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The Multiply-Detected Macrodiversity
Scheme for Wireless Cellular Systems
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Abstract—In this paper, the multiply-detected macrodiversity 1) the signal with the strongest received power—the (S)
(MDM) scheme is proposed for wireless cellular systems. As diversity;

opposed to the traditional macrodiversity schemes, in which at 2) the signal with the largest signal-to-interference ratio
any time a signal from only one base station is selected, in the . . . o
MDM scheme there is no selection, but all the received signals (SIR).—the sgnal-to-mterferencg (S d'Ver_S'ty'
are detected, and a maximum-likelihood decision algorithm is ~ 3) the signal with the largest signal plus interference

employed to maximize the probability of correct decision. We power—the (S+ [) diversity.

study the performance of the MDM scheme and compare it With o cqrse, as the SIR directly determines the bit-error rate

the performance of the traditional selection-based macrodiversit . . .
schgmes. Depending on the propagation parameters, our resu}llts (BER), the (S/1) diversity corresponds to the best performing

show that through the use of the MDM scheme, significant System. Thus, we adopt the (S/1) diversity as the comparison
improvement in the bit-error rate (BER) can be achieved. For basis for the MDM scheme. However, practically, the (S/I)

instance, if the outage probability is defined as BER above I¢*,  diversity is also the most difficult scheme to implement.

the outage is eliminated at least 45% of the time as compared with  \/arjoys studies have analyzed network architectures em-
signal-to-interference (S/I) diversity, for a propagation attenua- . . . . . :

tion exponent of 4.0 and shadowing standard deviation of 4.0 ploying selchon-based_ macroscopic diversity. We d'SC‘%SS
dB. Furthermore, as compared with the (S/I) diversity, the MDM  here some representative examples. In [4], Bernhardt sim-
scheme reduces, on the average, the BER at least two ordersulated the performances of different macroscopic diversity

of magnitude throughout more than 60% of the cell area for configurations in frequency reuse radio systems: in [16], a
a propagation attenuation exponent of 3.5, shadowing standard atyork architecture with overlapping cells and macrodiver-
deviation of 4.0 dB, and system loading of less than 50%. Lo - o .

o . ~ sity is proposed to enhance the signal transmission quality

Index Terms—Cellular systems, diversity techniques, macrodi- or to solve capacity problems at the so-called “hot spots”
versity, macroscopic diversity, maximum likelihood. by increasing the realizable channel reuse factor. In [15],

two-branch site diversity is considered and applied to the

|. INTRODUCTION ALOHA-based cellular networks. [21] compares the various

T HE PRINCIPLE of diversity reception is based on th selection-based macrodiversity schemes and concludes that

fact that independent sianals have a low brobabilit e performance of the (S/I) macrodiversity is significantly
S penc 9 - alowp Y Petter than the (S) and the (8 I) diversity schemes, while

experiencing deep fading at the same time instant. Therefotrﬁee difference between (S) and (S1) diversity is relatively
if certain information is independently available on two or

more branches (known afversity branches the probability _smaII. In [22], an exact a.”a'ys_'s is provided for the cochannel
. : interference of an (S) diversity system for the lognormally
that all of the branches suffer from deep fading simultaneous ) : .
. . . . shadowed Rayleigh fading channel. A closed-form analytical
is rather low. Thus, by taking into the account the information_~ . o .
. . .. splution for the probability of error of/-branch macroscopic
extracted from multiple different branches, more of the origina . . . . . o
) . . Selection diversity can be found in [20]. Link quality is used
signal can be recovered, as compared with the case in whic . S i .
. . as a selection criterion in most of these studies. In a different
a single branch is used alone ([8], [9], [23]-[25]).

Macrodiversity also known ashase-station diversityis a approach, [6] and [7] proposed the use of coding information

. . s.an indication of link quality. This indication is then used
form of large-scale space diversity and can be used to compat . . . . .
. . . . Tor selection of one of the links. Macrodiversity using antenna
the effects of shadowing in cellular mobile communication N .
. . . sectorization is presented in [5], where the performance of two

networks. The conventional macrodiversity schemes reduce.. . L ; . .
. . . . variations of capture-division packetized access is investigated,

the effect of shadowing by selecting the diversity branches that . - .
) . . . . and in [28], where the SIR statistics for mobile telephony

avoid the obstructions, i.e., the schemes consist of receiving a

0 - : . Stem with hexagonal coverage areas, multiple interferers,
mobile’s transmission by several base stations simultaneou . ; . )
N . . . : and three-corner base stations are obtained. Finally, combined
in time and selectinghe onewith the best signal quality. The

best signal quality can be defined as ([21]): performance of macro and microdiversity schemes has been
gnatq y ' analytically examined in [1] for shadowed Nakagami fading
channels.
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II. THE MULTIPLY-DETECTED MACRODIVERSITY SCHEME with the predetection combiningechniques [2], [3], [11], [12],

In the traditional macrodiversity techniques, only one Jﬂ_S], [2,3]' [,2‘_1]'4 In postdetectpn combining, the detected
the received signals is selected at any time. Therefore, th§inals in digital form are “combined” rather than the analog
techniques do not take advantage of the signals receivi@nals. Although, in general, predetection combining yields
by the other base stations, which, even though possibly 'BPTe® improvement, its implementation on the macroscale
inferior quality, may still be useful to improve the overall BERMPOSES a prohibitively Iarge penalty on the traf_'ﬂc n the
performance. In contrast, in the scheme considered here [{&estrial network and requires complex synchronization.
and termed multiply-detected macrodiversity (MDM), there is_AS described here, the proposed scheme is based on commu-

no selection, but all the received signals are detected in paraflting hard-detection decisions to the central point. At the

at the different base stations and an algoriththe-MDM expense o_f somewhat increasgd terrestrial traffic, conveying
decision algorithm—is employed to maximize the probabilitySOft (_jetecnon de(_:|§|ons would improve the performance. We
of correct decision. Our results presented here demonstrgp@Sider soft-decision MDM scheme as future research.
that a considerable improvement can be obtained with thisOUr claim in this paper is that, due to the additional
scheme, as compared with the selection-based macrodiverdfffprmation (i.e., the detected signals from the secondary
especially when the mobile is located close to the boundé??se stations), the e.rror-rate of the deC|S|on-'mak|ng algpnthm
between the cells. As boundary between the cells is exactly #{il P& lower, sometimes much lower, than in the traditional
region where the mobile station is expected to suffer the mgB@crodiversity schemes. For example, as compared with (S)
degradation in the received signal, the MDM scheme tenf¥€rsity, the improvement of the MDM scheme results from
to equalize the network performance throughout the coveragfe/eral factors.
area. In this paper, we investigate the performance of thel) The configuration or the locations of the interferers can
MDM scheme and compare it with the performance of the  be such that the secondary base stations experience a
traditional, selection-based macrodiversity schemes. lower amount of interference than the primary one, even
We assume the common cellular network model in which ~ though the primary base station receives the strongest
base stations are connected to a mobile switching center signal.
(MSC) through fixed-network connectivity. We refer to the 2) The slow fading phenomenon can reduce the interfering
set of the base stations serving a mobile at a particular point ~ signal (or increase the signal itself) at the secondary
in time as its base-station covering set (BCS). Furthermore, base stations more than the reduction of the interfering
we term the base station that would normally serve a mbbile  signal (or increase in the signal itself) at the primary
as itsprimary base stationwhile the other base stations that base station.
detect the mobile’s signal are termsecondary base stations 3) If @ mobile is close to the boundary between two or
The number of the secondary base stations depends on several three cells, the quality of the signal at the secondary
factors, chief of which are the propagation conditions. base stations may be comparable to the quality of the
The operation of the MDM scheme is as follows. As a  signal at the primary base station.
mobile station roams throughout the coverage area, its signaf) Some combination of the above factors.
is continuously received and detected by the base stations thatlote that when qualities of the received signals at the
belong to its BCS. The detected signals are then transmitetondary base stations are considerably poorer than that of the
as digital data over the terrestrial network to one central poiptimary base station, practically the decision-making algorithm
which can be the MSC, for instance. Additionally, “every seelies on the detection of the primary base station only. Thus,
often”® each BCS base station evaluates the quality of ise MDM scheme always yields at least as good results as the
link with the mobile station. The evaluation can consist dfaditional macrodiversity scheme that is based on the same
measurement of the quality criterion, such as SIR, for exampliek quality criterion.
or estimation of the link's BER, for example. Whatever The MDM scheme addresses the upfirdirection only,
the procedure for link evaluation is, the quality of links isvhich is more problematic, since the mobile’s transmitting
conveyed to the central point as well. power is considerably lower than the base-station emitted
At that central point, a decision-making algorithm is exepower. The attribute of mobiles being power limited is ex-
cuted that makes an “optimum” bit-by-bit decision of whapected to persist in the future as the miniaturization of the
was transmitted by the mobile station. The decision-makingreless devices continues.
algorithm is based on thmaximum-likelihooctriterion [17] The purpose of the study presented here is to estimate the
and incorporates the quality of links as “weighting” factors immount of improvement in BER that can be achieved through
its decision. The output of the decision algorithm is then setite general concept of hard decision—postdetection combining
to the destination. using the maximum-likelihood criterion. (We do not intend
Thus, the MDM scheme is based postdetection combin- to study here a particular implementation of any wireless
ing techniqud26], which is usually less complex as comparedommunication standard.)

