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Spectral Efficiency of Adaptive Coded Modulation in
Urban Microcellular Networks

Kjell J. Hole, Member, IEEEand Geir E. dien

Abstract—This tutorial paper describes a general adaptive are often called Manhattan networks. Our Manhattan network
coded modulation scheme for airlinks in urban wireless networks. model consists of uniformly spaced quadratic cells, denoted
Each airlink is degraded by shadowed Nakagami multipath microcells because their width is assumed to be no more than

fading, interference from other airlinks, and signal path loss. An . .
instance of the adaptive coding scheme utilizes a set of trellis codes1 km. Each cell has a base station (BS) located at its center.

originally designed for additive white Gaussian noise channels. A The city streets form a regular pattern with a BS in the middle
model of the worst and best case interference configurations of of every intersection. A vehicle-mounted or portable mobile
a fully loaded network is developed to approximate the average station (MS) may be positioned anywhere in the streets but not
link spectral efficiency (ALSE) of an arbitrary instance of the jngide any of the buildings. Since urban centers typically con-
coding scheme. It is then shown why the ALSE of the adaptive ,_. .

coding scheme is larger than the fixed link spectral efficiency of tain a large number of active M_Ss, we assume that the_ ceI_IuIar
a traditional nonadaptive coding scheme. Moreover, the ALSE network model is fully loaded, i.e., the cells’ communication
approximation is modified to approximate the average area links are all fully used.

spectral efficiency (AASE) of the network, and how the cellular When an MS accesses the network it is assigned two dif-
layout influences the AASE is shown. ferent carriers: one for the forward (BS-to-MS) link and one

Index Terms—Adaptive coded modulation, cellular networks, for the reverse (MS-to-BS) link. Since the battery power of the
Nakagami multipath fading, spectral efficiency. MS is severely limited compared to the available power at the
stationary BS, the ability of the MS to transmit data over the
reverse link is much less than the ability of the BS to transmit
over the forward link. We therefore concentrate our study on the
reverse links of fully loaded networks. The networks we study

ANY authors [1]-[16] have contributed to the develuse frequency-division multiple access (FDMA) or time-divi-

opment of adaptive coded modulation schemes fsion multiple access (TDMA). The link signals are degraded by
single-user channels with frequency-flat slowly varying multrandomNakagami multipath fading (NMF), shadowing, and in-
path fading. A particular instance of such an adaptive coditerference from other links. There is alsdeterministicsignal
scheme utilizes a set of trellis codes originally designed fpower loss, opath loss due to the decay in the intensity of a
additive white Gaussian noise (AWGN) channels. A feedbagkopagating radio wave.
channel between the transmitter and the receiver makes itWe may define the information rate of a single reverse link
possible to transmit at high information rates under favorabdées the number of received information bits per second at the BS
channel conditions and respond to channel degradation throdigha given transmit power and output bit error rate (BER). For
a smooth reduction of the information rate. The adaptian adaptively coded reverse link where the information rate, de-
coding schemes described in [8], [9], and [14] utilize sets ofbted byR [bits/s], is allowed to vary with the changirgr-
two-dimensional trellis codes [17]-[19]. In addition to two-ditier-to-interference power rati¢CIR), the average information
mensional codes, the adaptive coding scheme in [16] may atate (R) [bits/s] is obtained by averaging over all different
utilize sets of multidimensional trellis codes, i.e., in practicEIRs.
codes with dimensions of four, six, and eight [20]-[23]. Multi- Let U be the number of serviced MSs in a cell of a fully
dimensional trellis codes are of particular interest to designdosaded network, and 188" [Hz] be the total bandwidth of the
of communication systems since some multidimensional codésreverse links. Assume that all MSs use the same transmit
offer a significantly better performance/complexity tradeofbower. It is then natural to define theveragelink spectral
than two-dimensional codes [21], [24]. efficiency(ALSE) of a single reverse link g¥t) / B [bits/s/Hz],

In this tutorial paper, we employ the adaptive coded modwhere B = W/U [Hz], for both FDMA and TDMA. The
lation scheme of [16] in outdoor wireless networks for urbafirst goal of this paper is to approximate the ALSE of the
centers with nearly equal-size street blocks. Such netwonleverse links in a fully loaded Manhattan network when all

links utilize the same instance of the adaptive coding scheme

. . _ introduced in [16].
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is approximately log-normally distributed. The adaptive coding
schemein [16]is also described, and it is shown how the schem
fits into the network model.

The log-normal approximation of the CIR distribution is used .

>
&

in Section 1l to develop a new technique to approximate the

ALSE. Because of the signal path loss, the obtained expressio

approximating the link ALSE is a function of the distance be-

tween the transmitting MS and the receiving BS. .
The second aim of this paper is to compare adaptive code

modulation to nonadaptive coded modulation. The careful

network modeling carried out in Section Il allows us to show,

in Section 1V, that all spectrally efficient coding schemes for

Manhattan networks must be able to operate over a large

range of CIR values. This observation is then used to show.

=

why it is possible to obtain a larger spectral efficiency with
an adaptive coding scheme than with a nonadaptive coding
scheme when the schemes are based on Viterbi decoding o
traditional trellis codes. It is likely that iterative decoding
techniques [31]-[35] will enable us to further increase the
spectral efficiency of both adaptive and nonadaptive schemes.

>

=
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For nearly maximal spectral efficiencies, we explain why an o
adapt|ve scheme will have a much shorter decodlng de'ﬁ% 1. Idealized model of urban microcellular network consisting of square
than a nonadaptive scheme. cells with lengthD. The dark squares represent tall buildings, and the space

To determine the cellular layout of a Manhattan network, tHetween the dark squares represent streets.
available frequency spectrum is first divided over ahaster

of adjacent cells such that the individual cells in the cluster ug orter than the buildings, but taller than the vehicular traffic,
lize different sets of carrier frequencies. The complete NetwojK, buildings act as waveguides channeling signal energy along
is then obtained by deploying many copies of the cell clustq fie street corridors [25], [26].

2
Let & be the number of cells in a cluster, and lefm-] be The microcells are squares with sides, denotedyn], on

the area of a single cell. Theverage aresspectral efficiency . . R
(AASE) is then given by((R)/B)/(K - A) [bits/s)[Hzm?]. the 0rderof400r11tolkm (see”Flg. 1_). Each m|cr_ocell is divided
to two parts, a “cross shape” service area defined by the area

The AASE provides a measure of the spectral efficiency of tﬁ : . )
b P y the two streets in the cell, and a nonservice area defined by

complete network. Our last goal is to approximate the AAS  the four buildi it tina th I 126
and to show how the cellular layout influences the AASE. Th € area ot the four bui _mgs In erse<_: mg ece _[ 1
The same set of carrier frequencies is used in each of the

is done in Section V. A summary and concluding remarks are
given in Section VI. cells labeled A in Fig. 1. A different set of carrier frequencies is

used for all cells labeled B. The reuse of a carrier frequency in
different cells causesochannel interferencayhile the use of
[I. NETWORK MODEL AND CODING SCHEME different carrier frequencies causieserchannel interference

Thus, there will be cochannel interference between cells with

In this section, we show how the adaptive coding scheme qﬁe same label in Fig. 1 and interchannel interference between
scribed in [16] fits into an idealized model of a mlcrocellular ells with different labels. We ignore all interchannel interfer-

network for urban centers with a high number of slow-movin
9 gnce, assuming that all carrier frequencies are so far apart that

pedestrians and vehicles. . .
the interchannel interference power is much smaller than the

cochannel interference power.

