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Resource Allocation for Maximizing Spectral
Efficiency in a Multiuser MFSK System
Manish Sharma and Daniel Basso Ferreira

Abstract—In this paper we explore strategies to improve the spectral efficiency values of a multiuser M-ary
Frequency Shift Keying (MFSK) system when a fast and
frequency selective fading channel with limited bandwidth
is available and a fixed number of receiving antennas are
present at the base station. Two options are considered:
bandwidth partitioning and cell sectoring, where random
user distribution and the effects of antenna directivity on
signal to noise ratio was considered. Results show that in
this situation the best case scenario is the one in which all
users share the whole bandwidth instead of partitioning it.
Also, given the limitation on available antennas and radio
frequency receiver chains at the base station, it is better to
divide a cell into as many sectors as possible, even at the
cost of losing spatial diversity in each sector. Given the
constraints, sectoring allows the system to reach values
of spectral and energy efficiencies unachievable by spatial
diversity by itself.
Index Terms—Spectral efficiency, multiuser communications, fading channels, diversity.

I. I NTRODUCTION
Consider the situation in which U mobile users
wish to transmit information to a base station.
The available channel suffers fast and frequency
selective Rayleigh fading, eliminating the possibility
of estimation and tracking of channel’s state by the
system. The number of available antennas at the
base station and system bandwidth W are limited.
The objective of this system is to transmit as much
data as possible, which is equivalent to having the
highest possible spectral efficiency (SE). One possible transmission scheme is to use MFSK modulation
[1] and non coherent multiuser detection, which
has been shown to increase overall system capacity
when compared to single user detection [2].
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Diversity [3], [4], [5] also improves SE in a
number of situations, including the one considered.
Spatial diversity can be obtained by using multiple
antennas. Their signals may be processed in a
variety of ways that increase performance. On the
other hand, if a fixed number of L antennas may
be used, total transmission rate could be improved
using directive antennas and dividing the covered
region (a cell) into sectors. Sectoring has the advantage of potentially increasing received signal
power due to higher antennas’ gain and, in this case,
reducing the number of users sharing the channel
at the same time. Sectoring could be detrimental
because randomly distributed users could at times
agglomerate in one particular sector (covered by less
than L antennas) while other sectors remain idle,
potentially reducing efficiency of the system as a
whole. The question is to determine in this condition
how to employ L antennas to cover a cell that is
shared by U users. To the best of our knowledge
this question has not been answered before.
This problem falls within the context of fifth
generation (5G) and beyond 5G (B5G) communication systems because MFSK [6] and massive
MIMO [7] have been considered for ultra wideband
channels that suffer fast and frequency selective
fading[8], [9]. Highly directive beams, statically or
dynamically generated, have the advantage of decreasing Doppler spread [10], increasing coherence
time. Even in this case, a short enough coherence
time due to high relative speed between transmitter
and receiver prevents acquiring and tracking channel
state information (CSI) such as in the considered
situation. The added complexity and processing
delay required for CSI may also be undesired or
unfeasible for ultra-reliable low-latency use cases,
e.g. vehicular communications. These prohibit massive MIMO strategies that rely on CSI to achieve
high SE. Another inherent problem of higher radio frequency communication channels is its relatively higher path loss. Given the same transmission
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power constraint, the distance between transmitter
and receiver should be shorter, thus increasing the
number of required base stations to cover a given
area. This, in turn, makes the number of antennas
and radio frequency receiver chains at each base
station an economically relevant factor. Beamforming [11], [12] could in theory completely separate
user signals given a sufficient number of antennas,
but it requires additional computational complexity
to perform tasks such as direction of arrival and
beam pattern estimation that are not needed when
statically sectoring. The choice of using diversity
or sectoring is not a replacement for distributed
antenna systems [13], small cells [14], [15], or
power allocation algorithms [16]. Rather, it may be
used in conjunction with these methods to further
improve system SE.
It is of interest to know which is better: to
use diversity or to use sectoring. These two are
comparable because there is negligible signal detection complexity difference when using an equal
gain combiner. To address this question we first
attempt to determine if there is any way to distribute
the given bandwidth and assign users so that total
system SE is maximized. We add the restriction
that all users should be able to transmit with the
same data rates. After this, we address the question
of how to allocate L antennas by dividing the
serviced region into S sectors, each of them covered
by ≈ L/S antennas. This is done by calculating
average SE when users are randomly distributed
within the region and considering the effects of
antenna directivity on signal to noise ratio (SNR)
at the receiver.
In responding to these questions, the rest of the
paper is organized as follows: Section II describes
the system, Section III studies bandwidth partitioning and Section IV studies cell sectoring. Overall
results for system SE are presented in Section V,
and Section VI presents some final remarks.
II. S YSTEM DESCRIPTION
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Fig. 1. Depiction of a system with S = 3 sectors, U = 7 users and
L = 7 antennas.