2For example, the base station that would be selected when the specifieiAn implementation of predetection-based macrodiversity would involve
macrodiversity scheme is implemented. the received signals themselves, rather than the detected signals, to be
3The determination of the frequency with which the quality of the links arfansmitted in analog form to the central point. The central point then adds
evaluated depend on the mobility patterns and propagation conditions ané Signals using some weighting algorithm.
outside the scope of this paper. 5The direction from mobile to base stations.
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The following are a number of assumptions used throughout
the rest of the paper that are related to the operation and
performance evaluation of the MDM scheme.

1) Link quality is determined by SIR measurements. Base Station 1

2) The transmission is based on time-division multiple-
access scheme (TDMA).

3) At the base stations, the mobile’s transmission is r¢- The Gain Area
ceived, detected, and decoded. As we would like tO
study the MDM scheme in the general case, independent
of the actual coding scheme used, we evaluate the
improvement due to the MDM scheme as related to a
raw channel, without specifying an encoding scheme. /.
The reader is referred to [14] for the performance of the
MDM scheme with the 1S-136 standard.

4) In the same vein, we study here the improvement in
BER and not in word-error rate (WER), which is a more
practical quantity. However, expressing our results in
WER would require us to fix the word length and, thus,
lose generality of our study.

5) A synchronization scheme is implemented that allowsy 1. An example of a three-base-station BCS.
to match on the slot-by-slot (i.e., burst-by-burst) basis
the data streams from the BCS base stations at the
central point. Such a scheme may include periodfgarry more and more information. When the mobile station
transmission of markers (e.g., code violations), possibfyosses some “critical line” toward the cell boundary, the
with some limited sequencing information by the mobilguality of the signals at BS1 and at BS2 is so good that
stations. This sequencing information is then forwardegti can be used to improve the detection of the BS0. The
to the central point. A sufficient amount of sequencarea defined by these critical lines in the neighboring cells is
ing information would ensure very low probability ofreferred to as the gain area (to be precisely defined later)—the
synchronization loss, and, thus, we neglect such effecggrformance of the MDM scheme in the gain area is better

6) There are a number of networking issues that we dlban the performance of the corresponding selection-based
not address in this paper. For example, TDMA slgnacrodiversity schemes.
synchronization at the BCS base stations, “handoffs” Consider now the case in which the link qualities between
between the BCS base statidrand the effect of power the mobile and the three base stations are approximately
control and its associated issues. These issues are ¢gftal’ Thus, the BER'’s of the individual links are also
for a future study. approximately equal. A simple majority voting will improve

The following example in Fig. 1 further illustrates thethe prqpability of error by'nearly sq.uar.in.g the indiviqual

operation of the scheme. In this figure, a mobile station P%Obab".lty of error of egch “nk'.(lf thg individual pTOb?b""y

s : , then the majority voting with equal-quality signals

located within the triangular area formed by three BCS baSecror ISP . 5 3 >

stations: BS1, BS2, and BS3. For the purpose of explanati rﬁsults in a probability of error equal & — 2p° ~ O(p)

assume first that there is no shadow fading and that toe'zx p<1)

i ) : .~ A comment about the practicality of SIR measurements
cochannel interference sources are fixed at their location

) , follows. A possible scheme to estimate the SIR can be to
determined based on the regular fixed channel allocation . .

. T measure the amount of interference (l) during the TDMA slot
(FCA) reuse patterns. When a mobile station is very close to

BSO, the signal received by BSO is of the best quality. Thu%uarOI time$ and the signat- interference (St- I) during the

the information provided by BS1 and BS2 is of no potentia‘{j}c.tual burst tr_ansm|s_3|on. Another possibility is to pgrlodlcally
- . 7 skip slots during which the (1) could be measured in analogy
use in improving the decision made by BSO. However, wh

the mobile station is getting farther away from the BSO, tf?g t.he idle” slots in the global system for_mob|le communi
, . cation (GSM). Of course, as the propagation and interference
signal power received by the BSO decreases. At the samie .. )
. . . . conditions change continuously, these measurements need to
time, the signal powers received by BS1 and BS2 increase. -
) € averaged over many slots. Averaged measurement$ of (
As the amount of cochannel interference at the BCS base = = .
. L g o -and of &+ |) are then used to calculate the estimate of the SIR
stations is independent of the mobile’s position, the resulting

SIR at BSO decreases, while the SIR's at BS1 and BS2
increase. Thus, as the mobile is getting closer to the boundary
between the three cells, the signals received at BS1 and BS2

Base Station 2

Base Station 0

+ l)measured:| _1.

SIRestimated = |:( ( (1)

l ) measured

6Note that the “handoff’ in the MDM scheme consists of addition and ' The probability of this situation to occur is large when the mobile is on
removal of base stations from BCS. Thus, the procedure that determines wHhboundary between the three base stations.
to add or remove a base station is outside the scope of this paper. 8 Just before/after the burst’s beginning/ending is detected.
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Fig. 2. Location of interferers in the reuse of seven case.

The above approach is based on measurements of #eThe Models
desired signals’ and interferers’ power. There are other pos—pe following are the models used in our MDM study

sible approaches to estimate the quality of a channel. FQtqented here. We refer to the selection-based macrodiversity

example, one can directly measure the channel's BER, hemes, with which we compare the performance of the
example, with the assistance of a channel coding scheg& scheme. as “traditional schemes.”

(e.g., [4], [6], [7]). Yet another scheme is to use the soft- 1) The Network and Traffic Models:

decoding information from a convolutional decoder to get 1) A representative mobild/ is associated with a set of
an indication on the channel quality. Comparison of the way three base stations BSO. BS1. and BS2. ie. BES
that the quality of channel information is obtained is outside (BSO, BS1, BS?. Larger ,BCS \;vould furthér in,wprove

Fhe scope of this paper. We assume here Fhat signal and, the performance. However, larger BCS results in more
interference measurements are used to determine the channels system overhead, such as extra traffic in the fixed

quality. network.

Of course, the improvement in BER due to the MDM Channel reuse is based on FCA with reuse factor of
_scheme QOes _not come for free. In addition .to pqtentlal seven, as shown in Fig. 2.
increase in equipment at the secondary base stations (i.e., eacsk} In the traditional schemes, the channel assignment is
base station needs now to be able to receive channels of its’ pased on the mobile’s location.

neighboring cells), there is also an increase in the processingn Each cell has a fixed radiu®), which is set at 1 km.
load due to the implementation of the centralized decision 5) We label byp(s) the probability that the channel as-
algorithm. Finally, an additional bandwidth is required in the ~ sjgned to mobile M (in celf) is used in the cell (i # j).
fixed wireline network to communicate the extra data and  \\e further assume thats) is constant for all cochannel
some additional control information. The scheme, however,  cells. Thus, in particulai(ii ) = p(iz) = - - - = pli¢) =
does not consume any additional wireless bandwidth. Also, where{i,, i, -+, i} is a set of cochannel cells. We
as the dynamic channel allocation (DCA) schemes require  assume that all the channels are equally loaded (i.e.,
installing at the base station more than the minimum number  choice of channel is made randomly), and we refep to
of radio channel cards, one may argue that the increase gas thechannel occupancy

in the equipment at the base stations is not really thatj

substantial. 9p is an indication of the system load.
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2) The Radio Propagation Model, Interference 13) We assume that, due to other practical limitations, such
Model, and Signal Modulation: as bit synchronization, there is a floaP¢°°r) on the

1) Wireless signals are modulated using the quadrature  achievable BER for any wireless link. Here, we study
phase-shift keying (QPSK) modulation scheme. the cases whe®°*" = 107, 1073, and 10~1°.