In addition to the cochannel interference, a radio signal

A model of an urban center with a microcellular network if'om an MS to a BS is also degraded by NMF, shadowing,
depicted in Fig. 1. It contains tall buildings of equal size. Thand AWGN. Both NMF and shadowing are due to randomly
streets between the buildings form a regular pattern with everdglayed reflections, diffraction, and scattering of the radio
spaced intersections. The BSs are deployed in the middlesinal. NMF manifests itself as large changes in the phase
the intersections, and the MSs are randomly positioned in thed amplitude of the received signal at a BS. The mean of the
streets. received signal varies slowly over time because of shadowing.

Recall that we study the MS-to-BS links. It is assumed th&tMF varies fast relative to shadowing but slow compared to
each MS has one omnidirectional transmit antenna and that edwh (modulation) symbol rate. We assume that NMF remains
BS has one omnidirectional receive antenna. Let the height ofraarly constant over hundreds of symbols. AWGN will be
antenna be the vertical distance from the ground to the antemg@ored for now since its power is usually very small relative
elementitself. Since the transmit-antenna height of each MS andhe cochannel interference power in microcellular networks
the receive-antenna height of each BS are assumed to be m2&h.

A. Model of Fully Loaded Microcellular Network
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Pilot symbols are sent repeatedly over the MS-to-BS link tp[m] is thebreak point(or turning point) of the path loss curve
ensure that the time-varying amplitude and phase of the radigual tog = (4hnshiss)/A, wherehys [m] is the height of
signal can be reliably estimated at the BS [36], [B7ln the the MS antenna;gs [m] is the height of the BS antenna, aid
model, the phase estimate is used to fully compensate for phpsgis the wavelength of the carrier frequency. Typical antenna
variation, i.e., we assume coherent detection. Denoting theights for microcells arkys = 2mandhgs = 10m|[30]. The
transmitted complex baseband signal at titne {1, 2, ...} corresponding break points for 900-MHz systems and 2-GHz
by s(t), the coherently demodulated baseband signal is eqsgbtems arg ~ 240.3 m andg ~ 533 m, respectively.
to z(t) = a(t)s(t) where «(t) is the multiplicative fading  The Nakagami pdf of the channel gairis controlled by the
envelope (or channel gain) with a Nakagami distribution [28, plakagami fading parameten, a real numbern > 1/2 [28,

48], [38]. Observe that(t) is real-valued due to the assumptiorp. 48], [38]. We assume that is a positive integer. The Nak-
of coherent detection. For simplicity, we will ignore the timeagami distribution represents a wide range of multipath fading
referencet in the remainder of the paper and refer4p«, channels via different integer values of the parameteYVhen
and s. m = 1, the pdf is the Rayleigh pdf and the radio signal does

Let S = E[s?] [W] denote the constant transmit power of amot have a direct LOS component. Far= 2, 3, ..., the Nak-
MS, whereE[ ] is the expectation operator. The instantaneowagami distribution closely approximates the Rice distribution
received power is given by = «%S [W] with mean denoted used when the signal has a LOS component[28, p. 48} ks
by E[P] = E[a?] - S = Q. Note thatE[o?], and therefor€2, creases, the LOS component becomes gradually stronger. Since
varies slowly over time due to shadowing. In fact, the mean meae have LOS coverage in our model, > 2 here.
sured in decibels, 1Idg,, €2, may be modeled as a continuous It is not difficult to see that the instantaneous received signal
random variable with a normal distribution [28, p. 88]. Using powerP = «2S conditioned on the medd(= E[P] = E[o?]-
transformation of random variables, it follows that the randoi$l) has a gamma distribution whenhas a Nakagami distribu-
power meart2 has a log-normal probability density functiontion [28, p. 49]. Since the mean of the signal powkhas a
(pdf) log-normal distribution due to shadowing, the instantaneous re-

ceived powerP has a composit&amma-log-normatlistribu-
tion. The pdf of this composite distribution is obtained by inte-
B [101log,q Q — pa(r)]? grating the pdf for the gamma distributed powconditioned
o0 21 exp <_ 203, ) ’ on  over the pdf of the log-normally distributed mean signal
power{2. The resulting Gamma-log-normal pdf is given by
Q20 @

p(€2)

whereé = 10/1n(10) ~ 4.3429 and () [dB] and oq [dB] oo L m pm—1 P
are the mean and standard deviation ofog@, €, respec- P(P)= / (5) T(m) exp <—m§>
tively. The standard deviatiomg, actually observed in micro- 0

cells varies between 4 and 13 dB [28, p. 88]. ] § exp <_ [101og, 2 — u9(7>)]2> o
The meanuq(r) is a deterministic function of the distance oo QV2r 203,
r [m] between the MS and BS. To determipg(r), we first ?3)

note that any radio signal suffers a deterministic power loss due

to the decay in the intensity of a propagating radio wave. Wghere the gamma functiofi(m) = (m — 1)! [39, (8.339.1),
then observe that the placement of a BS in the middle of evgry947] when the Nakagami fading parameteris a positive
intersection in Fig. 1 ensures that there is a line-of-sight (LOSjteger.

signal path between an MS in a cell and the cell’'s2BBhe It is shown in [28, Appendix 2B] that the composite
two-slopepath loss model for microcells with LOS coverag&amma-log-normal pdf in (3) can be accurately approximated
may therefore be used to determjng(r) [29], [30]. According by the log-normal pdf in (1) ifP is substituted fof2 and the

to the two-slope model, the mean is given by logarithmic meanuq,(r) and variancer? are replaced by
F
=¢[p(m) — In(m)] + pa(r) [dB]
where[ is a constant; ~ 2 is the basic path loss exponent, and op = E[(10log;q P)?] — [ur(r)]?
2 < d < 6 is the additional path loss exponent. The parameter =£%¢(2, m) + o4 [dB]. 4)

Here,i»(m) is Euler’s psi function defined by [39, eq. (8.365.4),
p. 954]
1The overhead bandwidth associated with the pilot symbols is ignored
in this paper. m—1 1
?In fact, if we assume that the network in Fig. 1 contains infinitely many cells, z/)(m) =-C+ Z —
then any MS has LOS signal paths to infinitely many BSs. =1 k
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=3 TABLE |

