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Abstract — Macroscopic space-time coding, where each single-
antenna base station acts as one of the antennas in a space-time
coding scheme, is an attractive method to improve the perfor-
mance of wireless systems, particularly for applications requiring
at least partial broadcast. However, because the users to whom
the signals are broadcast can be spread across a wide geographi-
cal region, the time of arrival of a signal from one base station rel-
ative to that of a signal arriving from another base station varies
greatly, thus complicating system design. In this paper, this novel
macroscopic space-time coding problem is clearly motivated, and
then a performance criterion, optimal receiver, and family of
code designs are presented. A matched filter bound analysis with
supporting numerical and simulation results demonstrates the
improvement in bit error rate of the proposed code designs. Fi-
nally, the matched filter bound analysis is extended to demon-
strate significant improvements in coverage for such a system
over currently employed systems and standard space-time cod-
ing approaches applied across the same set of base stations.

I. INTRODUCTION

Space-time coding offers a method to provide diversity against
multipath fading on a downlink transmission from a multiple-antenna
base station to a simple single-antenna mobile [1, 2, 3]. In stan-
dard space-time coding, the antennas at the transmitter are located
in such close geographical proximity that the propagation delay from
one transmit antenna to the receive antenna is similar to the propa-
gation delay from any other transmit antenna to the receive antenna,
in the sense that the difference in these propagation delays is negli-
gible compared to the symbol interval. In contrast, interest here is
on when the difference in such propagation delays is on the order of
the symbol interval, which we will term the “macroscopic space-time
coding” problem.

Consider public safety radio systems (e.g. those used by police
officers), where the users are broken into “talk groups.” In each talk
group, one person speaks at a time and the rest of the group listens.
Whereas this results in only a small amount of uplink traffic, there is
significant identical downlink traffic that can span many cells in the
commonly-employed cellular architecture. In this case, the most effi-
cient resource allocation method (in terms of supporting the most talk
groups) is often to broadcast on a single frequency across the network
to a given talk group, hence not requiring frequency reuse for that talk
group and yielding up to a sevenfold increase in talk group capacity
if the members of each talk group are uniformly spread across the
network.

1This work was supported by a grant from M/A-COM, Inc., National Sci-
ence Foundation CAREER Award CCR-9875482, and National Science Foun-
dation Grant EIA-0080119.
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Figure 1: Two base stations broadcasting to three users in
a given “talk group” on a single frequency channel through
broadcast. Note, in particular, how the relative propagation
delay of the transmissions from the two base stations varies
widely among users.

In Figure 1, an example of a small region of such a system is
shown. Because of the resource allocation arguments above, systems
often employ “simulcasting” , where the same signal is sent from
each of the base stations. However, in the same way that a standard
space-time does not achieve diversity if the same thing is sent off
each antenna at the same time, simulcasting does not provide diver-
sity in the important center of the region on frequency-nonselective
Rayleigh multipath fading channels.

The logical first solution to this problem is to employ one of the
standard space-time solutions across the multiple base stations. How-
ever, these have severe limitations. In public safety radio system ap-
plications, the distance between base stations can be on the order
of 20 to 40 miles, which can cause the signals from different base
stations to experience propagation delays that differ by more than a
symbol interval if the user is not in the center of the cell (e.g. User
1). Although one signal will be significantly weaker than the other in
general due to the disparate path-loss, this intersymbol interference
is a major problem in simulcasting systems, and it will be clearly
demonstrated in Section V for a system experiencing path-loss, shad-
owing, and multipath fading that this is indeed a critical factor. Tim-
ing the transmissions of the two transmitted signals so that the cor-
responding symbols arrive at User 1 at the correct time immediately
comes to mind, but this is not attractive because the resource allo-
cation scheme mandates broadcast - and thus we desire to support
geographically disparate users on the same radio channel. This mo-
tivates the design of space-time codes that are robust to differences
in the propagation delays for the signals from different transmit an-
tennas; however, there has been almost no research work (only the
analysis in [4]) on the analysis and/or design of a link where multiple
antennas that are not co-located are transmitting to a single receiver
in a space-time fashion.