2) We evaluate our results for the following discrete values 14) The error rate of the terrestrial network is significantly
of the signal attenuation exponent 2.0, 2.5, 3.0, 3.5, lower than the error rate of the wireless links. Thus, we
and 4.0. neglect the effect of the fixed network impairments.

3) In modeling the shadow fading environment, we assume

4)

5)

6)

7

8)

9)

that the power (in decibels) of the signal, as well as eaéh The Decision-Making Algorithm

of the six possible interferences, follow the lognormal The MDM decision algorithm is based on maximum-
distribution with some value of standard deviation. Weelinood decision, i.e., for each bit, and calculates the
compute the results for standard deviation of 4 and 8 dBopability that “zero” was transmitted and the probability that
For a particular signal or interference source, th@ne” was transmitted given the detections at the BCS base
amounts of shadow fading at different base statiorgations and the probability of erroneous detections at each
are independent of each other. In addition, we assurgfe of the base stations. The decision algorithm then chooses
that, for any particular base station, the shadow fadifge case which gives the larger transmission probability. The
effects of all the signals and interference sources are gppabilities of erroneous detections at the BCS base stations
independent of each other. are determined based on the respective link qualities (i.e., SIR
We assume that there is no power control at the mObE%timations)_

station, i.e., all the mobile stations transmit their signals \ye adopt the notation, in whiclc(0), Pc(1), and Pe(2)

with the same powerPy;. _ stand for the probabilities of correct bit reception at BS0, BS1,
Py is determined so that due to the propagation ajng BS2, respectively, ande(0), Pe(1), andPe(2) stand for
tenuation and the shadow fading, the transmitted powgle probabilities of erroneous bit reception at BS0, BS1, and
is such that 90% of the time the closest base statigisy respectively.

receives signal power level of at least05 dBm under  Thys, for example, assume that the BCS detections are
the worst condition (i.e., when the mobile is on the Ce[b,l,O]. The decision algorithm calculates

fringe).

We neglect the signal’s fast-fading problem, assuming F,(0) = probability of “zero” transmission
that a microscopic diversity scheme is implemented. = Pr(correct reception at BS0)
A zero-mean stationary white Gaussian noise is added

- Pr(erroneous reception at BS1)

to any received signal. The power of this additive white .
y g P - Pr(correct reception at BS2)

Gaussian noise (AWGN) is assumed to be at the constant

value of V' = 107%° [W]. = Pc(0) - Pe(1) - Pc(2) (2)
We consider the cochannel interference resulting fromand
interferers in cochannel cellg, iz, - -, ig only (see

P,(1) =probability of “one” transmission

Fig. 2). Of course, in principle, there are many other .
9. 2) . N princip y =Pr(erroneous reception at BS0)

cochannel interfering mobile stations. However, because

these mobile stations reside in cells considerably further - Pr(correct reception at BS1)

away from the primary base station, we neglect this - Pr(erroneous reception at BS2)

“second-" and “third-tier” interference. =Pe(0) - Pe(1) - Pe(2). 3)
10) The interfering mobile stations ify, iz, -+, i are

fixed at their locations and contribute the maximunf F,(0) < P,(1), the algorithm concludes that “one” was
possible interference, i.e., in each case considered, thensmitted; otherwise it decides that “zero” was transmitted.
interferers are positioned in their cells in the “worst” In particular, if all the three BCS detections are the same
location—on the circumference of the cell and as clogee., [0,0,0] or [1,1,1]), the algorithm’s decision is equal to
as possible to the base station under question. the individual decisions, since the probability of all the three

11) We assume that the cochannel interference sources addect detection iPc(0) - Pc(1) - Pc(2), which is, under

in power. Furthermore, we assume that for QPSKisual circumstances, greater than the probability of all the three
the BER of the resulting total interference subject terroneous detections’E(0) - Pe(1) - Pe(2)].

fast fading can be approximated by the BER resulting The above algorithm is captured in Table |. The inputs in
from Gaussian noise, with power equal to the powehis table are the “quality of links’ reception” and “detected
of the total interference. This approximation is goodignals.” “Quality of links’ reception” is expressed as three
when the number of interferers is sufficiently largeconditions involving the{Pc(¢), Pe(i)}, ¢ = 0, 1, 2. The
However, even when the number of interferers is nétletected signals” are triplets of binary single-bit detections
large, the error introduced by this approximation is naif the three BCS base stations. The three possible “quality of
too substantial (see [10]). links' reception” conditions lead to eight possible inequalities:

12) We neglect the adjacent channel interference (of thee casesA, B, C,..H. These determine the appropriate

intercell and the intracell types). column that will be used in the decision-making process (the
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TABLE |
FiNAL DEecisioNs MADE BY THE THREE BASE STATIONS TOGETHER (THE MDM D ECISION ALGORITHM)
Condition A[B[C|D|[E[F|[G[H Condition Quality

Pc(0y- Pe(1) - Pe(2) | > | > > | > | <[ <[ <[ <[Pe(0)-Pe(l)-Pc(2) | of links’
Pc(0)-Pe(1)- Pc(2) | > | > [ <[ <|>[>[<]| <] Pe(0) Pc(l) Pe(2) | reception
Pe(0) - Pe(1) - Pc(@) [ > [ <[>|<[>T<}>[<[Pef0) Pe(l)- Pe(2) | (inputs)
BSO| BS1 Final Decision

0 0 0/070}10}10}]010

0 0 ojolo]1j1]1j1

0 1 o110 };0(1]1

1 0 1{0]1]0]1101}1

0 1 oj1j0f[1][0 ;1|0 H'.

1 0 1({0]J0j1]11010

1 1 1711]1]0[]0]0]0

1 1 111111 ]1]1

Detected signals MDM decision

(inputs) (outputs)

TABLE I
CALCULATION OF THE BER oF THE MDM ScCHEME

Condition Formulas for BER of the MDM Decision Algorithm (PMDM) Note
Pc(0) - Pe(1) - Pe(2) + Pe(0) - Pc(1) - Pe(2) + Pe(0) - Pe(1) - Pc(2) + Pe(0) - Pe(1) - Pe(2)
Pe(0) - Pc(1) - Pc(2) + Pe(0) - Pe(l) - Pe(2) + Pe(0) - Pe(1) - Pc(2) + Pe(0) - Pe(1) - Pe(2) | = Pe(0)
Pc(D) - Pe(1) - Pe(2) + Pe(D) - Pe(1) - Pc(2) + Pe(0) - Pe(1) - Pc(2) + Pe(0) - Pe(1) - Pe(2) | = Pe(1)
Pe(0) - Pc(1) - Pc(2) + Pc(0) - Pe(l) - Pc(2) + Pe(0) - Pe(1) - Pc(2) + Pe(0) - Pe(l) - Pe(2)
Pc(0) - Pe(1) - Pe(2) + Pe(0) - Pc(1) - Pe(2) + Pc(0) - Pc(l) - Pe(2) + Pe(0) - Pe(1) - Pe(2) | = Pe(2)
Pe(0) - Pc(1) - Pc(2) + Pe(0) - Pc(I) - Pe(2) + Pc(0) - Pc(1) - Pe(2) 4+ Pe(0) - Pe(1) - Pe(2)
Pc(0) - Pe(1) - Pe(2) + Pc(0) - Pe(1) - Pc(2) + Pc(0) - Pc(1) - Pe(2) + Pe(0) - Pe(1) - Pe(2)
Pe(0) - Pe(1) - Pc(2) + Pc(0) - Pe(1) - Pc(2) + Pc(0) - Pc(1) - Pe(2) 4 Pe(0) - Pe(1) - Pe(2)

| O | | O O |

“final decision” portion of the table). The intersection of thisMore specifically
column with the row that corresponds to the “detected signals”, .,
is the algorithm’s result. €
Since the BER's of the individual links are less than or equal = Prob{ “one” is decidedn “zero” was transmittef
to 0.5, not all eight columns in Table | are possible—only cases  + Prob{ “zero” is decidedn “one” was transmittefl
A, B, C, and E are practical. It is also interesting to note that — pyo1,{ “one” is decided “zero” was transmittej
the decisions of column A are the same as those made by the
majority voting. . . . - .
Thus, the decision-making algorithm operates as follows. + Prob{ “zero” is decidei“one” was transmittey
The SIR's of the links are evaluated periodically by the  -Prob{ “one” was transmitted
BCS base stations and are communicated to the central point= 1 - {Prob{ “one” is decidedl “zero” was transmitte}
(MSC). The SIR’s are then translated to the appropriate | prob{ “zero” is decided“one” was transmitte}l}
probabilities of error, based on the particular modulation ap]%ke column A, for example,
coding schemes used. These probabilities are then used tg,,
select the appropriate column in the Table | until new SIR¢
evaluations are received. The individual detections of the BCS = 3 - {Prob{local decisions ofo, 1, 1], [1, 0, 1],
base stations are continuously conveyed to the central point, [1, 1, 0]or[1, 1, 1]| “zero” was transmittef
which uses the table as a lookup to determine, on the bit-by-bit . Prob{local decisions oo, 0, 0], [0, 0, 1],
basis, what was most probably transmitted.
Table | can be also used to calculate the residual probability