. Tk VALUES OF @&,, AND b,, USED TOESTIMATE THE BER (12)OF CODES IN

& CODEC AND THE THRESHOLDVALUES FOR THEFADING REGIONS
*— sl WM, | an bn | 7 [dB]
I 1 4 || 896.0704 | 10.7367 7.1
2 8 || 404.4353 | 6.8043 11.8
' 3| 16 | 996.5492 | 8.7345 14.0
= A @ n . 1 . 3 % 41 32| 443.1272 | 8.2282 17.0
| 51 64 | 296.6007 | 7.9270 20.1
= 5 6| 128 || 327.4874 | 8.2036 23.0
It 71256 || 404.2837 | 7.8824 26.2
@ 81512 || 310.5283 | 8.2425 29.0

. Wil s lineifeimg M5

T distance2D F D/2 from the desired MS’s BS. If TDMA is
used, only the MS transmitting in the same time slot as the
desired MS creates interference. This is the same as having
one MS in distanc&D F D /2 transmitting continuously using
a fraction B of the total bandwidth.
When FDMA is used, allV interfering MSs transmit at all
times, each using the bandwidih but at different carrier fre-
00 1 guencies. Since we ignore interchannel interference, only the
C(z,n) = Z —_—, z2>1,n#0,—-1,-2,.... MS transmitting on the same carrier frequency as the desired
(n+7)7 MS creates interference. Consequently, we may assume that
. both the desired MS and the four interfering MSs transmit con-
We study a fully loaded Manhattan network withserviced stantly using bandwidtt.
MSs in each microcell. Consider the link between an arbitrary |, yhe following, we denote the instantaneous received power
transmitting MS, called thdesired MSand its BS. In the street from the desired MS at the BS by(+) [W]. From (2) and (4),
microcell deploymentin Fig. 1, the effect of non-LOS cochanngl, power mean.p(r) depends on the distaneebetween the
interferers on the link performance can be neglected in defgfs onq BS. LetS;(2D = D/2) [W] denote the received power
ence to the dominant effect of the LOS cochannel interfereqs ., the sth interfering MS at distanceD ¥ D/2 from the
[28, p. 486]. Also, due to the path loss, we only need {0 COBagjred MS's BS. The instantaneous received €I& the BS

sider the LOS cochannel interferers in the first dominant tier gf 1o \orst and best case interference configurations is given
the interfering cells. Since we assume that the BS has an OrW'the random variable

nidirectional receive antenna, the worst casg énd best case
(+) interference configurations, depicted in Fig. 2, are given by P(r)

Fig. 2. Worst and best case cochannel interference configurations.

whereC = 0.5772 is Euler’s constant and(-) is Riemann’s
zeta function given by [39, eq. (9.521.1), p. 1101]

=0

four MSs, which are either all in distanced2— D /2 [m] or T ) ®)
2D + D/2 [m] from the BS forD [m] equal to the width of the Z S:(2D FD/2)
square cells. i=1

Implicitly, we have assumed that both the desired MS andAs seen from (5), it is assumed that the cochannel interfering

th? mterfenng M_SS |n_F|g. 2 transmit at all times. To see th%ﬁ;nals add up incoherently (i.e., in power) since this leads to
this assumption is Va“d_ both for TDMA and FD_MA’ we fIrSta more realistic assessment of the cochannel interference. The
concentrate on the desired MS. If FDMA is utilized, then thPeceived powers;(2D  D/2) from the interfering MSs are
desired MS does indeed_transmit continuously us_ing a frac_tiggch approximately log-normally distributed, just [Rér). We

B. . W/U of the bandw@th. Qn the ot.hefr hand, if TDMA ISmay assume that these received powers are statistically inde-
utilized, then the overall signaling rate is increased by'a fac;ﬂéndent because, for both interference configurations, all inter-
OT v relatlve _to FDMA. Hovv_ever, only one MS tran_sm!ts at ering MSs are far apart. Also, since all the interfering MSs are
given time, with each MS using eveljth time slot. This yields gﬁ(ﬁ/ally far away from the BS for each of the configurations, we

the same overall bandwidth and same number of bits per sec assume that the powefs-) have equal mean and variance
as transmitting at all times using bandwidsh

Next, we consider the interfering MSs. Despite the fact that ,,, + =&[(mr) — Wn(mp)] + pa(2D F D/2)[dB]
each of the four neighboring cells contaihs active MSs, 70_2 —€2¢(2, my) + 03 [dB] ©6)
we have included only one interfering MS in each of the = i &

four neighboring cells in Fig. 2. To see why, we note tha{herem; is the Nakagami parameter for the interferers, re-
for both the worst and best case interference scenario#] alktricted to integer values in this paper.

active MSs in a neighboring cell are positioned in the sameThe gistribution of the sum of the four independent iden-

SThis function is also called the Hurwitz zeta function or the generalized rifically dLStribUted Iog—normally distributed rand_om variables
mann zeta function [40, p. 75]. Sr =31 Si(2D ¥ D/2) in (5) may be approximated up to
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second-order moments by yet another log-normal distributionTo obtain high spectral efficiency on all links in a cellular
[28, Sec. 3.1]. Using th&enton-Wilkinson metho[®8, Sec. network, the information rate of each link should be adapted
3.1.1] (see also [27]), it is possible to show that this approx&ccording to the instantaneous received €IR7]. We assume
mated log-normal pdf of; has logarithmic mean and variancehat the fluctuations iny are tracked perfectly by the BS re-
ceiver. A decision device in the BS utilizes the instantaneous re-
2 0_2/52 . . . . .
_ o7 3+e1 ceived CIR to select an appropriate information rate by choosing
psr® =g () + 26 2 In < 4 ) [9B] 4 code among a set of2dimensional (2.-D) trellis codes for
) 2 2 L € {1, 2,3, ...}. The decision device then informs the MS
+e%1
o5, =€l <T> o

£

@) about its decision via the BS-to-MS link. Th&:D trellis codes
should in practice be generated by the same encoder and de-
coded by the same Viterbi decoder. We assume that the trellis

Since the numerator and denominator of (5) are both appr@edes are implemented by a variable-rate encoder and decoder

imately Iog-normally distributed, it follows that the pdf of the(codec) in such a way that it is possible to change rate at any
CIR ~, conditioned on the position of the desired MS, can time [8], [9], [16].

again be approximated by a log-normal pdf For satisfactory operation of an MS-to-BS link, both the vari-
¢ [101og,0 7 — (]2 able-rate encoder and the variable-rate Viterbi decoder must use
p(v|r) = ————exp <— 107 2“% * ) , the same code at any instant. An efficient error control scheme
UW\/% 20 is therefore needed on the feedback (BS-to-MS) link to insure
v>0 (8) near error-free signaling from the BS to the MS. We simply as-
sume that the feedback link is noiseless.
whose logarithmic mean and variance are The propagation delay in the feedback link may reduce the
achievable average spectral efficiency for a given output BER at
poy, £(r) = pp(r) — ps;, 7 [dB] the BS when the instantaneous received gghanges rapidly.
0-3 =05+ ggl [dB]. (9) We have assumed thatchanges at a rate much slower than the

symbol rate, and we therefore ignore the propagation delay in
We may calculate the mean and variance in (9) by combinitigjs paper.

