity,
for single and triple diversity branches, with and without phase sweeping transmit

diversity.
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Chapter 5

Conclusions

5.1 Summary of Results

The mitigation of slow fading in the forward link of a mobile communications system
is realized by employing multiple transmit antennas at the base station. Transmit
diversity techniques are desirable because they are able to effect change on channel
conditions, the design of a diversity receiver can be kept simple, and many users
benefit from their application. A pseudo-stationary model to slow fading is adopted
in which the coherence time of the fading process is much larger than the time spanned
by the interleaver memory at the receiver.

In the study of simultaneous transmissions from multiple antennas, it is found
that the case of three orthogonal carriers performs asymptotically better than co-
phased transmission from two antennas. The autocorrelation of the fading envelope
in the case of two and three antennas transmitting simultaneously is derived. By
introducing a fixed frequency offset between the various transmissions, it is shown
that the autocorrelation function could be forced to zero at a given time delay. Thus,
it is possible to engineer uncorrelated fading amplitudes for two adjacent bits or
symbols after de-interleaving has been applied.

Given a pseudo-stationary fading channel, another property of matching the fre-
quency offset to the interleaving depth is that the average energy of an L-dimensional
symbol transmitted as a sequence of L 1-dimensional PAM signals is constant over one

phase swept interval. The fact that the artificially induced fading amplitudes along
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the L signal dimensions are constrained by a constant energy relationship motivates
the use of fading resistant constellations in the modulation.

A novel phase sweeping transmit diversity scheme is proposed for the forward
link. By introducing artificial fast fading via multiple transmit antennas, there will
be variations in the received signal envelope even when the mobile station remains
stationary. A differentially coherent receiver is used to resolve the phase ambiguity
that arises due to simulcast interference.

Minimizing an upper bound on the probability of symbol error for phase sweeping
transmit diversity leads to an optimum constellation rotation angle for L = 2. It is
found that the error curve of the simultaneous transmission scheme becomes steeper
as the Rician fading channel approaches the characteristics of a Gaussian channel.
Also, a block interleaver with an interleaving depth matched to the frequency offset
parameter yields better performance than one which implements random interleaving.

The deployment of multiple transmit antennas over a wide area is suitable for
overcoming shadow fading. A Monte Carlo analysis of a simulcast network of trans-
mitters is performed to determine the probability distribution function of the average
relative received power at a mobile terminal. In both hexagonal and square arrange-
ment of transmitters, the likelihood of receiving two approximately equal strength
rays is much more probable than receiving three approximately equal strength rays.
Consequently, a diversity system with four or more antennas is not considered.

Time domain simulations of a phase sweeping transmit diversity system are carried
out in order to determine the effects of time correlated Rayleigh fading and finite
interleaver memory on a given coding and modulation scheme. A single transmit
antenna system which relies strictly on time diversity to obtain coding gain results in
the coded BER. performance being highly dependent on the mobile velocity. Only the
convolutional coded schemes with soft decision decoding are able to mitigate simulcast
interference when it is complicated with high mobile velocity. The maximum tolerable
differential delay between two simulcast transmissions before severe ISI occurs is
Tmax = }t-Ts for an L = 2 system. As a result of the phase sweeping transmit diversity
technique, the coded BER curve for an L = 2 and L = 3 system varies as ﬁg’ and

snas respectively under pseudo-stationary Rayleigh fading channel conditions.
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5.2 Future Research

It was shown that the performance of phase sweeping transmit diversity with dual
antennas is poor when the differential delay separating the two rays is greater than
a quarter of the signaling period. Channel equalization may help to mitigate the
intersymbol interference that arises in an environment with a relatively large mul-
tipath delay spread. An equalizer can be used to realize diversity combining when
the differential delay is sufficiently large. Given that condition, the simulcast channel
resembles a two ray multipath fading channel.

A key assumption of the proposed transmit diversity scheme is that the autocorre-
lation function of the fading envelope is the same for the different transmit antennas
but that their fading processes are uncorrelated. Field measurements of actual sites
may be required to determine the degree to which the premise holds true. It should
be emphasized that communications in the forward link is still possible even when
the assumption is not valid.

The issue of hardware complexity has been overlooked in the research and warrants
consideration if the system is to be implemented. In particular, the specification
that transmitters maintain a fixed frequency offset between them may be a stringent
requirement given technological constraints. If the multiple transmitters are common
to one base station then it might be possible to derive the L carriers from a common
reference.