- Prob{ “zero” was transmittef

[0, 1, 0]or[1, 0, 0]| “one” was transmittedl}

of error of the MDM scheme, which we denote BY!°M. The = Prob{local decisions o, 1, 1], [1, 0, 1], [1, 1, 0]
formulas forPMPM are listed in Table Il. The conditions A, B, ~ Of[1, 1, 1]| “zero” was transmitte}

...H correspond to those in Table I. For example, if condition = Pc(0) - Pe(1) - Pe(2) + Pe(0) - Pc(1) - Pe(2)

A in Table I holds, the corresponding™P™ is obtained by + Pe(0) - Pe(1) - Pe(2) + Pe(0) - Pe(1) - Pe(2).

calculating the formula in row A of Table Il. The formulas )

in Table Il are obtained by summing the probability that the

opposite bit was transmitted rather than what the decision-One can observe from the MDM decision algorithm that
algorithm indicates. In arriving at these formulas, we assumgtk decisions made by column B, C, and E are the same as
that “zero” and “one” are transmitted with equal probabilitiegshose made by BSO, BS1, and BS2, respectively. Columns
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B, C, and E correspond to the BER &%¢(0), Pe(1), and estimations, it determines whether any gain is expected from
Pe(2), respectively, (see Table Il). This is so, since, for the MDM scheme by calculating the expected BERPM)
specific column, the BER of the corresponding base statiand comparing it with the expected BER of the reference
is considerably lower than the other two. Thus, the additionstheme py<f). If PMPM/pRef < 1 the MDM scheme
information of the other two poor-quality links do not conis employed. Otherwise, the central point instructs all the
tribute significantly to the final decision. Consequently, wheRRCS base stations other than the base station that would be
compared with the (S/I) diversity scheme, the improvemeselected by the reference scheme to refrain from sending their
provided by the MDM scheme comes solely from the casegtections to the central point. The use of the MDM scheme
corresponding to column A Furthermore, comparing theis reevaluated by the central point each time new quality of
three inequalities in columns A and B (and similarly thénk estimations are received.
inequalities of columns A and C and of columns A and E),
one can observe that the improvement of the MDM scheme
occurs whenPe(0) - Pe(1) - Pe(2) > Pc(0) - Pe(l) - Pe(2)
[or Pc(0) - Pe(1) - Pe(2) > Pe(0) - Pe(1) - Pe(2) and [ll. MDM P ERFORMANCE EVALUATION
Pc(0) - Pc(l) - Pe(2) > Pe(0) - Pe(l) - Pc(2)]. In this section, we describe the simulation methodology used
Since Pe(0), Pe(1), and Pe(2) are very small under mostfor evaluating the MDM scheme performance based on the
circumstances anffc(0) ~ Pc(1) ~ Pc(2) ~ 1, we conclude model defined in the previous section. First, we show how
that the improvement of the MDM scheme occurs mainkye calculate the size of the area where the MDM scheme
when the error rate of the highest quality link is larger thadutperforms the traditional methods (i.e., the gain area) and the
the product of the error rates of the two other links, e.gamount of decrease in BER (i.e., the gain). Then, we address
Pe(0) > Pe(l) - Pe(2). the calculation of the outage probability of the traditional
We study the performance of the MDM scheme based @8hemes and compare it with outage probability of the MDM
a number of criteria, one of those being thain. The gain scheme.

is defined in comparison with a traditional scheme (referenceThe performance of the MDM scheme is affected by the

scheme) as presence or the absence of interferer sources. As a conse-
PMDM guence, we evaluate each of the performance criteria for all
Gain= —log;g <ﬁ) (5) the possible combinations of the interfering sources and then
€

average them, subject to the probability of the interferers’
wherePr</ is the probability of error of the reference schemdresence—the interfering channel occupangy Therefore,
Assume now that BSO has the highest quality link (i.eQUr results, which include the average gain area (AGA), the
Pe(0) < Pe(1) and Pe(0) < Pe(2)). Therefore, when average gain (AG), and the average outage probability (AOP),
compared with the (S/l) diversity scheme, the gain of tr&'e presented as a function pf Additionally, the AG is

MDM scheme is approximately given by obtained by averaging the gain over the whole cell area.
Another performance measure we use is the conditional
Gain average gain (CAG), which is the AG averaged in the gain

~ log {Pé“DM} area only, or the AG conditioned on the fact that the mobile is,
10 P/l indeed, in the gain area. Similarly, we calculate the conditional
~ —logy, ' probability of no outage (CPNO), which is the averaged
Pe(1) - Pe(2) + Pe(0) - Pe(1) + Pe(0) - Pe(2) probabil_ity of no og_tage, given the condition that there is an
: { Pe(0) } outage in the traditional scheme.
The averages calculated in this paper should be interpreted
= —logy, { + Pe(1) + P@(g)} (6) as the expected values, when the quantity under question is
Pe(0) measured and its mean is evaluated over many measurements

Consequently, for a givefe(0), the largest gain is obtainegPoth at different times and at different locations. Although the
whenPe(1) ~ P(,z(O) andPe(2) % Pe(0), i.e., when the error averages do not provide all the information about the behavior
rates of the other two links are comparable to the highed; the measured quantity, they are useful as an indication

quality link. We call to this feature equal link qualities (ELQ)°f the amount of performance improvement and for purpose
Under ELQ, the gain is given by of comparison with other schemes. A more comprehensive

picture is provided by the corresponding distribution function,
Gainzs —log;[3 - Pe(0)]. (7) which is also presented later in the paper.
o . The method we use to evaluate the above performance
To save the communication and processing load and exf@eria is by simulating the propagation conditions, evaluating
delay associated with the execution of the MDM schemgye BER of the links between the mobile and the BCS
one can envision a wireless cellular system which has Wase stations, and calculating the residual BER of the MDM
operational modes: a conventional mode and a MDM mod&:heme. The BER of a reference scheme is also computed and
As soon as the central point receives the quality of linkgmpared with the BER of the MDM scheme. To accomplish

100f course, when compared with other diversity schemes,theimprovemémsi the .ceII area Is d|V|d(_3d into small regions, with a pom.t
is also affected by the other column cases. in the middle of each region. Then, the above evaluation is

Pe(1) - Pe(2)
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Divide the cell area under consideration
into cell points with a resolution of 1%
(or chooses a fixed cell point for evaluation)

l Tterate on all interfering patterns

Y
A

At the target cell point, calculate
the mean signal power at the BSC T T T

Y
Calculate the mean interference power at the
BSC for a given interference pattern (m)

1
LIterate on all cell points—|
Y A

Using the random number generator,
generate a possible set of SIRs for the BSC

\
[ From SIRs, calculate Pe(0), Pe(1) and Pe(2)j Iterate to get 95%

/ \ confidence interval
!

1
1
1
1
]
[}
1
1
I
I
.'
From the MDM decision Calculate the BER of :
algorithm, calculate Pe ™ the traditional scheme :
1

1

I

t

1

1

1

[}

!