expressions. From (2), (4), (6), and (7), we have We now describe the details of the coding scheme. The instan-
taneous received CIRis quantized and one 2D trellis code is
2D D/2]° [g+2DF D/2 ¢ assigned to each quantization level (or fading region). We define
po, 5 (1) =€l [ r } [ g+ } the IV fading regions by the thresholds < 2 < --- < Yn41.
5 Coden,n =1, 2, ..., N,isused whew falls in regionn, i.e.,
+ < In <3 +e7/ ) whenwy,, <~ < ~v,+1. Fading region 1 represents the smallest
2 4 values ofy for which information is transmitted. When< ~;,

)} no information is sent. Hence, the probability that< ~; is

+¢ [1/)(771) —tp(my) —In <ﬂ called theoutage probability

9 i We useN trellis codes originally designed for AWGN chan-
—&n(4) — o1 [dB] (10) nels. To understand why, we first observe that the wiglth; —

2€ ~,, Of each fading region goes to zero when the number of fading

and from (4) and (7), we have regionsN goes to infinity. @onsequently, for larg¥, the re- '
ceived CIR may be approximated by a constant for each fading
o o 34 o7 /€ region, and we may view the shadowed NMF channel at a given

oy =& [¢(2, m) +1n 7 time instant as an element in a setdf (nearly) fading-free

channels with different but constant CIRs. Next, we note that the
+ 05 [dB] (11) interference, or “noise,” in each channel is mainly caused by the

. } ) four active MSs in the first ring of interfering cells (see Fig. 2).
where o7 is defined by (6). Note that the third term on thesince there are only four dominant interferers, the central limit

right-hand side of (10) disappears when= ;. Observe also thegrem does not apply, and the interference does not neces-
that the constank’ in the two-slope model (2) and the constandyily have Gaussian characteristics. However, we still choose
transmit powers' of the MSs are not contained in (10) due tqg model each channel in the set by an AWGN channel. AWGN
cancgllation during the' calculation of the expression. The caRyuces the Shannon capacity the most of any additive noise
cellation of the transmit powe$ depends on the fact that allyyne |y other words, the interpretation of the interfering MSs
MSs use the same transmit power. as AWGN is a worst case noise assumption with respect to the
theoretically obtainable maximal ALSE [6], although not nec-
essarily for the performance of one particular coding scheme.
In this section, we describe a general adaptive coding scheméeThe 2L-D signal constellation for code is given by the
first introduced in [16], for the MS-to-BS links in a Manhattan/.-fold Cartesian product of a two-dimensional (2-D) signal set
network. We start with an overview of the assumptions on whishith A4, = 2%~ signal points (or symbols). Each time the en-
the coding scheme is based. coder for coden receivesp = L - k,, — 1 information bits, it

B. Adaptive Coding Scheme
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[m], where D is the length of the square cells ands the distance between
configuration; targetBER—2; two-slope path loss parameters= d = 2,

g = 240.3; Nakagami parametersa = m; = 2; standard deviation of shadowed power megn= 4 dB.)

generatep + 1 = L - k,, coded bits. The coded bits then detera,, andb,, by first simulating the codes’ BER performance and

mine L transmittable 2-D modulation symbols.

then curve fitting with the least squares method (see [16] for an

If the time T" between the transmission of two consecutivexample).
2-D symbols is such that there is no intersymbol interferenceThe lower threshold,, for coden is equal to the smallest CIR
in the samples at the output of the channel, then the inforntaquired to achieve a given target BER denoted by RBRe

tion rate for code: is equal toR,, = (log,(M,,) — 1/L)/T
(k. — 1/L)/T [bits/s]. Since the Nyquist bandwidth B
1/T, the maximum spectral efficiency for codeis R,,/B

obtain the following thresholds by assuming equality in (12),
substitutingy,, for v and BER, for BER and inverting the ex-
pression with respect to the CIR

k. — 1/L [bits/s/Hz]. The codes should have spectral efficien-

ciesk, — 1/L, which increase withy, i.e., k, < k.41 for

n=1,2,..., N—1. This makes it possible to transmit at high

TN41 =0

n=1,2,...

7

(13)

spectral efficiencies when there is little or no cochannel interfer-

ence and shadowed NMF and to reduce the spectral efficiegyere K,

as the channel impairments increase.

To determine the values of the thresholgs, »
1,2, ..., N,itwas argued in [16] that the BER of codeon
an AWGN channel can be approximated by an expression
the form

where the constants, (> 0) andb,, (> 0) depend on the weight

by
M,

BER = a,, - exp <— (12)

—In(BERy/a, ). In practice, we have that <
BER, < a, for all n such thatk,, > 0 and all thresholds
Y > 0.4

of I1l. GENERAL APPROXIMATION TECHNIQUES

In the following, we develop general techniques to approxi-
mate the ALSE and outage probability of all MS-to-BS links in

4When the thresholds are chosen according to (13), the instantaneous BER
at a BS is smaller than the target BERT ,, < v < 7,,+1. As aresult, the
average BER at the BS will be below the target BER/e have made this con-
servative design choice since in practice propagation delay, estimation errors,

distribution of the code. It is possible to obtain good values efc., will increase the BER.
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Fig. 4. ALSE [bits/s/Hz] as a function dP [m] and+ [m], where D is the length of the square cells ands the distance between the desired MS and its BS.
(Fully loaded network; worst case interference configuration; target.BER 0 —2; two-slope path loss parameters= d = 2, g = 240.3; Nakagami parameters
m = m; = 2; standard deviation of shadowed power mean= 4 dB; code dimensio2L = 4.)

a fully loaded Manhattan network, assuming that all links utiFhe probabilities in (14) are equal 6% ,(vn, Yht1) =

lize the same instance of the adaptive coding scheme. f;f“ p(v|r) dv where the pdfp(v|r) is defined by (8) and
the thresholdsy,, and~,,1 are given by (13). The subscripts
A. General Approximation of Spectral Efficiency F andr indicate that the values of the probabilities depend on

which of the two interference configurations we consider as
Il as the distance between the MS and the BS.
o calculateP¢ (v, 7n+1), We need theignum function

Each cell in the network model hastransmitting MSs using
the same transmit power. The bandwidth allocated to each
is B = W/U [Hz], whereW was defined to be the total avail-
able bandwidth in a cell. Consider an arbitrary MS transmitting _
information on its MS-to-BS link. For [m], the distance be- sgr(z) = {"‘L !f 20
tween the MS and BS, denoted bi|»} [bits/s], is the average -1, itz <0
received information rate from the MS at the BS for a given .
output BER. The ALSE of the MS-to-BS link, conditioned onanOI theerror function
r, is then given by R|r)/B [bits/s/Hz]. 5 qu

We may approximate the ALSE for the worst and best case erf(u) = _/ exp(—2?) dz. (16)
interference configurations of a fully loaded network. The ex- VT Jo
pected link spectral efficiency of any instance of the adapti
coding scheme is given by the sum overmalbf the individual
codes’ spectral efficiencie,,/B = k,, — 1/L, each weighted

Yor any real numbef > 0, we also need to define the function

by the probabilityPs ,.(v,, v.+1) that coden is used, i.e., the 10log,o 6 = “”’:F(T), if3>0
CIR ~ falls in fading regiom: x(B) = V2o, 17)
—00, if 3=0.
N
Hlr)* — Z (kn — 1/L)Px. (Y, yns1) [bits/s/HZ) (14) Observe that the extensionfo= 0 is natural sincédog,, 3 —
b ot —oo wheng — 07,
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Fig. 5. ALSE [bits/s/Hz] as a function dP [m] andr [m], whereD is the length of the square cells ands the distance between the desired MS and its BS.
(Fully loaded network; best-case interference configuration; target, BER0 —*; two-slope path loss parameters= d = 2, g = 240.3; Nakagami parameters
m = m; = 2; standard deviation of shadowed power mean= 4 dB; code dimensio2 L = 4.)