The choice of error correction coding employed in the simulations is based on ex-
isting standards for mobile communications which is not necessarily optimum for the
phase sweeping transmit diversity proposed in this thesis. An investigation into other
combinations of coding and interleaving may yield further improvement in diversity
gain. In particular, a larger interleaver may better randomize the sequence of partial
symbol erasures caused by phase sweeping transmit diversity.

The joint application of fading resistant constellations with coded modulation
techniques for fading channels is a possibility that merits further study. In design-
ing good codes for fading channels, it is typically the Hamming distance rather than
Euclidean distance between codewords which is maximized. This reduces their sus-

ceptibility to erasures in symbol detection introduced by deep fades. Since fading
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resistant constellations are already robust against complete symbol erasures, it is
postulated that the optimization criterion for code design here might be different

from the conventional case.
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Appendix A

Constellations

A.1 Baseline Constellations

The 4-QAM constellation and the 3-D hypercube constellation constitute the baseline

constellations for L = 2 and L = 3 respectively.

Cps = (A.1)
-1 1

-1 -1 |

1 1 -1

CB;; - (.A2)
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A.2 Optimally Rotated Constellations

The optimum rotated constellations for L = 2 and L = 3 for a coherent receiver were

determined to be (see [26])

0.3249 1.3764 |

1.3764 —0.3249

Crogrre = (A.3)
1.3764 —0.3249

| —0.3249 -1.3764

—0.1778 —0.4742  1.6564
0.9978 1.0039  0.9982
0.4803 —1.6542 0.1817

C s 4o 360 560 = 1.6559 —0.1760 —0.4764 (A.4)

—-1.6559 0.1760 0.4764

-0.4803 1.6542 —0.1817

—0.9978 —1.0039 —0.9982

0.1778  0.4742 —1.6564 |

Similarly, the optimum rotated constellations for L = 2 and L = 3 for a differentially
coherent receiver were found to be

0.6325  1.2649 |

1.2649 —0.6325

Cro,18.40 = (A.5)
—1.2649  0.6325

| -0.6325 —1.2649
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-1.0017 1.0006 0.9977 |
—0.3837 1.4607 —0.8479
0.8439 0.3860 1.4625
1.4619 0.8462 —0.3831
CRrs.760,18°,14° = (A.6)
_1.4619 —0.8462  0.3831
—0.8439 —0.3860 —1.4625
0.3837 —1.4607  0.8479

1.0017 -1.0006 —0.9977

A.3 Kerpez Constellations
The 2-D and 3-D Kerpez constellations are listed as follows (see [25]).

Cko = (A.7)

1
vV5| 1 3

(A.8)

S
-~
I
—

7 -1 =5

=3 .

A.4 Rotatation About Arbitrary Vector

Let r = (r;, 7y, ;) denote the vector about which the baseline 3-D hypercube constel-
lation Cpgj is rotated. The rotation matrix which performs the desired transformation
is given by

R =RZLR..R.RTR,, (A.9)
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where

6, = Tan-l("—”) (A.10)

VT2 +r2
8 = Tan"‘(—T—y) (A.11)

R;y = | —sinf, cosf O (A.12)

cosf;, 0 sinf.,

—sinfzy 0 cosfyy |

cosf sinf 0
R.=| —sinf cos® 0 (A.14)
0 0 O

The rotated 3-D constellations that result for r = (1,1,1) and 6 € {28°,52°} are

as follows.

1.0000 1.0000 1.0000
0.3799 1.4641 -—-0.8439
1.4641 —0.8439 0.3799
0.8439 —0.3799 —1.4641 _
Cp3ase = (A.15)
—0.8439 0.3799 1.4641
—1.4641  0.8439 -0.3799
—-0.3799 -—1.4641 0.8439

—1.0000 —1.0000 —1.0000
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CD3,52° =

1.0000
—0.1661
1.6537
0.4875
—0.4875
—1.6537
0.1661

| —1.0000

1.0000
1.6537
—-0.4875
0.1661
—-0.1661
0.4875
—1.6537
—1.0000

1.0000
—0.4875
—0.1661
—1.6537

1.6537

0.1661

0.4875
—-1.0000

(A.16)

Note that by choosing r = (1,1, 1), the coordinates along each dimension share a

common set of discrete values. Although the constellations described by Eq. (A.4) and

Eq. (A.6) are essentially equivalent to those of Eq. (A.16) and Eq. (A.15) respectively,

the latter expressions are more elegant due to the symmetry of the coordinates.
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