I

]

I

1

(or check the outage criterion) (or check the outage criterion)

\/

For each iteration, calculate the Gain
(or record the total number of interations)

Y

If E[Gain]>1, record the point as a Gain Point
(or record the total number of iterations)

(for evaluation of AG, AGA, CGA)

Y
Calculate the Gain_Area(m) and the Gain(m)
(or calculate the m-th Outage Probability)

Y
Calculate the Average Gain Area, the Average
Gain and the Conditional Average Gain
{or calculate the Conditional Probability of No Outage)

Fig. 3. Flowchart for evaluation of AG, AGA, CAG, AOP, and CPNO.

performed at each of these poiftsin particular, the AG one sixth of a cell area needs to be inspected because of the
[as defined in (5)] is calculated at each of these points Imexagonal symmetry. This procedure is depicted in the flow
a Monte Carlo simulation of shadow fading on a sufficientlghart in Fig. 3. A similar process is used for evaluation of the
large number of trials to yield a 95% confidence interval. Thi8OP and the conditional probability of no outage, except that
value is then used to calculate the AG throughout the cell arélaese measures are evaluated at a single point as opposed to
Additionally, if the AG at a specific point satisfies the gain arelaeing averaged over some cell area. In Fig. 3, paths specific
criterion, the region that belongs to this point is counted &s the outage evaluation are shown in parenthesis.

part of the gain area and the point is callegaan point Here, In this paper, we consider four reference schemes.

we define thegain areacriterion as gain of at least one, i.e., 1) The no macrodiversity-the MSC always chooses the
one order of magnitude improvement relative to the particular  pase station with the shortest distance from the md®ile.
reference scheme. Note that a point may be counted as a gain

point under certain combinations of network parameters and2rhis scheme can be approximated by the mobile’s signal being measured

interfering patterns, while it might not be a gain point undey the neighboring base stations dodg-termaveraged. When the average
some other combinations of these parameters. Of course Otﬂl he link with the current base station falls below the average of a link with
’ ' “another base station for longer than some time interval, the mobile is handed

off between the base stations. The assumption is that the long-term averaging
11For practical reasons of limiting the computer run-time duration, the sizverages out most of the shadowing effects and the handoff is based mostly
of the small region is set at 1% of the cell diameter. on the propagation attenuation with distance.
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2) The (S) diversity—the MSC selects the base station with Average Outage Probability
the strongest signal. . _ Outage is a condition in which the fading of the received
3) The (S/) diversity—the MSC picks up the base statiogigng) js so severe that it carries, essentially, no information.

with the largest SIR: the (8- 1) diversity—the MSC o taqe is usually defined as an SIR threshold, which corre-
chooses the base station in which the combined powgiongs to unacceptable BER. In this paper, we evaluate the

of the signal and interference is the strongest. performance of the MDM scheme for valuestbfesholdthat
_ _ correspond to BER of I0°, 1074, or 107°. In general, outage
A. Details of the Evaluation Process is the result of cochannel interference, channel noise, and fast

At each base station, the received signal power from tR&d slow fadings® The outage probability denoted here by
mobile is modeled by the lognormal distribution, which id%utage, is defined as the probability of the received signal
determined by its mean and its standard deviatioh The falling below some SIR level. Outage probability has been
mean of the standard deviation is inversely proportional fxtensively used as a criterion for evaluation and comparison
the distance between the mobile and the base station raise@ftgvireless systems [27], [28].
the power of the propaga’[ion exponen)_ (|n addition, for a If the intended mobile is fixed at a cell point and if the
given interfering pattern, the received power of each interfer@gise if negligible, the outage probability of (S/1) diversity
at a base station is also modeled as a lognormally distribute@n be calculated as follows. Given the mobile’s location,
random variable. The total interfering power, the sum of aihe lognormal distribution of the signal poweP¥¢!), the
the individual interferences, at each of the base stations is,ggnormal distribution of the sum of the interference powers
turn, a random variable. (Ej P;merfereme), and the distribution of the resulting SIR at

In our simulation, the innermost loop consists of the genedly base station can be easily determined:
ation of large humbers of random samples of the SIR’s at the

three BCS base stations. This is done by generating randorE pinterference = ol | (dB) ~ N[ (dB), o (dB)]
values of shadowing for both, the signal and the interferences;
(see Fig. 3). Once the signal and the interference are known, pSienal = oS S(dB) ~ N[ns (dB), os (dB)]

the probability of a correcti.) and erroneouskH.) reception
on a particular link can be calculated using the modified QPSkherer;, o1, 75, andog are the respective mean and standard

formulas [17] deviation of the total interference and of the signal and can be
- determined from the location of the mobile and the interferer
_1 Signal sources. Therefore, the SIR (in decibels) also follows the
P. = erfc (8) T
2 V + 3" Interference normal distribution
and pSignal S o
= =—7F=¢ )
Z P;nterference &
Pc=1—-Pe . J
where V' stands for additive Gaussian noise at the level [S(dB) — 1 (dB)] ~ N[7(dB), o (dB)] (10)

of 107'% [W]. As mentioned before in Section 1I-A2, the
BER can be quite well approximated by the modified QPSW
formula, where the power of the noise equals the sum of t
interferers’ powers [10].

heren[dB] = 5s[dB] — 71[dB] and ¢[dB] = os[dB] + o1[dB].
ith the knowledge of the distributions of the SIR’s at a base
station, the outage probability can be calculated by

To obtain the BER of the MDM scheme for a particular threshold
sample of the SIR’s at the three base stations, Table Il is Poutage(0) :/ f(SIR)dSIR (12)
consulted. The BER of the reference scheme is the BER of the —c0

base station that would be selected by the reference scheme. . . i
Using (5), the gain of this sample is obtained. \r/vhere the threshold is determined by the definition of an

The interferers,, is, -+, i Shown in Fig. 2 may or may outage event. In (S/1) diversity, since the base station with the
not be present at any time in a cochannel cell. The probabil' gtﬁStbSIR |sta[[yvays selec_ted, an c;utageTﬁvenft occ?rs grgég
that a particular interferer shows up at a specific time equ € base stations experience outage. Therelore, Tor

p, the interfering channel occupancy. As there are six possi gse stations, the outage probability can be obtained by

interfering mobile station;, each of_whi_ch is eithe_r present or (8/Ddiversity _ pBSo | pBSL | pBs? (12)
not, there ar@® = 64 possible combinations of the interfering outage — * outage " < outage " outage-

mobile stations, resulting in 64 interfering patterns. The sum ) o ] ]
of the interferers’ powers in (8) takes into the account only tHB contrast with the above derivation for the (S/1) diversity,

present interferers for a particular pattern. Then, the avergg#dlytical derivations for the ($ 1) and (S) diversities result
improvement provided by the MDM scheme is obtained Hjj Nonexplicit formulas.

averaging all the 64 possible situations, with the probability

function Of_th.e occurrence of the qorrgspondlng Int('3"‘ferers,13As noted before, in this paper we assume that the fast fading is taken
pattern. This is the outermost loop in Fig. 3. care by microdiversity techniques.
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wheren(m) is the number of the cochannel interfering mobile

Location(A): (0.500, 0.87) stations that are present in theth cochannel interference
Location(B): (0.375, 0.50) pattern.

;_.Location(c): (0.250,043) The AG is calculated over the entire cell in a similar way

S
L,

Base Sté'tion 0
0,0) (L,0)

Cell 0

64
AG = ) Gain(m) - p"™ . (1—p)>™ . (16)

m=1

The CAG is obtained through the following formula (deriva-
tion is given in Appendix B):

Fig. 4. Test mobile’s locations for outage probability evaluation.
AG | inGainArea

64
In the MDM scheme, some of the outage events of the Z{(Sum of E[Gain] in mth Gain Areg - Prob(m)}
(S/1) diversity are eliminated, since even though each one of _ m=1

the received signals at all the BCS base statiofmsdividually 64

below the threshold, the output of the MDM decision algorithm >~ GP(m) - Prob(m)

can still yield acceptable BER due to its use of all the BCS m=1

signals. These are evaluated at a number of selected points, 17

as shown in Fig. 4. det

At each mobile location, we iterate the simulation programhere Prob(m) = p™™ . (1 — p)5=7(™) and GRm) rep-
to obtain 95% confidence interval. In each iteration, weesents the number of gain points under thih interference
calculate the BER of each scheme under consideration digitern.
check for an outage event. By dividing the number of outage
events by the total number of iterations, we obtain the outage IV. SIMULATION RESULTS AND DISCUSSIONS

probability. In additigp to the outage .probability, we also The following performance measures are considered in this
evaluate the probability of no outage in the MDM schem,