II. SYSTEM MODEL AND OPTIMAL RECEIVER

Per Figure 1, let ����� �! #"%$'&( �)�)*)� ,+- /.0$'&( �)*)�)� #132 be the dis-
tance of the "/4�5 user from the .!4�5 base station, and let 6���� � be the
proportional propagation delay. Using a single system channel (i.e.
broadcast mode), it is desirable to design the signal transmitted from
the antenna at each of the base stations and the receivers employed at
the mobile units such that 798�:�; <>=@?BA>C�� D is minimized, where ?EA is
the metric of interest (say, frame error rate or bit error rate) of the sys-
tem given � � $FC�� ��� G  #� ��� H  �)*)�)� #� ��� I!J D , and K is the set of all possible
distance vectors for a given system configuration.

Let L � CNM#D be the complex baseband representation of the signal
transmitted from the .O4N5 base station of the form

LO��CNM,D�$ PQRTSEU P V U GQI SXWZY%[ RT\�]� I�^ CNMB_`CbaNced01fD/g3h�D
where c is the codeword length, ^ Cji D is the pulse shaping function,g h is the symbol period, and Y [ RT\�]� I is the 134�5 symbol of the aN4�5 code-

word sent from base station . . In particular, the symbol Y [ RT\�]� I will be
the 1 4�5 element of the . 4�5 row of the 1 2`k c macroscopic space-
time codeword matrix Y [ RT\ selected as the a 4�5 transmitted codeword
from the collection l of macroscopic space-time codeword matrices.
Then, assuming a frequency-nonselective Rayleigh fading channel
from each base station to the mobile, the complex baseband repre-
sentation of the received signal for the " 4�5 user is given bym � CNM#Dn$ I JQ � S G o p ��� ��qr��� � L � CNM�_s6 �b� � D3dt1uCNM#D (1)

$ I JQ � S G o p ��� � q ��� � PQRTS�U P V U GQ I S3W Y [ RT\�]� I ^ CNME_vCbaNcedt1fD/g3hZ_s6���� �(D3dw1xCNM#D
where

p ��� � is the average received signal energy at the " 4N5 receiver
from the . 4�5 base station, which includes the effects of path-loss and
shadowing, q �b� � is a zero-mean complex Gaussian random variable
representing the multipath fading from the . 4N5 base station to the " 4�5
mobile, and 1uCNM,D is a stationary Gaussian random process with power
spectral density

V3yH . It is important to note that (1) looks similar to
a standard intersymbol interference (ISI) channel model in a single-
antenna system, and that similarity will suggest avenues of research;
however, it is also important to note that, since the transmitted signal
from each of the two base stations is different, the received signal
cannot be written as the convolution of a single signal and a linear
filter, which makes system design challenging.

As seen from (1), the delay between the arrival of signals from
different base stations causes both intersymbol and inter-codeword
interference, thus greatly complicating receiver design. However, re-
ceiver analogs from multi-user detection and equalization can be ap-
plied, with the receiver type depending strongly on the type of pulse
shaping assumed. If the pulse shape ^ CNM#D only has support on z {� jg h}|
(e.g. rectangular pulse shapes), and the maximum differential delay
between two arriving signals is assumed to be gfh , the ideas found
in [5] can be extended to this scenario. As shown in [6], the max-
imum likelihood sequence estimator (MLSE) receiver consists of a
bank of 1f2 matched filters followed by a Viterbi algorithm operating
on a ~ I J U G -state trellis. In contrast to [5], each state transition cor-
responds to an entire codeword (as opposed to a single symbol), and
thus the metric on each branch of the trellis consists of a correlation
of the received signal with the “expected” codeword for that branch

in addition to a periodic “fixed” component. A simplified version of
this receiver that corresponds to differential delays in �!_�g h  ,{� #g h��
will be given in the next section to aid in code design and will help
elucidate the key differences from [5].

For pulse shapes that are band-limited (hence, not time-limited)
and for which the differential delays do not fall on multiples of the
symbol interval, receiver design is greatly complicated. Receiver de-
sign and performance for this important case will be considered in
Section IV.

III. CODE DESIGN

In this section, the problem of macroscopic space-time code de-
sign is considered. For ease of exposition, it will be assumed that
there are only two base stations and that the difference in the propa-
gation delays from the two transmitters to the receiver is less than a
single symbol (i.e. in the interval z�_�g h  jg h}| ). The interested reader is
referred to [6] for generalizations to higher numbers of base stations
and a larger interval for the possible relative signal delays.