in each sector. Sector s is covered byPLs directional
S
antennas, where s = 1, ..., S, and
s=1 Ls = L.
Different sectors may be covered by a different
number of antennas. If L/S > 1, spatial diversity is
also available in at least one sector.
The only available channel has bandwidth W .
It suffers fast and frequency selective Rayleigh
fading, thus preventing channel state estimation and
tracking. The channel also suffers Additive White
Gaussian Noise with power spectral density N0 /2.
Long term statistics allows average received power
estimation per user [17] and could be used to control
received signal strength so that it is on average the
same for all users in a sector. Thus, received energy
per transmitted bit is Eb , the same for all users.
A multiuser MFSK system with joint non coherent detection may be employed because, as opposed to other digital modulations, its receiver does
not require channel knowledge, unobtainable in a
fast changing channel. Its innate (single user) low
spectral efficiency is countered by using a multiuser
system. It can be modeled by a concatenation of
a noiseless U -users N -frequency multiple access
channel [18] with N parallel fast fading frequency
selective band limited channels, one per MFSK
frequency. This system and its capacity have been
studied in [19], [2], [20], for instance. It was shown
in [20] that, in this situation, transmitter diversity
does not improve transmission rate and that the best
the receiver can do is to use an equal gain combiner
[21] to obtain the required statistics.

The system consists of a single cell in which U
users wish to transmit information to a base station.
III. BANDWIDTH PARTITIONING
They are randomly distributed in a region, which
Considering that there is only one sector and all
is divided into S equal sectors, as shown in Fig.
1. Although users move, their distribution among users within the cell share the whole bandwidth
the sectors varies very slowly with time. The base W simultaneously, overall SE for the sector, in
station knows at all times how many users there are [bits/s/Hz], is
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D

η(N, U, L; Eb /N0 ) =
=

1 X C(Ni , Ui , L; Eb /N0 )
η(X) =
W i=1
τi
D
X
C(Ni , Ui , L; Eb /N0 )
=
di
Ni
i=1
D
X
di η ∗ (Ui ),
=

1 C(N, U, L; Eb /N0 )
W
τ
C(N, U, L; Eb /N0 )
N

(1)
where C(N, U, L; Eb /N0 ) is the effective channel
capacity as calculated in [20] and τ = N/W is
symbol duration1 . The value of N = N ∗ that
maximizes η depends on U , L and Eb /N0 , and
increases with U . This maximum is called η ∗ (U ),
in which arguments L and Eb /N0 are omitted to
simplify notation. On the other hand, there is a value
of U = U ∗ that maximizes η for a given N . This
can lead to situations in which SE decreases with a
small increase in the number of users because N ∗ is
still the same, but U > U ∗ . Limiting the values of
N to integer powers of 2, η ∗ (U ) for some values of
L and Eb /N0 is shown in Fig. 2, which exemplifies
this behavior.

(2)

i=1

where di = Wi /W ,

Ni = argmax
N

C(N, Ui , L; Eb /N0 )
N


,

(3)