Section: AOP, conditional probability of no outage (CPNO
when there is an outage in the traditional scheme—we ter, ' P y ge ( )

this metric theconditional probability of no outag€CPNO) ABA, AG, and CAG. In general, the reference schemes
: idered are: 1 diversity; 2) (S) diversity; 3) (S
(See Appendix A for a precise definition of CPNO.) considered are: 1) no macrodiversity; 2) (S) diversity; 3) (

+ 1) diversity; and iv) (S/1) diversity. The values of standard

) _ deviation of shadow fadings, are 4.0 and 8.0. The values of

C. Average Gain and Average Gain Area propagation attenuation exponentrange from 2.0 to 4.0 with
For a given interfering pattern and assuming some referericerements of 0.5. Finally, the values of BER flodrf°r)

scheme, the relative size of thgain areais determined by considered arePef*°r = 1076, 108, and 10~1°.

finding the ratio of the number of the gain points to the total

number of cell points under consideration. Obviously, as ti#e Average Outage Probability

interfering pattern changes, the gain area also changes as Wel,& comparison of AOP’s between different schemes is shown
For each interference pattern, the gain area is denoted iHyFig. 5. These results support our intuitive understanding

GainAream), wherem is the mth cochannel interference ¢ yo schemes’ behavior: the (S/1) diversity scheme has the

pattern,m = 1,2, ---, 64. Furthermore, we also define thesmaIIest AOP since the base station with the smallest BER

Gain(m) as the.expected gain in each of the cell point undﬁ%\s been selected. In addition, the (S) diversity has a slightly
the mth interfering pattern, that is, smaller BER than the (S+ 1) diversity because there is a
GainArea(m) finite probability that the interfering power is relatively strong,
compared with the signal power. Under such a circumstance,
(13) the (S+ 1) diversity has poor ability in selecting the best
base station. The worse case of AOP always results from

det  Number of Gain Points

~ Number of Total Cell Pointherf.Patttem:m

Gain(m) the no-macrodiversity scheme, since it does not consider the
def Sum OfE(GCLLTL) of All Points (l ) shadowing at all.
~ Number of Total Cell Points;_...; patterncm. The AOP increases with the increase in channel occupancy.

This is due to the increase in the interference power, which

Finally, the AG and AGA are obtained by averaging all the GI%,\ads to a lower SIR and. thus. a hi .
: . . ; e , , gher probability of outage.
possible Gaityn) and GainArea(m) with the probability of In addition, an increase in decreases the AOP. This is a

occurrence of the specific interferers’ pattern. Thus, the AG sult of the fact that the distances between the BCS base
is found by stations and the interferer sources are larger than the distances
64 to the mobile. Thus, increasing reduces the power of the
AGA = Z GainAream) - p"(™ . (1 — p)6~"(™) (15) interferers more than the power of the signal. Additionally,
m=1 the AOP increases with due to the fact that whes is large,
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Fig. 6. The AOP: (S/l) diversity scheme.

there is high probability that one of the interfering branchekhis and other results not shown here, we learn that location
has a much stronger power and results in an outage evéA) results in the largest AOP.
From these observations, we conclude that all the traditional )
schemes give lower AOP’s when channel occupancy is smadt, Comparison of AOP Between the MDM
o is small, andr is large. Scheme and the (S/I) Diversity Scheme

Fig. 6 depicts the AOP of the (S/I) diversity at a threshold Since the (S/l) diversity has the lowest AOP (due to the
of 10~* for different combinations of, o, and locations. From fact that it always selects the base station with the largest
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Fig. 7. The AOP: (S/l) diversity versus MDM scheme.

SIR), we chose this scheme for comparison with the MDMvhen » is large, s is small, and the mobile is close to the

An outage event in the (S/l) diversity means that the BEBoundary between cells.

of all the base stations are higher than the threshold. In thi®2) Conditional Probability of No Outage (CPNOJ)ig. 10

situation, there is a certain probability that the MDM schenghows the CPNO at the location A. This figure demonstrates

will decrease the total BER, and, thus, the MDM scheme cé#e critical effect ofc. CPNO is always more than 12% and

eliminate the outage. This is the mechanism through which than be as high as 82% fer = 4.0. However, fors = 8.0,

MDM scheme improves the AOP of (S/l) diversity. CPNO is at most 21%. We conclude from this and other results
We first compare the AOP of the MDM and the (S/I) dithato plays a dominating role in the value of CPNO of the

versity schemes. Then, we calculate the probability that, givéPM scheme. In addition, CPNO increases withincreases

the (S/I) diversity scheme experiences an outage event, th@ith the BER threshold, and decreases with channel occupancy

is no outage in the MDM scheme. We term this probabilitfFigs. 10 and 11).

conditional probability of no outagéCPNO). Finally, CPNO also increases as the mobile gets closer to

1) Average Outage ProbabilityFrom our simulation re- the boundary between cells (Fig. 11).
sults, we observe that substantially more improvement in the
AOP is achieved at location closer to the boundary betweén Average Gain Area

the cells. Fig. 7 shows the AOP when= 4.0 at location 1) Comparison Among the Schemaathen comparing
(A) for different combinations ot and the outage threshold,i,o performances between different schemes, the MDM
while Fig. 8 demonstrates the combined effectroand the gcheme has, in general, the largest AGA relative to the no-
outage threshold. Finally, Fig. 9 depicts the AOP for thgacrodiversity scheme (Fig. 12) since the no-macrodiversity
outage threshold of I0' and for different combinations of scheme does not take the signal strength and interfering power
o andr. into consideration at all. This means that the no-macrodiversity
All our results indicate that the AOP of the MDM schemecheme less often selects the best base station, i.e., there is
is lower for smallers. This is a result of the fact that lower more improvement by the MDM scheme. In addition, because
favors the ELQ condition, which leads to a more substantigte (S/1) diversity scheme always selects the base station with
improvement in the MDM's BER. The ELQ condition is lesghe best link’s quality (largest SIR), the smallest improvement
likely to occur wheno is large. Additionally, as an increasein AGA is obtained when the MDM scheme is compared with
in 7 results in a relatively larger reduction in the interferinghe (S/I) diversity.
power than in the signal power, increasingmproves the BER ~ 2) AGA as a Function of Channel Occupanclhe basic
of the individual links. Moreover, it tends to keep the linksobservation is that AGA always decreases with the increase
BER comparable, which, again, increases the chances of #iehe channel occupancy (Figs. 14 and 15). The reason is that
ELQ situation. From all the above observations, we concludee system benefits mostly from the MDM scheme under the
that the MDM scheme improves the outage probability moLQ condition (defined in Section 11-B). The ELQ condition
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Fig. 8. The AOP: (S/l) diversity versus MDM scheme.
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Fig. 9. The AOP: (S/l) diversity versus MDM scheme.

is more likely to happen when the number of interferers improvement, or one of the base stations has a much better
small, which is more probable at low channel utilization. ABnk quality than the other two, resulting in basically the same
the number of interferers increases, the lognormally distributddcision as made by the (S/I) diversity scheme.

shadowing, which is assumed to be independent at the differer®) AGA as a Function of Propagation Attenuation Exponent:
base stations, leads to two possible cases: one of the bke AGA increases with an increase #n(Fig. 14). As the
stations has a poor link quality, which results in small MDMilistance between the BCS base stations and the interferers
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Fig. 11. The CPNO of the MDM scheme.

is larger than the distance between the base stations andhigh channel utilizations (as in these cases many interferers are
mobile, an increase in reduces the interference power moresually present) and at very low channel utilizations (as often
than the signal power. Thus, the SIR improves and so daéere are no interferers present). This is why the impaat of
the BER. As the gain is larger at smaller BER, points whicis most profound at some intermediate value¢bee Fig. 14

fail to satisfy the gain area criterion for smallcan become as a good example). Moreover, this dependency of AGA on
gain points at larger. Note that this is less likely to occur atr is diminished with an increase in. As for largers, there
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Fig. 13. The AGA: no macrodiversity versus MDM scheme.

is more randomness in both the signal and the interfererioereases, all the reference schemes are more likely to choose

strengths, and the effect of the above-described mechanisnthis same base station wheris large.

further reduced. An additional observation is that the AGA approaches one
In addition, the difference between the schemes gets smaftar small p, for all the reference schemes (e.g., Fig. 12). The

with an increase inr. The reason is that since the totateason for this behavior is that at low channel occupancy

interfering power decreases more than the desired signal abere is little interference and the SIR is large, as it is mainly
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Fig. 14. The AGA: (S/l) diversity versus MDM scheme.