It is shown in an Appendix that needed to determine spectrally efficient trellis codes for Man-
hattan networks. In fact, such codes will depend on the actual
values ofr.

P (5 0y = SIX() - erfx()) + 1
e 2 ' B. General Approximation of Outage Probability
Since the thresholds, have nonnegative values and An active MS does not transmit any information when the
received CIRy falls below the thresholgd; . As a result, the MS
suffers an outage probability approximated by
P r\"Tny "In =P r\"In; - P \"n+1,
¥ (’V v +1) ¥ (’V OO) ¥ (’V +1 OO) Pout(’Yl) -1 _11:>:':7T(,y17 oo)
we obtain (18) as shown at the bottom of the page. Note that _ 1 sgni=x(n)) - erflx(v)) (19)
because((0) = —oco, x(c0) = oo, and erfoo) = 1, we have 2
P (0, o) = 1 as we should. The outage probability increases with growing threshold value
The final expression for the ALSE conditioned ens ob- ~; = (M;K7)/b;. Since the value of¢; = —In(BERy/a;)

tained by combining the expressions in (14) and (18). It is @icreases with decreasing target BERfollows that the outage
course possible to average the ALSE over all values (dee probability grows with decreasing target BERience, thereisa
[27]). We do not average overin this paper since, as we shalltradeoff between wanting a small target BER and a small outage
see in Section IV, a good knowledge of the ALSE variations [mobability.

P (s st) = sgn(—x(v»)) - erf{x(v.)]) — 529r(—x(%,+1)) -erf((x(vnt1)]) (18)
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Fig. 6. Base-10 logarithm of outage probability as a functio®dm] andr [m], whereD is the length of the square cells ani the distance between the desired
MS and its BS. (Fully loaded network; worst case interference configuration; target BER)—2; two-slope path loss parameters= d = 2, g = 240.3;
Nakagami parametera = m; = 2; standard deviation of shadowed power mean= 4 dB; code dimensiog L = 4.)

C. Evaluation of Example Codec The individual codes’ BER performance on an AWGN

As an illustrative example, we approximate the ALSE whethannel have been simulated for various carrier-to-noise ratios
identical copies of a particular adaptive codec introduced in [16fNRS) in [16]. Curve fitting with the least squares method
are used to encode and decode the information on all MS-to-i@S then used to obtain values for the parametgrand b,,
links in a fully loaded Manhattan network. in the BER approximation (12). For convenience, the obtained

The adaptive codec considered here utilizes trellis-cod¥@/Ues are given in Table . s
multilevel quadrature amplitude modulation (M-QAM). The e choose the target BER at the BS to be BER 107"

codec contains eight four-dimensional (4-D) trellis coddsO" thean andb, values in Table |, we then use (13) to obtain

based on eight nested M-QAM signal constellations witihe threshold values, [dB] listed in the right-most column of
M, = 2" € {4,8, 16, 32, 64, 128, 256, 512} signal points 1aPle I. _ , .

fork, = n+1andn = 1,2, ..., 8 [16, Fig. 1]. At each The mean of the instantaneous received G|Rlefined by
eventime instant 2, the variable-rate encoder receive@t) (10)_, is plotted in Fig. 3 for the worst case interference config-
information bits,p(2t) € {3, 5,7, 9, ---, 17} and generates Uration,D = 400, ..., 1000 m andr = 20, ..., D/2 m (the
p(2t)+1 coded bits. The overall encoder contains the rate 2\/_§Iues of.the other model paramgters are given in the figure cap-
trellis encoder and bit converter but not the 4-D block encoddio)- AS is to be expected, for a fixed lengthof the cells, the
depicted in [20, Fig. 6]. The rate 2/3 trellis encoder and bif€an CIR decreases with growing distamdeetween the de-
converter are also used in the International Telecommunicatict€d MS and its BS. When we keefiixed, the mean decreases
Union’s ITU-T V.34 modem standard. [41], [42]The soft with shrinking D since the distance between the BS and the in-
decision Viterbi decoder for the code withi2t) = 17 is used terfering MSs becomes smaller. For fixee= 100 m, the mean

to decode the codes with{2¢) < 17 since these codes are all’alu€ i 30.2 dB for) = 1000 m, while the mean is only 15.9

contained in the(2¢) = 17 code. dB for D = 400 m. . ,
We plot the ALSE (14) in Fig. 4. For a fixed length of

the cells, the ALSE decreases with growing distanbetween
5The constellation shaping via shell mapping implemented in the V.34 modél?le desired MS an(_j It_S BS. When we keepx_ed, the AL_SE
was not used in the example codec. decreases with shrinkingy. There are large differences in the
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. . . . Fig. 8. Worst and best case cochannel interference configurations. All worst
Fig. 7. Idealized model of urban microcellular network with a four-cell reusgyge interfering MSs are in distancB 4- D/ 2 from the BS, while the distance

pattern and BSs that are deployed in the middle of every intersection. All celisiween the BS and best case interfering MS1s4 D/ 2.
labeled with the same number use the same set of carrier frequencies for the

MS-to-BS links. LOS cocha}nnel cells are separated by at least three cells, while
there are no reuse constraints on non-LOS cochannel cells. MS-to-BS links is plotted in Fig. 9 for the worst case interfer-
ence configuration. When = 20 and D = 1000, the ALSE

ALSE values: whem = 20 andD = 1000, the ALSE has value has a value of 8.5; for = 200 andD = 400, the ALSE is 5.2.