Furthermore, in the code design process, two assumptions are
made:

1. The average received energy from the two base stations is
identical.

2. The relative propagation delay 6���� GZ_�6���� H is a multiple of gfh ,
implying 6���� Gx_�6���� H����O_�g3h� #{� #g3h � .

Note that both of these assumptions are simply to aid the design pro-
cess - the derived codes will be tested on the general (1) below, so
the effects of relative energy and any relative propagation delay inz�_�g3h� #g3h | will be considered for the performance characterization.

It is instructive to consider what the optimal receiver would look
like for standard space-time coding solutions. Assume that the sys-
tem is employing a pulse shape ^ CNM,D that satisfies the zero ISI crite-
rion. First, suppose that a simulcasting system is employed; that is,
the system transmits the same signal from the two antennas. Then,
the problem reduces to the standard ISI problem [7], and, under the
assumptions of the previous paragraph with � known at the receiver,
a symbol-spaced matched filter followed by the standard forward
Viterbi algorithm yields the optimal receiver [8]. In fact, standard
equalization results of all types are readily applied to the simulcast
problem. However, per Section I, such a system does not provide
diversity to the geographically-disadvantaged users directly between
the two base stations and thus is not desirable (as will be Section V).

Next, consider the case when the transmissions from the two an-
tennas are different; in particular, suppose an Alamouti scheme [2]
is employed. To simplify the discussion (and, more importantly, the
resulting diagrams), it is assumed that binary phase-shifting keying
(BPSK) is employed, but the results generalize easily[6]. Under this
assumption, the Alamouti scheme for transmitting two information
bits � W �w��{� �& � and � G �t��{� �& � is defined by the transmitted code-
word matrix:

Y��3� $���� W � G_ � G � Ww�  
where the first row is transmitted from the first base station, the
second row is transmitted from the second base station, and � ��$Cj_�&�Dj�/�� #"E$�{� �& . Under a relative propagation delay of a single sym-
bol, it can be shown that the optimal receiver consists of a matched
filter followed by a symbol-spaced sampler and a forward Viterbi al-
gorithm with modified path metrics. To observe such, consider the
trellis shown in Figure 2 for representing the effective transmitted sig-
nal, which is defined as the transmitted signal after the relative delay
is applied but before the fading and noise are added, in a system where
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Figure 2: Trellis diagram for the effective transmitted signal in
the Alamouti scheme when the signal of the second transmitter
is delayed one symbol relative to that of the first transmitter,
assuming BPSK modulation (the generalization to higher or-
der modulation simply adds more states to the trellis diagrams
[6]). The loss in diversity of the Alamouti scheme for this de-
lay is immediately observed - any pair of parallel paths leads
to a rank one result.

the signal from base station two is delayed one symbol relative to the
signal from base station one. As in standard coded modulation and
equalization, any effective transmitted sequence is represented by a
path through the trellis, and any path through the trellis has a corre-
sponding effective transmitted sequence. Thus, the latter portion of
the optimal receiver is easily realized as a two-state forward Viterbi
algorithm, but, more importantly for the transmitter design results be-
low, performance results can be derived for the system by considering
paths that diverge at a given state and later remerge in the trellis.

Per Figure 2, the loss in rank of a standard Alamouti scheme is
easily observed when the relative delay is equal to one symbol pe-
riod. Not surprisingly, since this was not part of their design criterion,
other schemes designed assuming no relative delay between the sig-
nals from the transmitted antennas often suffer a similar fate, since
many have structural similarities to the Alamouti scheme at some
level. For example, a simple visual inspection reveals that the three
codes described in Figures 4 and 5 of [1] become rank one when
the signal from the second antenna arrives one symbol period after
that from the first antenna, because they have aspects of the Alamouti
codes embedded in them.