determined by the additive noise. In many cases, the resultingenr = 4.0, = 4.0, andp is small, the AGA’s of the three
BER will be constrained by the BER floor. This produces thdifferent schemes are almost the same.
ELQ condition at nearly all the cell area and the possibility From the above discussion, we conclude that all the refer-
of large gain. ence schemes tend to select the same base stationmisen
4) AGA as a Function of the Standard Deviation of Shadolarge, s is small, and the number of interferers is small.
Fading: In the no-macrodiversity case, the AGA increases as5) AGA as a Function of the BER Flooin general, for
a function of the shadow fading deviation, since, wheiis small 7, AGA decreases with the decrease i#°°*, while
large, the primary base station is less probable to be the b&se large o, AGA increases with the decrease .
station with the best SIR (Fig. 13). Thus, at largerthe no- This can be observed in Figs. 13 and 15, which depict the
diversity scheme more often tends to err in its choice of thiesults of varyingPf°°* for ¢ = 4.0 and foro = 8.0. This
base station, and the AGA increases. This also holds true fidrenomenon is explained by the fact that the BER floor
the (S) diversity at small channel utilization. However, for (S)ends to “equalize” the BER's of the base stations, effectively
diversity at largerp, the AGA is actually smaller for larger. creating the ELQ-like condition. Thus, by increasing the
This has to do with the fact that at larger there are many floor, more points turn into gain area points. This is the
interferers present and the ELQ condition is less probableghavior at smalls, i.e., increasing the floor increases the
especially at larger. gain area. Moreover, the larger the floor is, the more cases
For the (S/1) diversity, the reference scheme always chooseil be picked up and converted to gain points, although
the best base station—the one with the strongest SIR (Fig. 1bjth lower gain. At largeo, the individual BER’s are more
Thus, the MDM scheme cannot improve in this aspect. Tlseattered. It is more probable then that points will cease to
main improvement comes from the cases of ELQ conditiohe gain points as the floor is increased, due to the lower
However, the effect of increased number of interferers, whigain associated with the higher floor and, thus, the higher
reduces the probability of the ELQ condition, often drives thgrobability that a point will not meet the gain area criterion
AGA lower for largerg, especially at largep. [Interestingly, anymore.
when the number of interferers is small (sma), some The more dispersion in the BER values for largeis also
amount of shadowing is necessary to improve the probabilitye cause for less sensitivity tB°°* changes in this case
of achieving the ELQ condition.] (Fig. 15). The reason being that the ELQ conditions are less
For largero (i.e., o = 8.0 as compared witlo = 4.0), likely to occur for larges, and the actual value of the floor,
the differences between the AGA’s of the different schemesless very large, has little impact on its ability to “equalize”
tend to increase. This results from the fact that larger these BER values.
causes larger signal and interference deviations and, thusiAs a general reference point, for all the reference schemes,
poorer ability in predicting the best base station in the rthe AGA extends to about 60%—70% of the cell area at
macrodiversity and the (S) diversity schemes. For exampje= 0.5, r = 3.5 and for Pfeer = 1078,
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Fig. 15. The AGA: (S/l) diversity versus MDM scheme.

D. Average Gain of change inPf°°* is more profound. On the other hand, for

The behavior trends of the AG can be justified using tHa!annel occupancy greater than 0.5, the influencESF" is
same lines as in the AGA case. In particular, most gain 0t Substantial, especially when< 3.0. I the sch ,
obtained relative to the no-macrodiversity scheme, and the/\S @ point of referencg, the AG over a the schemes s at
least gain is in the case of (S/1) diversity (Fig. 16). In generelFaSt two orders of magnitude for %hannel utllézatlon less than

no, . = _ oor —
the differences in AG’s between different schemes are smalfel > Whe”?. = 35,0 = 80, and 2" of 107, Under_ the
when channel occupancy is smatlis small, andr is large. same conditions, the AG is at least one order of magnitude for
. . o g eqhannel utilization less than 65%.
Also, AG is a monotonically decreasing function of chann
occupancy.
As a function of propagation attenuation exponent, in ge& Conditional AG

eral, AG increases with (Fig. 18). The exception here is the A comparison between the schemes is shown in Fig. 20 for
case of very large (e.g.,r = 4.0) at low channel utilization. r = 4.0,0 = 8.0, and P2°r = 10-8. The case of no diversity
In these conditions, although the gain area is marginally Iarg&m corresponds to thé largest AG. However, the CAG of the

(Fig. 14), the gain at these additional gain points is small, thk@) diversity and the (S/I) diversity yield much closer results.

reducing the total AG. . For o = 4.0 andr > 3.0, the CAG of the three reference
In general, in the no diversity and (S) diversity for small -hemes are almost identical.

larger o corresponds to smaller AG, even though the AGA
is larger. (Compare Figs. 15 with 19.) The reason for this 3 R _ _
behavior is that although the reference scheme often does hotProbability Distribution Function of Gain

select the best base stations when ¢his large, the chances  Since the AG is a mean over a large number of experiments
of the ELQ condition are also reduced, leading to lower AGt a single location, as well as over the whole cell points,
(For very small floor and lovp, the behavior can be reversedit does not reveal enough information about the distribution
as in such cases the randomness of shadowing will increasethe gain. For instance, are the gain samples uniformly
the probability of ELQ to occur.) distributed over some gain interval or are they concentrated
Finally, in the (S) diversity and (S/I) diversity cases a&round the AG? To answer such questions, we studied the
small channel utilization, the larger the BER floor is th@robability distribution function (PDF) of the gain at a fixed
smaller the gain (Figs. 17 and 19). This trend is revers@aint within the cell. As an example, Fig. 21 depicts the PDF
at large utilization due to the fact that as the interferender o = 8.0, » = 4.0, and Pefloor of 107% at the location A
increases, the BER increases and low floor is less effectiffég. 4).
in “equalizing” the BER (recall that the gain is largest in the The discontinuities of the graphs at gain of about 7.5 are due
ELQ condition). Also, for small channel occupancy, the effe¢d the limiting effect of the BER floor. The impairment that
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Fig. 16. Comparison of AG of different schemes.
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Fig. 17. The AG: (S) diversity versus MDM scheme.

would normally occur at high gain is limited by the floor abf the time the gain is greater than one, and about 55% of the

the gain of aboufP*°r)~1, i.e., the size of the discontinuity time there is no gain at alk{ = 0).

is equal to the probability that, in an unlimited system, the In general, as the channel utilization increases, so does

gain would be larger thanpPfeor)—1, the probability that the improvement of the MDM scheme
From Fig. 21 one can learn that more than 50% of the timis, small** Also, for small utilization p ~ 0.1), the gain

the gain is greater than one when the channel occupancy is

less than 0.5. For channel occupancy equal to 0.9, about 30%4Graphs for different parameter sets exhibit similar behavior.



524 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 47, NO. 2, MAY 1998

( Sigma=8.0 Floor=1.E-8 )
6 T T T T T T T T T

H
T

Average Gain
w
T

Py 4
1F o - §
“o. | xxx
16 i Ooéxx
Tk K 8o
[¢] 1 1 L 1 L L T+¥¥¥g
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Channel Occupancy
Fig. 18. The AG: (S/l) diversity versus MDM scheme.
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Fig. 19. The AG: (S/l) diversity versus MDM scheme.

distribution is nearly uniform between zero and the maximal The PDF shown in Fig. 21 does not differentiate at what
value determined by the BER floor. However, at larger chann@bint the gain is obtained, i.e., one order of magnitude im-
utilization, the density of the gain is shifted toward the small@rovement at BER of 10 may be more significant than
gain values. Finally, the lower the channel utilization is, thene order of magnitude improvement at BER of $0This
more substantial the “equalization effect” of the BER floor islependency on the link qualities is shown in Fig. 22. The
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Fig. 20. Comparison of CAG of different schemes.
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Fig. 21. Probability distribution function of the gain.

figure clearly demonstrates the ELQ phenomenon [the gainpigesented in Fig. 23. The importance of this figure is in that
maximal on the diagonal dPe(1) andPe(2)]. The smaller the it shows both, the distribution of the gain and at what point it
links’ BER's are, the larger the gain is [i.e., compare the fowrccurs. One can conclude from this figure that the better the
cases for different values aPe(0)]. The distribution of the link qualities are, the broader the range of the gain values is.
gain (in the form of probability density function) as a functioimhe gain is also more uniformly distributed within this range.
of the quality of the best link [best base station (BBS)] i&s the conditions deteriorate, the gain range is considerable