8.5; forr = 200 and D = 400, the ALSE is 1.2. The base-10 logarithm of the outage probability (19) is plotted
The ALSE for the best case interference configuration {8 Fig. 10. A comparison of Figs. 4 and 9 and a comparison

plotted in Fig. 5. When = 200 and D = 400, the ALSE is Of Figs. 6 and 10 reveal that, for a given cell size, the four-cell

3.5, i.e., 2.9 times more than for the worst case interferenc@ise patternresultsin alarger ALSE and a smaller outage prob-

configuration. ability than the two-cell reuse pattern for the worst case inter-
The base-10 logarithm of the outage probability (19) f&rence configuration. We have found that the same is true for

plotted in Fig. 6 for the worst case interference configuratiof1e best case interference configuration. This is as we should ex-
Forr = 20 andD = 1000, the probability i0.3 - 10~13, while Pect since cochannel interference is better combatted by means

for » = 200 and D = 400, the probability is 0.5. of the path loss with the four-cell reuse pattern than with the
two-cell reuse pattern.
D. More General Manhattan Networks

] ] V. AbAPTIVE VERSUSNONADAPTIVE CODING SCHEME
Let us consider an arbitrary Manhattan network consisting

of equally large square cells with sides of lengh[m]. De- A large number of treII.is ches cqnstructed especially for
fine thereuse distancer [m], to be the minimum distance pe-fading channels are described in th_e literature [43], [44, ch_. 10].
tween two BSs that are within LOS of each other and that uMany of these trellis codes are designed to be decoded with the
the same set of carrier frequencies for the MS-to-BS links. TiY&rbialgorithm. Consequently, the decoding of an information

Manhattan network in Fig. 1 has a two-cell frequency reuse prL is based on a relatively short sequence of received channel
tern resulting in a reuse distance®f= 2D. symbols compared to the number of symbols utilized during it-

Fig. 7 depicts a Manhattan network with a four-cell reuse paq_rative decoding of turbo codes [31]-[35]. We call a nonadaptive

tern. The LOS cochannel cells are separated by at least tHf@ded modulation scheme for a fading channel “traditional” if
cells, giving a reuse distance & = 4D. The worst and best it utilizes a single trellis code together with Viterbi decoding.

case interference configurations are depicted in Fig. 8. All worst .

case () and best caser) MSs are a distanc& F D/2 from A Spectral Efficiency

the BS. In fact, this expression determines the distances fronin this section, we investigate how the cell lend?hand the

the BS for any reuse distan@e Hence, to use our approxima-distancer between the desired MS and its BS, as well as the

tion techniques for any Manhattan network with equally largdakagami parametern. for the desired MS and the Nakagami

square cells, we only need to substitute the expredsitor the parametemn; for the interfering MSs, influence the received

expression 2 in (10). CIR. The obtained results are used to explain whyatherage
Assume that identical copies of the example codec outlinedectral efficiency of the adaptive coded modulation scheme is

in Section 111-C are used on all MS-to-BS links in a fully loadedarger than théixedspectral efficiency of a traditional (nonadap-

version of the Manhattan network in Fig. 7. The ALSE for théve) coded modulation scheme.
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Fig. 9. ALSE [bits/s/Hz] as a function dd [m] andr [m], whereD is the length of the square cells ani the distance between the desired MS and its BS. (Fully
loaded network; four-cell reuse pattern; worst-case interference configuration; targetBER—2; two-slope path loss parameters= d = 2, g = 240.3;
Nakagami parameters, = m; = 2; standard deviation of shadowed power mean= 4 dB; code dimensio2L = 4.)

In Fig. 3, we plotted the mean of the instantaneous receivefhm. Similarly, it can be seen that the valuemafhas a some-
CIR as a function of the distance parametrandr. The Nak- what larger influence on the CIR mean than, but the influ-
agami parameters were given values= m; = 2. We now ence is still modest.
study the influence of Nakagami parameters on the CIR meanThe influence of the distance paramet&randr on the CIR
Assume thatn, m; € {2, 4, 6}. The influence ofr. andm;is mean is given by the first term on the right-hand side of (10)
determined by three of the terms on the right-hand side of (10)

22 NE R¥D/2]° [g+RF D/2]*
‘I)(mvml):ghl<3+e41/£> @(D,7)_£1n<[ . } { P })[dB]

m

whereR has been substituted fof2 Observe tha®(D, r) is
— —1 - ’
+& [w(m) P(mr) —In <mr>}

of
- 2_5 independent of the Nakagami parameters. However, the value
of the term depends on the two-slope path-loss parametérs
where, from (6),02 = ¢2((2, m;) + o3 [dB]. Note that andg.Letc = d = 2 andg = 240.3. For the two-cell reuse pat-
®(m, my) is independent of the distance paramef@randr. tern(R = 2D) and the worst case interference configuration,
As an example, assume that = 4 dB. If we setrn = 2and we obtain the differenc®(1000, 20) — ©(400, 200) = 38.8
varymy, we gettheb(m, m;) values listed in the upper half of dB. We have® (1000, 20) — ©(400, 200) = 39.7 dB for the
Table 1. The difference between the largest and smallest valieeir-cell reuse patter(iR = 4D). Large differences have also
is only ®(2, 2) — ®(2, 6) = 0.24 dB. When we sein = 6 been observed for the best case interference configuration. As
and varym, we obtain the®(m, mr) values in the lower half is to be expected, we have the following observation.
of Table Il. In this case, the difference is 0.23 dB between the Observation 1: The distance parameteisandr have a large
largest and smallest value. Consequently, the value pohas influence on the value of the CIR mean while the Nakagami
only a very modest influence on the CIR mean for a fixed valysmrametersn andm; have only a modest influence.

[dB]
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Fig. 10. Base-10 logarithm of outage probability as a functio®dfm] andr [m], where D is the length of the square cells ands the distance between the
desired MS and its BS. (Fully loaded network; four-cell reuse pattern; worst case interference configuration; tasget BER ; two-slope path loss parameters:
¢ =d = 2,9 = 240.3; Nakagami parametera = m; = 2; standard deviation of shadowed power mean= 4 dB; code dimensio2L = 4.)

The CIR variance may be expressed as a function of the Nak- TABLE Il
agami parametens. andm; by substituting the expression for VALUES OF (1, rmir) AND o2 (1, 1)
2 in (6) into (11 -
o7 in (6) (11) m | my | @(m,my) [dB] | a2(m,m;) [dB]
2] 2 147 275
o2(m, my) 2| 4 -1.65 24.5
€2¢(2,mr) + 03 2| 6 -1.71 23.7
, 3+exp <—§2 6| 2 0.67 18.8
=& <2, m)+1n 1 6| 4 -0.85 15.7
6| 6 -0.90 15.0

+ o5, [dB]. . ; ;
Let us consider a fully loaded network with reuse distance
R = 4D and cell lengthD = 400. It follows from the above

Assume once more that, = 4 dB. If we setm = 2 and discussion that the mean of the instantaneous received CIR
vary mj, we get theﬁ/(m, my) values tabulated in the uppervaries greatly as the distanedetween the desired MS and its
half of Table Il. The difference between the largest and smallé&88 changes. The variance of the instantaneous received CIR
variance value is 3.8 dB. Fat = 6 and varyingmn, we obtain is largest when the Nakagami parameters= m; = 2. The
the values in the lower half of Table Il. The difference is agaipdf for the instantaneous received CIR is plotted in Fig. 11 for
3.8 dB between the largest and smallest value. Consequently= m; = 2 and different values of.
the value ofm; has a significant influence on the CIR variance Observation 3: Since the mean of the instantaneous CIR
for a fixed value ofm. Similarly, it can be seen that has an varies greatly as the desired MS moves around, and since the
even larger influence on the CIR variance thap variance of the instantaneous CIR is large for severe fading,