Now suppose that it is desirable to design a code that works for
all relative delays in the set ¯!°�±f²�³#´�³]µ¶±3²*· . Although it might be an-
ticipated that this more restrictive condition necessitates an inability
to maintain full rate, it is possible to find BPSK orthogonal designs
that are full-rate macroscopic space-time code mapped to BPSK that
maintains full rank in such a scenario. An example of such a code for
the relative delays in the set ¯!°�± ² ³,´�³j± ² · is given by:¸�¹fºX»E¹½¼ ¦@¾�¿ ¾(ÀÁ¾�ÂÃ¾�Ä° ¾�Â ¾�ÄÅ¾�¿ ° ¾!À ¬ ³
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Figure 3: Trellis diagram for the effective transmitted signal in
the proposed scheme, when the signal of the second transmit-
ter is delayed one symbol relative to that of the first transmitter,
assuming BPSK modulation (the generalization to higher or-
der modulation simply adds more states to the trellis diagrams
[6]). The proposed scheme retains rank two difference matri-
ces for any two possible paths through the trellis.

which is two interleaved Alamouti codes. The trellis for the effective
transmitted signal for such a code is given in Figure 3. Other BPSK
orthogonal designs of length ÉrÊ lcm ËÍÌO³,Î�³�Ï*Ï�Ï�³,ÐZÑ , where lcm ËjÒ Ñ is
the least common multiple of the elements in the set that form its
argument, have been found for larger delay sets ¯O°ÓÐ�±f²�³�Ëj°ÓÐÔµÕ Ñ/± ² ³�Ï�Ï�Ï*³�°�± ² ³,´�³#± ² ³�Ï*Ï�Ï�³,Ð�± ² · [6]. The simulated performance of
the Alamouti and proposed schemes is shown in Figure 4.

IV. PERFORMANCE CHARACTERIZATION

To consider relative delays that are not equal to an integer multi-
ple of symbol intervals, it is important to first consider the optimal
receiver design in such a scenario. If the transmitted pulse shape is
time-limited (hence, not bandlimited), it is straightforward to extend
Verdu’s MLSE receiver [5] targeted for code-division multiple-access
(CDMA) to this case as discussed in Section II. However, since it is
of more practical interest to consider bandlimited (hence, not time-
limited) signals, the main goal is to consider here bandlimited signals
with arbitrary relative delay Ö between the arriving signals. In this
case, the form of the optimal receiver becomes complicated; hence,
the practical receiver will likely be a generalization of a fractionally-
spaced equalizer. The latter is complicated in the macroscopic space-
time formulation, since (1) does not allow the received signal to be
expressed simply as the linear filtering of a single transmitted signal.
Thus, rather than design and analyze these receivers, their perfor-
mance is estimated through other techniques in this section.

To characterize the performance of well-designed practical re-
ceivers for the case of a band-limited pulse shape, attention is turned
to the matched filter bound [9, 10, 11], which studies the “one-shot”
performance of the system with perfect channel estimation and no
ISI, and hence lower bounds system error probabilities. Consider the
probability of choosing the space-time codeword corresponding to
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Figure 4: Simulated performance (200-bit frames) of the stan-
dard Alamouti scheme and the proposed scheme versus signal-
to-noise ratio per transmitting base station. Each data point is
the result of the simulation of 100,000 frames. The Alamouti
scheme loses rank when the relative offset of the signals re-
ceived from the two base stations is positive or negative one
symbol period, whereas the proposed scheme displays only
the slightest performance degradation.

the matrix × , where Ø(ÙbÚ Û is the Ü!Ý�Þ symbol sent from the ß/Ý�Þ base sta-
tion, when the space-time codeword corresponding to the matrix à
was sent. Because the relative delays considered will be in fractions
of a symbol interval, simple space-time matrices must be abandoned
in favor of waveforms. Thus, let the 2 by 1 matrix of waveforms,
where the ß ÝNÞ row corresponds to the waveform sent from the ß Ý�Þ
base station, for the transmitted codeword be given byá9â>ã�äNå,æuçÔèêé�ë ãì(í3î â>ã Ú ì�ï äNåEðsñXò3ó*æâ�ô(äNå,æuçÔèêé�ë ãì(í3î â�ô Ú ì ï äNåEðsñXò ó æ�õ
and, for the codeword to which the error is made beá Ø ã äNå,æuçÔèêé�ë ãì(í3î Ø ã Ú ì ï äNåEðsñ�ò ó æØ ô(äNå,æuçÔè é�ë ãì(í3î Ø ô Ú ì ï äNåEðsñ�ò ó æ-õ
where ï äjö æ is the pulse-shaping waveform. Now, the matched filter
bound to the pairwise error probability for a given ÷ is derived as:

ø ä à�ù�× æ�ú ûÓüþý Ú üuÿ á�������� Ú ��Ú 	 ä�
 ã�� 
rô�æ
 ��� î � õç ���� ô��î û üþý Ú üuÿ á�������� ð � ô� Ú ��Ú 	 ä�
 ã�� 
rô�æ� � î��! #" ô%$ � õ � $ç �� � ô��î ��'&)( ý�* � Ú ��Ú 	,+- é/.1032 4 ÿ65 ��'&)( ÿ�* � Ú ��Ú 	,+- é7.1032 4 ÿ85 � $ (2)

where
� � Ú ��Ú 	 ä�
@ã � 
 ô æ is the “received” Euclidean distance between

the faded waveforms corresponding to à and × conditioned on the
complex fading values


 ã
and


rô
, and the second line above ex-

ploits the alternate form of the

� äjö æ
function [12]. The quantities9 ã�ä à � × � ÷ æ and

9 ô ä à � × � ÷ æ are the eigenvalues of the matrix : with
entries:: ã Ú ã ç �<; Ø ã�äNå,æEðsâ�ã�äNå,æ ; ô � å: ã Ú ô ç � ä Ø ã äNå#æBð�â ã äNå,æ#æ*ä Ø8=ô äNå�ð ÷ æBð�â =ô äNå�ð ÷ æ#æ � å: ô Ú ã ç � ä Ø8=ã äNå,æBð�â = ã äNå,æ#æ*ä Ø ô>äNå�ð ÷ æBð�â�ô(äNå�ð ÷ æ#æ � å: ô Ú ô ç �<; Ø ô(äNå�ð ÷ æ�ðsâ�ô�äNå�ð ÷ æ ; ô � å
The above is the necessary waveform generalization of the discrete-
time pairwise error probability derived in [1] for standard space-time
systems.

0 0.5 1 1.5
10−5

10−4

10−3

10−2

P
a

ir
w

is
e

 E
rr

o
r 

P
ro

b
a

b
ili

ty

Relative Delay
0 0.5 1 1.5

10−5

10−4

10−3

10−2

Relative Delay
0 0.5 1 1.5

10−5

10−4

10−3

10−2

Relative Delay

Figure 5: The matched filter bound to the pairwise error proba-
bility of various codeword pairs for (from left to right): (a) the
Alamouti scheme, (b) the proposed scheme, and (c) a scheme
which concatenates two Alamouti codewords together. The
average received signal-to-noise ratio (SNR) is 15 dB per base
station, and rectangular pulse shaping is employed. Note that
for each delay, the effective code in each of the three cases is
geometrically uniform, and thus it has been assumed that the
codeword corresponding to information bits that are all zeros
has been sent.

Although interest here is mainly in bandlimited pulse shapes, the
matched filter bound is plotted in Figure 5 for rectangular pulse
shapes for verification below. In Figure 6, the matched filter bound
is plotted for raised cosine pulse shaping. From Figures 5 and 6,
it is clear that the loss in rank of the Alamouti scheme at a rela-
tive delay of one symbol is symptomatic of weakened performance
over a much broader range. The robustness over the delays in the
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Figure 6: The matched filter bound to the pairwise error proba-
bility of various codeword pairs for (from left to right): (a) the
Alamouti scheme, (b) the proposed scheme, and (c) a scheme
which concatenates two Alamouti codewords together. The
average received signal-to-noise ratio (SNR) is 15 dB per base
station, and raised cosine pulse shaping with 50% excess band-
width is employed. Note that for each delay, the effective code
in each of the three cases is geometrically uniform, and thus
it has been assumed that the codeword corresponding to infor-
mation bits that are all zeros has been sent.

set >@?�A7B�CED�CEFGA7B�H for the proposed scheme does in fact guarantee
robustness over the interval IJ?�A/B,C�A7BLK (results for only half of the
interval are displayed, but everything is symmetric). Also, the per-
formance gain of the proposed scheme is higher for the raised cosine
pulse shape than for the rectangular pulse shape, which is promising
since band-limited pulse shapes are used in practice. The increase
in the matched filter bound for relative delays greater than A B for
the proposed scheme is expected, since this is beyond its designed
range. In each figure, the matched filter bound results for a scheme
which concatenates two Alamouti codes together; this is to show that
the displayed broad gain in robustness of the proposed scheme over
the Alamouti scheme is not an artifact of applying the matched filter
bound technique to two codes of different lengths.

