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ABSTRACT

In this paper, we optimize the set of spectral effi-
ciencies (SEs) used in an adaptive coded modulation
scheme, such that the average area spectral efficiency
(AASE) of a cellular wireless system is maximized
subject to a fairness constraint. Fully loaded net-
works with TDMA or FDMA are assumed, and the
study concerns the uplink transmission. Both circular
and square cell geometries are studied. The channel
impairments considered are multipath fading, shad-
owing, and multiuser interference between cell clus-
ters. Bounds on the achievable AASE, given a limited
number of available SEs, are developed for best- and
worst-case interference assumptions, and assessed as
a function of the normalized reuse distance and the
cell size.

1. INTRODUCTION

In recent years, adaptive coding and modulation (ACM)
techniques have emerged as potentially powerful tools
for increasing the spectral efficiency (SE) of wireless
systems; cf. e.g. [1, 2, 3]. In ACM, the transmitter has
a range of IV available channel codes and/or modula-
tion constellations, and corresponding instantaneous
SEs R; < Ry < --- < Ry [bits/s/Hz|. Based on chan-
nel state information (CSI) fed back from the receiver,
the transmitter always chooses the code which maxi-
mizes the instantaneous SE while still conforming to
the desired bit-error rate (BER) constraints of the sys-
tem. The CSI is typically an index indicating in which
range the channel-signal-to-noise ratio (CSNR) or, in
the case of multi-user scenarios, signal-to-interference
ratio (SIR), lies.

The quantization of the CSNR or SIR (denoted 7)
into sub-ranges is illustrated in Fig. 1. If the CSNR
or SIR falls below s; the system experiences an out-
age (Ro = 0) since no available code fullfills the BER
constraints. The range thresholds s1,...,sy are de-
signed such that the available codes always fulfill the

BER constraints in the CSNR/SIR range where they
are used. This is illustrated in Fig. 2, where it is
assumed that BER < BERj is desired. The single-
link average spectral efficiency (ASE) [bits/s/Hz] of
an ACM system, assuming perfect CSI at the trans-
mitter, is then given as

N
ASE=>"R,-P, |[bits/s/Hz],
n=1

where P, = f:ﬂ"“ P~ (7)dy, py(7y) being the pdf of v,
is the probability that code n is used.

Most of the published work on ACM has been
concerned with single-link systems; however, perfor-
mance analysis for cellular ACM systems were treated
in e.g. [4, 5]. Both ASE and average area spectral effi-
ciency [bits/s/Hz/m?] (AASE) have been considered
as performance measures. In the present paper, we
will consider the latter measure. The goal is to de-
velop ACM schemes for cellular systems which maxi-
mize the AASE, subject to some given constraints.

2. SPECTRAL EFFICIENCY
OPTIMIZATION IN ACM

We initially review the ASE optimization of ACM uti-
lized on a single-link, frequency-flat Rayleigh-fading
channel. Tt is assumed that the CSNR stays within
the same sub-range [sn, Sp+1), n € {1,..., N}, through-
out the transmission of at least one codeword.

Outage R

Figure 1: CSNR (or SIR) quantization in an ACM
system. Spectral efficiency R, is obtained if the
CSNR or SIR is reported to lie between s, and sp41.-



BER A

0.5

BER, f——m——mmm e m e e m

| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
3 8. . 8,

. SNR [dB]
— R, —

1 z
& Outage ——é— R, —>— R, —

3

Figure 2: Determining CSNR thresholds in ACM ac-
cording to a BER constraint.

The channel can then be approximated as an addi-
tive white gaussian noise (AWGN) channel with CSNR,
sp, during transmission of one codeword using SE R,,.
An upper bound on this SE, if reliable transmission
with arbitrarily small BER is to be achieved, is then
RyY& = (), = logy(1+ s,) [bits/s/He] (i.e., the Shan-
non capacity of an AWGN channel).