Observation 2: The Nakagami parametetis andm; have a all spectrally efficient coding schemes for Manhattan networks
large influence on the CIR variance. The influencexdk larger must be able to operate over a large range of instantaneous CIR
thanm;. values.
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Fig. 11. PDF of instantaneous received CIR/fog {40, 80, 120, 160} andD = 400. (Fully loaded network; four-cell reuse pattern; worst case interference
configuration; two-slope path loss parameters= d = 2, g = 240.3; Nakagami parameters = m; = 2; standard deviation of shadowed power mean

Observation 3 may not be surprising; however, it followseuse pattern and worst case cochannel interference configura-
from the observation that adaptive trellis coding can achietien. This ALSE value should be reduced somewhat since we
a larger spectral efficiency than traditional trellis coding imave ignored various overhead such as the introduction of pilot
urban areas. Consider a Manhattan network that utilizessyambols. However, the ALSE will still be much larger than 2
traditional coding scheme for the reverse links. Since thots/s/Hz.
variance of the CIR is large when the fading is severe, thelt may be tempting to conclude from the above discussion that
CIR may vary greatly even for a stationary MS. To use iais not possible to achieve a large link spectral efficiency with a
single trellis code for a fading channel [43], [44, ch. 10], isingle code. However, this is not true. The maximum link spec-
is therefore necessary to use a code that achieves the tangdtefficiency for a given distance between the desired MS
BER for the minimum observed CIR. This conservative desigmd its BS is equal to the Shannon capagcity}r) T [bits/s], of
choice results in a small spectral efficiency and is the maihe link, divided by the bandwidt® [Hz]. Assuming constant
reason why networks utilizing traditional coding schemes hattiansmit power and a delay-free feedback channel, and inter-
spectral efficiencies less than 2 bits/s/Hz. preting the interfering MSs as AWGN, the maximum spectral

The general expression (14) approximating the ALSE show#iciency is given by [6]
that the adaptive coding scheme, based on Viterbi decoding
of well-known trellis codes for AWGN channels, may achieve (Clmy*™ [, )

a much larger ALSE than the fixed spectral efficiency of B _/0 logy(1+y)p(ylr) dy. (20)
traditional coding schemes based on Viterbi decoding of single

trellis codes. For the example codec studied in Section Ill, the (20), v is the instantaneous CNRBlog, (1 + ) is the
ALSE is no less than 5.2 bits/s/Hz (see Fig. 9) for the four-celhannon capacity of an AWGN channel with CNR equa}to
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andp(v|r) is the pdf defined in (8). The integral can be solvethe dynamics of the fading since the codeword length, and

numerically. hence the decoding delay, must be long enough to reveal the
There exists a theoretical adaptive coding scheme wittng-term ergodic properties of the fading process. Because

ALSE equal to (20) [6]. What may be more surprising is thahe instantaneous received CNmhas a large varianoﬁzy, itis

the maximum spectral efficiency (20) may also be reachetkar thatAD > AT,

without varying the information rate [45], [46]. In fact, a simple Observation 4: The feedback channel enables us to reduce

standard (Gaussian) codebook with fixed information rate withe maximum initial decoding delay frodyD > AT, down

be sufficient and no feedback channel is needed, as long astthé\D =< AT, by utilizing adaptive coding instead of non-

codewords are sufficiently long. Unfortunately, the decodinadaptive coding.

delay of the nonadaptive coding scheme will then be muchThe (total) decoding delaynay be defined as the sum of

larger than the decoding delay of the adaptive coding scherttee initial decoding delay and the time it takes to decode a re-

The reason for this is given in Section IV-B. ceived block of noisy channel symbols. If a nonadaptive coding
_ scheme uses an iterative decoding technique [31]-[35] to ob-
B. Decoding Delay tain a large ALSE, then the total decoding delay will also be

The variable-rate coding scheme switches adaptivdBrge because the iterative decoder must operate on blocks of
between N codes according to the changing value of th&D > AT, symbols. An adaptive coding scheme utilizing
instantaneous received CNR For large/V, a small change in iterative decoding may operate on blocksXiP < AT, Sym-
~ is likely to result in a change of code since the width of eadbpls.
fading regiony,+1 — ¥, is small.

A decoder is assigned to each code. Letittigal decoding V. AVERAGE AREA SPECTRAL EFFICIENCY
delayD,, [s]for coden be the time from the moment the decoder \ye have studied the ALSE of adaptive coding schemes. For

first receives a modulation symbol to the moment it starts dgenyork engineer, it may be even more interesting to consider
coding. Themaximum initial decoding delay the variable-rate he gpectral efficiency per unit area of the network. Similarly to

coding scheme is then defined toBe= max,, {D,. } [s]. Alter- 157 "\ve define and approximate the AASE. The AASE mea-
natively, the maximum initial decoding delay may be expressgf} e the efficiency of a complete network, as opposed to the
in modulation symbols as ALSE, which only measures the link efficiency.

We first observe that a Manhattan network consists of iden-

D . X . .
AD = T = B D [symbols] tical clusters of contiguous cells where the cells in a cluster uti-
lize different sets of carrier frequencies. A cluster of the network
whereT = 1/B [s]. in Fig. 1 consists of a cell labeled A and an adjacent cell labeled

When each code has a separate decoder, the initial decodind e cluster sizé( of the network isk” = 2. The network in
delay D,, occurs each time the coding scheme changes cofiéd- 7 hask’ = 4.
However, in this paper, we consider sets of codes for which theThere is a useful connection between the cluster Kizand
same decoder may be used to decode all codes and for wil¢h reuse distanc® (defined in Section IlI-D). If we define
it is possible to change code without interrupting decoding [gf}¢ normalized reuse distanteasR,, = R/D, whereD is
[16]. In this case, the initial decoding delay only occurs when tige Width of a cell, therk’ = ‘R,,. This can be easily checked
communication system receives new information after a perié®f the two networks in Figs. 1 and 7. It is also not difficult
of no transmission activity. to see that there exists a Manhattan network for any value of
As long as the instantaneous CNRs (nearly) constant, the R» = K € {1, 2, 3, ...}. WhenR,, = 1, then the same set of
variable-rate coding scheme will utilize only one code. This p&arrier frequencies is reused in every cell.
riod can be approximated by the channel coherence Tigge For a fully loaded network and the worst and best case inter-
[s] [28], [47], [48] or, equivalently, since it is often convenienference configurations, we now define the AASE, conditioned

to measure the channel coherence time in modulation symb&8, as the average information rate of &ll- U active MSs in
a cluster divided by the product of the total bandwidthl/ - B
Troh utilized in, and ared( - D? = R,, - D? of, the cluster

AT = T [symbols] (21)