and

C(Ni , Ui , L; Eb /N0 )
(4)
Ni
is the spectral efficiency of subchannel i =
1, 2, ..., D.
To achieve such a scheme, the optimum values
of X, N and D = [d1 d2 · · · dD ] should be found.
By adding the restriction that all users must have
the same single user rate, values of N and D are
1.4
determined by X. An exhaustive algorithm to find
1.2
optimum value of X can be described as follows:
1
1) Generate a candidate user distribution X with
0.8
elements Ui > 0, for i = 1, 2, · · · D and
P
0.6
D
i=1 Ui = U .
0.4
2) Find Ni as in (3).
0.2
3) Determine the values of di such that
users
Pall
D
0
have
the
same
single
user
rate,
with
2
4
6
8
10
12
14
16
i=1 di =
1 . Considering that all users must transmit
with the same rate and that a user allocated
Fig. 2. Effects of U , L and Eb /N0 on η ∗ . A local maximum occurs
to the i-th subchannel can transmit with rate
for instance at U = 10, L = 8 and Eb /N0 = 10 dB, exemplifying
a case in which a small increase in U decreases SE.
R = C(Ni , Ui , L; Eb /N0 )/Ui bits per second,
it is easily shown that
A possible strategy to attempt to increase SE
Ui
would be to divide total bandwidth into D sub∗
RUi
η (Ui )
di = D
=
.
(5)
channels with bandwidths Wi , each with its own
W η ∗ (Ui )
X Uj
number of users Ui and a specific optimized value
η ∗ (Uj )
of Ni , i = 1, 2, ..., D. This combination can be
j=1
described by the vectors X = [U1 U2 · · · UD ] and
These values have been calculated in the preN = [N1 N2 · · · ND ]. Obviously D ≤ U since
vious step.
otherwise there would be subchannels with no users.
4)
Calculate
candidate’s η(X) according to (2).
Overall SE would then be
5) Repeat the previous steps until all candidates
have been evaluated.
1
To this date there is no known closed expression relating N , U
6) The best candidate is the one that maximizes
and L to η in this case. From [20], in general, as U increases, so
does N that maximizes η and, for a given value of N , η is a concave
function on U .

η ∗ (Ui ) =

X∗ (D) = argmax {η(X)} .
X

(6)
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Fig. 3. Total spectral efficiency (a) and bandwidth division (b) for all candidate divisions X when U = 9, L = 3, and Eb /N0 = 10 dB,
excluding permutations. Each color represents a subchannel.

Although η ∗ (U ) is not a monotonically increasing
function as shown in Fig. 2, it can be demonstrated
that D = 1 is likely the best option. If η ∗ (U ) >
η ∗ (U ′ ) for all U ′ < U , then D = 1 is clearly the
best option. If there is U ′ < U such that η ∗ (U ) <
η ∗ (U ′ ) and the hypothesis that D > 1 maximizes
η(X) over all possible values of D is true, then
η(X) = d1 η ∗ (U1 ) + d2 η ∗ (U2 ) + · · · + dD η ∗ (UD ). If
it is indeed the best option, then
d1 η ∗ (U1 ) + d2 η ∗ (U2 ) > (d1 + d2 )η ∗ (U1 + U2 ), (7)
because otherwise joining the first two subchannels
(d1 + d2 ) and their respective number of users
(U1 + U2 ) must, by hypothesis, reduce overall SE.
Employing the rightmost value of (5) for di and rearranging the terms leads to the following equivalent
condition:
η ∗ (U1 + U2 )
η ∗ (U1 + U2 )
U1 + U2 > U1
+
U
. (8)
2
η ∗ (U1 )
η ∗ (U2 )

result in higher SE than X, N, D. The procedure
repeats until D = 1. A sufficient but not required inequality for condition (8) to be true is that
η ∗ (Ui ) > η ∗ (Ui + Uj ) for all pairs i, j = 1, ..., D,
which seems like a difficult imposition.
Fig. 3 shows some values of η for all candidates
when U = 9, D = 1, 2, ..., 9, L = 3 and Eb /N0 =
10 dB, a local minimum of η ∗ as a function of
U , for some values of D. It is evident that sharing
the whole available bandwidth is the best solution.
When, for some other reason, it is necessary to
divide the bandwidth, it is best to divide it as little
and as equally as possible. The worst option is
to perform frequency division multiple access, as
indicated by the only case in which D = 9. Results
for other values of U , L, and Eb /N0 are similar,
with the best case scenario always being the one
with D = 1.
This analysis is also valid when S > 1: all users
within a sector at a given time must share the whole
bandwidth to maximize the sector’s SE.

Consider, without loss
of generality, that U1 ≥
η ∗ (U1 +U2 )
U2 . If U2 is small: η∗ (U1 ) ≈ 1 because U1 ≈
∗
1 +U2 )
(U1 + U2 ); and η η(U∗ (U
> 1. Then, most likely,
IV. C ELL SECTORING
2)
condition (8) is not true. If U1 ∗≈ U2 , then, as
In the presence of L > 1 antennas at the receiver,
1 +U2 )
illustrated in Fig. 6, most likely η η(U∗ (U
> 1 and two scenarios are possible to increase system SE:
1)
η ∗ (U1 +U2 )
> 1 and again (8) is not true. Thus, the
• use all antennas to cover the whole region at the
η ∗ (U2 )
same time and use spatial diversity to improve
new user distribution X′ = [(U1 + U2 ) U3 · · · UD ]
′
′
system rate;
and optimized values N and D with D−1 elements
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divide the covered region into S sectors, where arrays, which describe the azimuth and elevation
sector s isP covered by Ls antennas, s = dependence, respectively, yielding