In [6], this was used to find an upper bound on
the achievable SE of a single-link wireless ACM sys-
tem subject to flat Rayleigh fading and using a fi-
nite set of SEs (finite N). More specifically, for wide-
sense stationary (WSS) Rayleigh fading channels, it
was shown how a set of optimized SEs can be fitted to
the channel model, such that the ASE is maximized.
The resulting ASE is [6]

N N Smi1
ASEmus =Y. CaPa = Y logs(1+50) [ p,(0)y
n=1 n=1 Sn
with
. 1
s2 =81 —7%-In (1— %(1+51) -ln(1+51)>

and

— 1 ]-+3n—1
=5, 1—7-In{1==(1 ) In (2t
Fn = Enm T n( 7( T én-1) n(1+sn2))’

where 7 is the expected CSNR for the WSS fading
distribution. All the thresholds can be expressed in
terms of s1, which may be set to globally maximize the
ASE either without constraints, or subject to some
constraints e.g. on the maximal outage probability.
The results in [6] show that only a small number
N of available optimized SEs in the transmitter can
yield an ASE close to the ergodic capacity bound in
[1] (which assumes that infinitely many SEs are avail-
able). This is beneficial as it reduces system com-
plexity, reduces feedback overhead needed to pick the

Figure 3: Assumed interference situation in the
macrocellular system case.

correct code, and also makes the system more robust
towards faulty CSI.

The optimized SE values depend on the channel
model. For flat Rayleigh fading with constant ter-
minal speed, 7 is the governing parameter. In the
present paper the results of [6] are extended to the
case of cellular networks, where the channel is non-
stationary (i.e., received signal power varies e.g. with
a user’s position in a cell) and where multi-user inter-
ference is the major performance limiting factor (i.e.,
CSNR is replaced by SIR as the relevant CSI needed
by the ACM system). In this case the adaptation will
be done not only with respect to the instantaneous
SIR, but also with respect to the changes in the ex-
pected SIR brought on by shadowing and path loss as
users move around in a cell.

3. CELLULAR NETWORK MODELLING

We consider two different kinds of network layouts,
one having large (radius R > 1 km) circular cells,
suitable for a suburban macrocellular or rural net-
work, and one having small (side length typically D <
1 km) square cells, suitable for an urban microcellu-
lar network. In each case, the base stations (BSs) are
assumed placed in the center of each cell.

The two cell geometries under study are illustrated
by Figs. 3 and 4. Here, D,, [m] is the reuse distance,
defined as the shortest distance between two BSs uti-
lizing the same carrier frequency. In a cellular wire-
less network, signals are typically affected by deter-
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Figure 4: Assumed interference situation in the mi-
crocellular system case.

ministic path loss, as well as stochastic slow shadow-
ing (typically modelled as lognormally distributed),
fast fading (often modelled by the Rayleigh distribu-
tion), and multiuser interference [7]. Since the battery
power of mobile terminals (MTs) is typically severely
limited compared to the available power of stationary
BSs, we concentrate our study on the MT-to-BS links
(uplinks). We shall assume that the networks are fully
loaded, i.e. that all (U) available links in every cell are
used all the time.

3.1. Interference modelling

Throughout the paper we assume that time or fre-
quency division multiplexing is used within the vari-
ous MTs in a cell, so that there is no intra-cell interfer-
ence, and such that the total available cell bandwidth
is shared equally between the U users.

We also assume that there is no interchannel (intra-
cluster!) interference, i.e. between cells using different
carrier frequencies (this means that we assume that
the available carriers are spaced far enough apart for
this interference to be negligible compared to other
interference sources). We define the normalized reuse
distance (NRD), R,, of the network as the minimum
spacing between two BSs using the same carrier fre-
quency, normalized with respect to the cell radius R
(circular cells) or half the cell side length, D /2 (square

LA cluster of cells is by definition a set of neighboring cells
which do not use the same carrier frequency.

cells). In other words, R, = D, /R for circular cells
and R, = 2D, /D for square cells.

Finally we assume that the only remaining source
of interference is that of co-channel interference be-
tween cells which are separated exactly by the NRD.
Cells that lie in the same cluster do not interfere with
each other since they do not share carrier frequency,
and cells that are separated by more than R, cells
have negligible mutual interference, due to path loss.

We shall only consider worst- and best-case inter-
ference, corresponding respectively to all interferers
being placed either as close as possible to, or as far
as possible away from, the cell being interfered with
(see Figs. 3 and 4). Our goal is thus to evaluate the
maximal achievable AASE for both of these interfer-
ence constellations, under certain constraints to be
discussed. We also make the (capacity-wise) worst-
case assumption that the interferers all use gaussian
symbol alphabets.