525
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smaller and its distribution tends to be concentrated arouimdthe MDM scheme all the received signals are detected and
the zero gain, i.e., there are more cases with no gain. conveyed to a central point. There, an algorithm is employed to
maximize the probability of correct decision. The central point

could be the MSC, one of the base stations, the destination
In this paper, we analyzed the MDM scheme for wirelegsode, or any other node in the network.

cellular systems. As oppose to the traditional macrodiversityThe MDM scheme is, thus, a postdetection combining
scheme, in which only one signal is selected for detectioscheme. Although predetection combining schemes lead to

V. SUMMARY AND CONCLUDING REMARKS
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more substantial improvement, such scheme create prohiy-the BER floor. At larger channel utilization, the density of
tively large load on the fixed network and require complethe gain is shifted toward the smaller gain values. In fact, as the
synchronization schemes. In contrast, assuming that the channel utilization increases, the MDM scheme provides less
pacity of the fixed network is significantly larger than thend less improvement and there is less of the “equalization
wireless network, the MDM scheme has only minor effectffect” of the BER floor.

on the fixed network. The synchronization requirements of In summary, the MDM scheme allows overall improve-
the MDM scheme are readily solved by conventional framesent in the cellular system performance, which translates
synchronization method, such as those used in the data-litk-reduced interference, increased reuse factor, or reduced
layer protocols. spectrum requirements. In particular, since the main gain

Nevertheless, soft-decision information could be used of the MDM scheme is achieved in the most vulnerable
the decision algorithm to further improve the performanceyea (the boundaries between cells), the scheme results in
without creating excessive traffic on the fixed network oax dramatic enhancement in the quality of service offered to
requiring complex synchronization schemes. This is an ard® users. Furthermore, the MDM scheme can be applied
for future research. Similarly, using information from thdo the already existing wireless networks without the need
decoding process to estimate the channel quality (insteadfaf additional wireless spectrum. As the technology pro-
power measurements) should also be considered in the conggeisses into higher and higher spectrum (e.g., 28 GHz) in
of the MDM scheme. which the radio propagation impairments are more profound,

The main advantage of the MDM scheme is that it improvesshemes like MDM will be primary candidates to alleviate
the reception (BER) mostly in the area close to the boundasgme of these ill effects of operation in this high-frequency
between cells. This is exactly the area in which the mobilegime.
can expect worst conditions. Thus, the MDM scheme tends
to “equalize” the performance throughout the coverage of the
cellular system.

Outage probability is defined as a BER (or SIR) threshold
above (or below, for SIR) which the reception is declared Given that the base station selected by the (S/1) diversity
useless. In general, our studied traditional macrodiversggheme has an outage, we calculate the probability that there is
schemes results in lower AOP when channel occupancyf@ outage in the MDM scheme. This probability is termed the
small, & is small, andr is large. The MDM scheme canconditional probability of no outage (CPNO). The following
improve the Outage probabiiity by bringing the resuiting BEﬁerivation of the CPNO formula is similar to that of the CAG.
below the threshold, even though the BER of each one ¥fe define the following notations.
the individual links is above the threshold. We showed that
the improvement of the MDM'’s outage probability is more
substantial when is large o is small, and the mobile is located m
close to the boundary between cells.

Conditional outage probability is the probability of no
outage, when there is an outage in the corresponding traditiorif%l
macrodiversity scheme [(S/l) diversity, in our case]. The
variance of the shadow fading has a crucial impact on th
conditional outage probability. Furthermore, the probability (m)
increases withr, increases with the BER threshold, and
decreases with channel occupancy At 4.0, the conditional
outage probability at the cell boundary varies from 10% to as"

VI. APPENDIX A

Index of interfering patterns
(m=1,- - 64).
Prob(m) Occurrence probability of the:th

interfering pattern.
rations(m) Number of total simulation iterations for the
m*" interfering pattern.
Number of outage events of (S/1) diversity
for the mth interfering pattern out of the
Iterations¢n) simulation iterations.
ith outage event of the (S/I) diversity for the
mth interfering pattern

high as 73%, for the outage threshold of t0and+ = 4.0. (i =1, -+, N(m)).

Forr = 4.0,g = 4.0,3and the Ol_J'Fage threshold value_ in t_heNo_Out(m) Number of events of theuth interfering

range of 10° to 10 °, the conditional outage probability is pattern, when there is no outage in the

never less than_ 45%. ) MDM scheme and given that there is an
Average metrics, such as the AG and the AGA, provide outage in the (S/1)-diversity scheme.

an indication on how well the MDM scheme performs in
relation to other diversity schemes. The AG, as compared
with the traditional macrodiversity schemes studied here, isIn addition, given that there is an outage in the (S/1) diversity
at least two orders of magnitude for channel utilization lessheme, we define the indication functidm, 4,,) as
than 40% whenr = 3.5, o = 8.0, and P°°r of 10®. Under
the same conditions, the AG is at least one order of magnitude | (m, #,,)
for channel utilization less than 65%. Furthermore, the AGA 1, if there is no outage in the MDM scheme
extends to about 60%—-70% of the cell area at 0.5, = 3.5, = { 0, if there is an outage in the MDM scheme.
and for Pfloor — 1078,
At low channel utilization, the gain is nearly uniformly From the above definitions, we can obtain the CPNO
distributed between zero and the maximal value determingamula as derived in (A.1), given at the bottom of the next
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page, wheren(m) is the number of interferers of thexth From the above definitions, the CAG, Afzinarea, Can be

interfering pattern ang is the channel occupancy. obtained as derived in (A.2), given at the bottom of the next
page.
The values ofN, GP(m), and gain(m, i,,) are obtained
APPENDIX B from the simulationProb(m) is given byProb(m) = Cy, -
The CAG is defined as the AG in the gain area and j8:(™) .(1—p)="("™) wheren(m) is the number of interferers
denoted as Aainarea. We define the following terms. of them*" interfering pattern ang is the channel occupancy.
m Index of an interfering pattern REFERENCES
(m =1, -, 64)- [1] A. A. Abu-Dayya and N. C. Beaulieu, “Micro- and macrodiversity
Prob(m) Occurrence probability of theath MDPSK on shadowed frequency-selective channésFE Trans. Com-

mun.,vol. 43, no. 8, pp. 2334-2343, 1995.

Imerfermg pattern. [2] P. Balaban and J. Salz, “Optimum diversity combining and equaliza-

N Number of total cell points. tion in digital data transmission with applications to cellular mobile
GP(mn) Number of gain points for theath radio—Part | and I1,”IEEE Trans. Commun.yol. 40, pp. 885-907,
; ; May 1992.
. |.nterfe_r|ng pattern. . . [3] Y. Bar-Ness and N. Sezgin, “Maximum signal-to-noise ratio data
im ith gain point of themth interfering pattern combining for one-shot multiuser CDMA detector,” iRIMRC'95,
[t =1, -+, GP(m)]. Toronto, Canada, Sept. 27-29, 1995, pp. 188-192.
— P ; ; ; ; [4] R. C. Bernhardt, “Macroscopic diversity in frequency reuse radio
gain(m, im) Aver(_’;lge gain at théth gain point of the systems,”IEEE J. Select. Areas Communpl. SAC-5, no. 5, pp.
mth interfering pattern. 862-870, 1987.

CPNO= E[l(m, ix)|Outage in (S/1) diversity
64 N(m)
=>" > {l(m, im) - Prob[m, i,,|Outage in (S/) diversit}
m=1 ¢, =1

64 N(m)

— Z Z (m, i) Prob[m, 4,,, Outage in (S/1) diversity
- " tm) " T Prob{Outage in (S/) diversity

m=1 i, =1

64 N(m)

‘ Prob(in,) - Problm, Outage in (S/1) diversity
= Z Z |(7’TL7 an) . =
m=1 ip, =1 Z {Prob[Outage in (S/l) diversityn’] - Prob(m’)}
m/=1
64 N(m) ﬁ - Prob[Outage in (S/1) diversityn] - Prob(m)
= Z Z |(7’n7 i’nl) . -
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whereProb(m)is given byProb(m) = CS,., - p"™ - (1 = p)°~"(™). (A1)
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