Next, the matched filter bound results of Figures 5 and 6 are veri-
fied through simulation. For each transmitted codeword in the Alam-
outi scheme, there is one other codeword for which the pairwise error
corresponds to the poor-performing curve in Figure 5 or 6. Thus, it is
anticipated that the simulated bit error rate performance of the Alam-
outi scheme should be one-half of the worst pairwise error probability
curve. This is indeed what is observed through simulation as shown
in Figure 7 for the case of rectangular pulses. By a similar argument,
it is anticipated that the bit error probability of the proposed scheme
should match that of the top curve in Figure 5 closely, which is also
observed. Note that a simulation result for the case of raised cosine
pulse shaping is not shown. Since the raised cosine pulse shape is not
time-limited, the receiver described in Section 1 cannot be employed,
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Figure 7: Simulated performance (200-bit frames) of the stan-
dard Alamouti scheme and the proposed scheme versus rel-
ative delay between the arrival times of the signals from the
two base stations. The received SNR is 15 dB per per base
station, and each data point is the result of the simulation of
100,000 frames. Rectangular pulse shaping is employed; thus,
the optimal receiver derived in [6] and described in Section 1
is simulated. Note the close agreement with what the matched
filter bound of Figure 5 predicts.

and, as discussed above, the optimal receiver is very complex.

V. COVERAGE RESULTS

Next, consider coverage results with parameters drawn from pub-
lic safety radio - base station separation of 30 miles and symbol
period of 0.05 milliseconds. Consider again Figure 1. Normal-
izing the distance between the base stations to unity, we will as-
sume that the two base stations transmit together to mobiles over
the one-by-one square with corners at M�NOC!PRQ -coordinates MSD�T D�CLDUT DVQ
and M�WVT DUC�WVT D@Q , with the base stations at the locations MSD�T DUCLD�T XVQ
and M�W�T D�CLD�T X�Q . Consider coverage in the rectangle with cornersMSDUT Y�D�CZD�T DVQ and MSDUT [\D�C�W�T DVQ , which is the most difficult coverage re-
gion in such systems.

The four systems that will be considered are given as follows: (1)
Selection Macrodiversity: The mobile associates only with the base
station with which it achieves the highest average signal-to-noise ra-
tio. (2) Simulcast: The base stations transmit exactly the same signal
at exactly the same time. (3) Alamouti: The base stations transmit us-
ing the Alamouti scheme, except that one row of the space-time code
matrix is sent from a given single-antenna base staion. (4) Proposed:
The base stations transmit with the scheme proposed above, where
one row of the space-time code matrix is sent from a given single-
antenna base staion. Coverage results obtained through predictions
from the matched filter bound technique are shown in Table 1, where



duplicate locations arising from symmetry have been removed. Note
the robust performance of the proposed scheme.

VI. CONCLUSIONS

In this paper, the macroscopic space-time coding problem has
been introduced. In particular, the relative difference of the arrival
times of the signals from the multiple base stations is a critical fea-
ture that cannot be ignored, particularly in systems employing partial
broadcast. A family of space-time codes, where each code consists of
codewords with orthogonal rows, has been introduced, and it has been
demonstrated that such schemes greatly outperform previous solu-
tions: standard selection macro-diversity, simulcasting, and standard
space-time coding. This is due to the fact that standard space-time
codes often demonstrate reduced (often no) diversity when employed
in such an environment.

REFERENCES

[1] V. Tarokh, N. Seshadri, and A. Calderbank, “Space-Time Codes for High
Data Rate Wireless Communications: Performance Criterion and Code
Construction,” IEEE Transactions on Information Theory, Vol. 44: pp.
744-765, March 1998.

[2] S. Alamouti, “A Simple Transmit Diversity Technique for Wireless Com-
munications,” IEEE Journal on Selected Areas in Communications, Vol.
16: pp. 1451-1458, October 1998.

[3] J. Guey, M. Fitz, M. Bell, and W.-Y. Kuo, “Signal Design for Trans-
mitter Diversity Wireless Communication Systems over Rayleigh Fading
Channels,” IEEE Transactions on Communications, Vol. 47: pp. 527-537,
April 1999.

[4] Y. Tang and M. Valenti, “Coded Transmit Macrodiversity: Block Space-
Time Codes over Distributed Antennas,” Proceedings of the IEEE Vehic-
ular Technology Conference, 2001.