With omnidirectional receive antennas at the BSs,
we see from Figs. 3 and 4 that there are at most 6
active interfering cells in the case of circular cells, and
4 in the case of square cells. However, we may also use
antenna sectorization to reduce the interference. This
implies that directional receive antennas are used in
the BSs, in order to reduce the number ny of active
interferers per uplink transmission.

When the receive antennas are directional, only
interferers within a certain angle will contribute to
the interference for any given MT-BS link. For exam-
ple, if each receive antenna at the BS only covers a
120° sector (such that a circular cell is divided into
360/120 = 3 sectors), the number of active interferers
is reduced from ny = 6 to ny = 6/3 = 2 per transmis-
sion in circular cells.

The SIR for the system can be written as

Sa(r

7:%5 nIE{]-a"'aNI};

where Sq(r) is received signal power at the BS from a
desired user at distance r, ny is the number of active
interferers, Ny is the mazimal number of interferers,
and S;(r;) is the interference power from interferer i
at distance r; from the BS. In a fully loaded network
without sectorization, ny = Nj.

3.2. The influence of path loss, shadowing, and
fading

For macrocellular systems, the Hata path loss model
[7] has been empirically shown to give accurate re-
sults. For microcellular systems, the two slope path
loss model [7] is common. These two models have
been used in this work. We refer to [7] for details.
Fig. 5 illustrates how the ezpected SIR 7 varies as a
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Figure 5: Principle for choosing expected CSNR thresholds in the presence of path loss.

function of the MT-BS distance when only the influ-
ence of path loss is taken into account. In this case ¥
is deterministic.

However, in addition to the path loss and the in-
terference mechanism described above, we—as men-
tioned initially—also assume that the transmission is
affected by frequency-flat lognormal shadowing and
Rayleigh fading [7]. The Rayleigh fading models the
random variations in the instantaneous SIR due to
relative MT-BS movements. The shadowing models
slow, random variations in the exzpected SIR, mainly
due to obstruction of the line-of-sight component by
large, slowly moving reflecting objects. Fig. 6 illus-
trates how the expected SIR 7 varies with the MT-BS
distance when shadowing is also taken into account.
As indicated by the pdfs drawn along the curve, in
this case 7 also becomes a random variable.

Using the Fenton- Wilkinson method [7], it can be
shown that both the desired signal power and the total
interference power S = Zfi’l Si(r;) in the presence
of path loss and shadowing are approximately log-
normally distributed. The latter has expectation

o? ¢ Nr—1+et/€
= In(Np)+ 2L _ S (L2777

and variance

N;— 1+ e01/€
0.251 = 62 In (% )

where pj is the path loss experienced by each inter-
ferer, and o7 is the variance of the power of one inter-
ferer. Since we only consider either best- or worst-case
interference conditions, all interferers are assumed to
be in the same distance from the BS, and thus expe-
rience the same path loss. Thus, pr is independent
of which interferer is considered, and only depends on

the cell size, the NRD, and whether the best- or the
worst-case scenario is studied.

Now, since the ratio of two log-normal variables is
itself lognormally distributed, the expected SIR 7 in
the presence of shadowing and path loss is lognormally
distributed with expectation and variance given, re-
spectively, as py = p— ps, and 02 = 0> + 05, , where
s the expectation and o2 the variance of the desired
signal power. Finally, taking the Rayleigh fading into
account, it can be shown [8] that the SIR conditioned
on 7 has the distribution

—(Nr1+1)
1 v )
=—{1+—= .

4. CELLULAR ACM SYSTEM DESIGN
FOR OPTIMAL AASE

In general the AASE of a fully loaded cellular system
can be defined as

1

AASE = i

ASE  [bits/s/Hz/m?],

where A, is the area of one cell cluster [m?] and ASE
is the average link spectral efficiency [bits/s/Hz] as
before. For macrocellular systems with circular cells

we have Ac = § (R, - R)Q. For microcellular sys-
tems with square cells, the corresponding expression
is A, = & . D2.

Our goal is now to optimize the available SEs in
a cellular ACM system such that the AASE is maxi-
mized, under the constraint of a certain fairness cri-
terion to be discussed. In order to do this, we allow
for adaptation not only with respect to the instanta-
neous SIR, but also with respect to the expected SIR.
Hence, both the channel model and the realization of
the channel model is varied over the network.