K- -U-(R|r)T

The system starts decoding the active code when enough 77 B) (K - D?)
noisy symbols have been received from the channel. The
actual number of symbols_ needed to start decod_ing will of  _ <R|7‘>$2 <: ALSE) [bits/s)/[Hz - m?].  (22)
course depend on the active code and the decoding method. B-(R,D?) RnD
The largest possible decoding delay is obtained when the . )
system postpones decoding the active code until a new cod® AASE defined in (22) should be thought of as the average
is activated. Consequently, the channel coherence fiffig,, information rate [bits/s] per unit bandwidth and afe& - m-]
initial decoding delayAD of the variable-rate coding schemeCluster are in distancefrom their BSs and the configuration of
Tor Ic’_:ll_’geN (small fading regions). When a single codebook 6Many authors define the normalized reuse distancRas= R../(D/2)
is utilized, the necessary length of the codebook dependswatereD/2 is the “radius” of the cell. Note tha®/, = 2R.,,.
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Fig. 12. AASE [bits/s/Hz/kr] as a function of the normalized reuse distafitg whenr = 100 andD € {400, 600, 800, 1000}. (Fully loaded network;
target BER = 10~3; two-slope path loss parameters= d = 2, g = 240.3; Nakagami parameters = m; = 2; Standard deviation of shadowed power
meanc, = 4 dB.)

the interfering MSs outside the cluster is given by the best orTo determine a good value &,, for the example codec, we

worst case interference configuratioithe maximum AASE is again plotthe AASE in Fig. 13, this time for maximum= D /2

obtained by substituting”|+)¥ /B givenin (20) for(R|~)T/B  and unchanged values 6f. Note that the AASE is no longer a

in (22). monotonically decreasing function for the best case interference
The AASE of the example codec is plotted as a function @bnfiguration. Now, the AASE has maximum value oy, = 2

the normalized reuse distan®, in Fig. 12 forr = 100. The whenD € {600, 800, 1000} andR,, = 3 for D = 400. Un-

plot contains four pairs of curves, one pair for each value @drtunately, the difference in AASE between the best and worst

D € {400, 600, 800, 1000}. For a given pair, the upper curvecase interference configurations is very large Ry = 2 be-

is the AASE for the best case interference Configuration, Whi&use the outage probab”ﬂy (19) is |arge for the worst case inter-

the lower curve is the AASE for the worst case interference cogyence configuration [we found thét,,.(-) > 0.3 forall D e

figuration. We first observe that &8,, increases, the difference{4007 600, 800, 1000}]. Hence R,, = 3is a better choice since

in AASE between the best and worst case interference confjge outage probability is significantly smalleP,(-) < 0.06).

urations goes to zero. For the best case interference configyfas, even smaller outage probability is needed, then= 4
tion andr = 100, the AASE decreases monotonically with inghouid be usediu:(+) < 0.005).

creasingR,,. Hence, the AASE is maximized f&,, = 1, i.e.,
the same set of carrier frequencies is reused in every cell. The
same is true for many other valuesrof-or the worst case inter- VI. SUMMARY AND CONCLUDING REMARKS

ference configuration, the situation is different. Bor= 400,  |n this paper, we have modeled fully loaded microcellular
the AASE is maximized foRR,, = 3, while for D = 1000, the  radio networks for urban centers. The wireless links from the
AASE has maximum value fok,, = 2. MSs to the BSs were degraded by random NMF, shadowing,
TThe expressio® = R, - D must be substituted forf2 in (10) when (22) a.nd cochannel interference_. The deterministic _path loss asso-
is calculated. ciated with propagating radio waves was also incorporated in
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/ D=400

AASE e
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Fig. 13. AASE [bits/s/Hz/kr#] as a function of the normalized reuse distafite whenr = D/2 andD € {400, 600, 800, 1000}. (Fully loaded network;
target BER = 10~3; two-slope path loss parameters= d = 2, g = 240.3; Nakagami parameters = m; = 2; standard deviation of shadowed power mean

the model. We outlined a general adaptive coded modulationwe have only approximated the ALSE and AASE of outdoor
scheme that can utilize any set of trellis codes originalipicrocellular networks for urban areas. Alouini and Goldsmith
designed for AWGN channels and indicated how the codifjg7] have modeled microcellular networks for suburban areas
scheme fits into the network model. For the worst and besbd macrocellular networks for suburban and rural areas. It is
case cochannel interference configurations, we showed howntut difficult to generalize our approximation techniques to the
approximate the ALSE when the same instance of the genasatdoor networks models in [27]. It should also be possible to
coding scheme is used on all MS-to-BS links. Moreover, it wagneralize the approximation techniques to indoor picocellular
shown why the ALSE of adaptive coded modulation schemastworks [49].
is larger than the spectral efficiency of traditional fixed-rate
coding schemes. APPENDIX

An approximation of the AASE was obtained by modifying EVALUATION OF PROBABILITY Pr (3, o0)
the ALSE approximation. As an example, we studied networks ) )
where identical copies of a particular codec were used on allln the following, we calculate the integral
MS-to-BS links. The codec, which is based on the International
Telecommunications Union’s ITU-T V.34 modem standard, uti-

lizes eight nested two-dimensional signal constellations con- P, v(B, 00) = /8 p(vlr)dy

oo

taining 4, 8, 16, 32, 64, 128, 256, and 512 signal points to encode ¢ oo 4

and decode eight four-dimensional trellis codes. A large AASE = Jon / -

and a small outage probability were obtained for networks with oyvem Jg ,
three-cell and four-cell reuse patterns of the carrier frequencies. . exp <_ [101ogyo ¥ — piy, % (7)] ) dry
An adaptive codec utilizing turbo-trellis codes may obtain an 203 ’

even larger AASE [32]-[34]. 8>0
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where the pdp(~|r) is defined by (8). We first introduce a new [9]
variable by the substitution
_ 10logyoy — py 5 (1) [10]
Uy =
No7S
to obtain the integral [11]
Pen(p0) == [~ e (23 [
PP, 00) = — e U
” VT )

for x(3) defined by (17). Next, we study the integral in (23). The [13!
lower integration limity(/3) may be both negative and positive.
Assume thaty(3) < 0. Since the functiory = exp(—=?) is
symmetric about thg-axis andf,” exp(—z?) dz = /7/2[39,
eg. (3.321.3), p. 354], we have

/ e du =
x(8)

[14]

[15]

(16]

=@ N [17]
For x(8) > 0, we write [19]
©0 2 ©0 2 X(’a) 2
/ e duz/ e du—/ e du [20]
x(8) 0 0 21
x(8) o, ﬁ
Using (15), (24) and (25) may be combined to obtain [23]
oo 5 [x(3)] 5
/ e " du= Sgl’(—x(ﬁ))/ e " du+ ﬁ (26) [24]
x(8) 0 2
Substituting (26) in (23) and using (16), we obtain 25]
sgn(—x(3)) -erf(|x(B)]) + 1
P (5, o) = XD e +1, e}
[27]
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