[5] S. Verdu, “Minimum Probability of Error for Asynchronous Gaussian
Multiple Access Channels,” IEEE Transactions on Information Theory,
Vol. 32: pp. 85-96, January 1986.

[6] D. Goeckel and Y. Hao, “Macroscopic Space-Time Coding”, in prepara-
tion.

[7] J. Proakis, Digital Communications, Fourth Edition, McGraw-Hill, 2001.

[8] G. Forney, “Maximum-Likelihood Sequence Estimation of Digital Se-
quences in the Presence of Intersymbol Interference,” IEEE Transactions
on Information Theory, Vol. 18: pp. 363-378, May 1972.

[9] J. Mazo, “Exact Matched Filter Bounds for Two-Beam Rayleigh Fading,”
IEEE Transactions on Communications, Vol. 39: pp. 1027-1030, 1991.

[10] M. Clark, L. Greenstein, W. Kenney, and M. Shaft, “Matched Filter
Bounds for Diversity Combining Receivers in Digital Mobile Radio,”
IEEE Transactions on Vehicular Technology, pp. 356-362, November
1992.

[11] A. Naguib, “On the Matched Filter Bound of Transmit Diversity Tech-
niques,” Proceedings of the IEEE International Conference on Commu-
nications, 2001.

[12] M. Simon and D. Divsalar, “Some New Twists to Problems Involving the
Gaussian Probability Interval,” IEEE Transactions on Communications,
Vol. 46: pp. 200-210, February 1998.

X Y Slct Simul Alam Prop
0.30 0.00 0.85 0.21 0.41 0.20
0.30 0.10 0.78 0.15 0.44 0.15
0.30 0.20 0.69 0.10 0.49 0.10
0.30 0.30 0.60 0.06 0.22 0.06
0.30 0.40 0.53 0.04 0.11 0.04
0.30 0.50 0.47 0.04 0.09 0.04
0.35 0.00 0.85 0.26 0.29 0.22
0.35 0.10 0.79 0.17 0.23 0.15
0.35 0.20 0.72 0.11 0.19 0.10
0.35 0.30 0.66 0.07 0.18 0.06
0.35 0.40 0.59 0.04 0.17 0.04
0.35 0.50 0.58 0.04 0.18 0.04
0.40 0.00 0.86 0.30 0.23 0.20
0.40 0.10 0.81 0.22 0.18 0.15
0.40 0.20 0.74 0.14 0.13 0.10
0.40 0.30 0.69 0.11 0.11 0.08
0.40 0.40 0.64 0.07 0.07 0.05
0.40 0.50 0.62 0.06 0.07 0.05
0.45 0.00 0.87 0.47 0.21 0.20
0.45 0.10 0.81 0.36 0.15 0.15
0.45 0.20 0.76 0.26 0.11 0.11
0.45 0.30 0.71 0.20 0.09 0.08
0.45 0.40 0.67 0.14 0.06 0.06
0.45 0.50 0.65 0.13 0.06 0.05
0.50 0.00 0.87 0.84 0.21 0.21
0.50 0.10 0.82 0.79 0.14 0.14
0.50 0.20 0.76 0.74 0.11 0.11
0.50 0.30 0.72 0.67 0.07 0.07
0.50 0.40 0.68 0.64 0.06 0.06
0.50 0.50 0.66 0.62 0.06 0.06

Table 1: Probability of outage at a given point, where outage
is defined as the bit error rate being above threshold (which,
per Figure 4, roughly translates to frame error rates that are
equal for the compared systems) for each of the four consid-
ered schemes for various locations ]_^a`Zbdc in the normalized
region. The table goes roughly from locations further from
the center of the cell at the top to locations roughly between
the two base stations at the bottom. The path loss exponent ise%f g

, and the standard deviation of the log-normal shadowing
is h�ikjml dB. Each point is the result of 5000 trials, where
each trial requires an independent generation of the log-normal
shadowing for that point. The average received SNR for a unit
in the middle of the region per base station is 22.65 dB and
the bit error rate threshold is nporq g7s/t . As expected, selection
macrodiversity performs the worst of the systems. Simulcast
performs poorly in the center of the cell, but improves as it
moves away from the center. The Alamouti scheme is excel-
lent in the middle of the cell despite the low received average
SNR, but it degrades away from there as expected from Figure
6. The proposed scheme shows robust performance across the
region.