More specifically, imagine that each cell is divided
into M “donut” regions, which are either concentric
circles (see Fig. 5) or concentric squares around the
BS, depending on the cell geometry. A set of N SEs,
{Rmn}N_,, corresponding to SIR thresholds {sm » }2—;,
is now to be used in each region m, m =1,... ,M.
The cell region boundaries (as illustrated by ro, ... ,r3
in Fig. 5 will correspond to “quantization thresholds”
{Fm}M_,| for 7. The SIR thresholds and correspond-
ing SEs in each region, as well as the expected SIR
thresholds, are to be optimized.

Again approximating the channel as AWGN over
the duration of one codeword, the maximal SE that
can be used? when v = s, 5, i8 R n = 10go (14 8p.n)-
Thus we are to maximize

1 M A N
AASEmax = A_ . Z / Z 10g2(1 + Sm,n) )
¢ m=1"Tm n=1
Sm,nt1
[T asma

m,n

with respect to {smn} and {7,,}, subject to the pre-
viously mentioned fairness constraint within each re-
gion. The fairness criterion used states that the aver-
age spectral efficiency experienced by the users on the
outermost region boundaries should be guaranteed to
be above a reasonable level. This again implies that
the SEs used within each region are optimized to pro-
vide the highest possible ASE under the channel con-
ditions experienced by users at the outermost region
boundary. Note that the average SE over a whole re-
gion may thus have been larger had we put more em-
phasis on users closer to the innermost region border.
Thus we do not claim to perform a “global” AASE op-
timization, but a constrained one within each region.

2In practice this maximum will be reduced due to the fact
that finite-length codewords must be used. An analysis of this
capacity reduction is given in [8], but had to be excluded from
this paper due to lack of space.

Figure 6: Principle for choosing expected CSNR
thresholds in the presence of shadowing.

Differentiating Eq. (1) with respect to all the SIR
thresholds, and setting the result to zero, we obtain
the optimized SIR thresholds as

Sm,2 = NIWm'

Sm,1
Ni7v,,

1
_1) 7

(1 - %(1 + 8$ma) In(l 4+ sm1) 14+

and

Sm,n = Nlﬁm

148m,n—1
1+sm,n—2

[ —1
1+ X5

(1 — %(1 + Smn—1)In

oy

Again, s; may be set to globally maximize the ASE
either without constraints, or subject to some con-
straints. Furthermore, 7%,, is the chosen representa-
tion level for the average SIR over region m. Due to
the fairness principle, this is taken to be the expected
CSNR at the outermost border of region m. {y}M_;
must also be optimized to achieve the highest possi-
ble AASE. This is not a tractable problem to solve in
a closed form. A numerical procedure based on the

ine search algorithm has been used instead for this
optimization. The exception is 7, (the outermost re-
gion border); it must in practice be set according to
the desired area of coverage (cf. also Fig. 6). In this
work 7,, is chosen to be 0 dB.

14 Zmn=t 1,

N1,

. RESULTS AND CONCLUSIONS

.1. S stem parameters

The only real differences in the theory between macro-
and microcellular networks are the way A, is com-
puted, the number of interferers, and the path loss
model used. For brevity, we concentrate on the mi-
crocellular case for numerical results. The system pa-
rameters are given in Table 1. Numerical results for
the macrocellular case can be found in [8]. In all the
figures in this section, M = 3 and N = . This was
chosen since empirically, this combination most often
provided the highest AASE for a given overall number
of available modes, M - N.

For the best- and worst-case scenarios we have
plotted the AASE bound as a function of the NRD,
cf. Figs. 7 and 8. In both cases, the smaller the cell,
the higher the achievable AASE. Also, the achievable
AASE increases with increased use of sectorization,
as expected. In the worst-case scenario it is seen that

his procedure used the ncon function in  atlab.
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Figure 7: AASE best- and worst-case upper bound vs.
normalized reuse distance for different Ny (different
sectorization strategies), square microcell.

there exists a global optimum for the NRD with re-
spect to obtaining maximal AASE. In general, as the
NRD increases, the best- and worst-case AASE results
approach one another.
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