 2 
1, 2, ..., S, Si=1 Ls = L.
exp −2.773 ϕϕa
In the first scenario, SE is given by (1). In the
v(θ, ϕ) =
second scenario, there are three aspects to consider:
M2 h
i
antenna distribution, user distribution, and the efm ))
sin2 M E(cos(θ)−cos(θ
2
fects of antenna directivity on SNR.
i
h
×
2 E(cos(θ)−cos(θm ))
sin
2
(11)
A. Antenna distribution
where M is the number of uniformly excited
The most uniform way to distribute L antennas isotropic elements used to generate the array factor,
is to have b sectors covered by Ls = a + 1 antennas E is the electrical distance between these elements,
each , s = 1, 2, ..., b, and S − b sectors covered by θ is the direction of the main lobe peak in the
m
Ls = a antennas each for s = b + 1, b + 2, ..., S, elevation plane, 0 ≤ θ ≤ π. The exponential
with a and b nonnegative integers and b < S. The function ensures that the pattern in the azimuth
relationship between L and S can be written as
plane does not have sidelobes over the interval
L = a · S + b.
(9) −π/2 ≤ ϕ ≤ π/2. On the other hand, the array
factor defines a main beam and sidelobes in the
elevation plane. Patterns with such characteristics
B. User distribution
meet the sectoral antenna reference patterns preThere is no guarantee that users will be equally sented in [22]. If S = 1, the antennas are omnididistributed among sectors. Let Y = [U1 U2 · · · US ] rectional, and the approximation for v(θ, ϕ) reduces
be the number of users in each sector. If users to only the array factor, which also complies with
are randomly distributed in the covered region with the recommendation given in [22]. In either case,
uniform distribution, then Ui , i = 1, 2, ..., S are increasing M or E leads to a narrower elevation
random variables with a binomial distribution and half-power beamwidth (i.e., the directivity becomes
Y is a random vector with probability mass function higher), and for larger values of E, the number of
sidelobes becomes greater.
given by
•

(10)

...

(G, NF, W)
Pin
Pout
RF
IN ADC OUT
IN
OUT
Receiver
Nin
Nout
Antenna L1

...

where y = [u1 u2 · · · uS ] is a realization of Y.

Receiver for sector 1

(G, NF, W)

MUD
for sector 1

Pin
Pout
RF
IN ADC OUT
IN
OUT
Receiver
Nin
Nout
Antenna L LS + 1

...

...

C. Antennas and receiver chain

Receiver for sector S

Base Station

Antenna 1

 U
1
U!
·
,
P (Y = y) =
u1 !u2 ! · · · uS !
S

Fig. 4. shows a block diagram of the receiver
(G, NF, W)
chain at base station. As can be seen, it is composed
P
P
RF
IN ADC OUT
IN
OUT
Receiver
N
N
of L RF receivers (with gain G, noise figure N F ,
Antenna L
MUD
and bandwidth W ) cascaded to analog-to-digital
for sector S
(G, NF, W)
converters (ADCs) whose output signals are sent
P
P
RF
IN ADC OUT
IN
OUT
Receiver
N
N
to a multiuser detector (MUD). In addition, there
is an antenna connected to the input of each RF
receiver. We assume that if the number of sectors S Fig. 4. Block diagram of a base station with L antennas and S
sectors. Note that there are L radio frequency chains divided into S
is greater than or equal 2, then these antennas have parallel receivers.
an azimuth half-power beamwidth ϕa equal to 2π/S
Fig. 5 shows examples of normalized patterns in
radians and their normalized power pattern v(θ, ϕ)
can be well approximated as the multiplication of elevation and azimuth planes computed with (11).
an exponential function by an array factor of linear Actually, they resemble the patterns of commercial
in

out

in

out

...

...

in

out

in

out
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sector antennas used for cellular communications. It
is worth noting that the assumption of the radiation
pattern cut in elevation plane being independent of S
is likely to be found in real scenarios because there
are families of commercial sector antennas realized
by linear arrays of printed dipoles or microstrip
antennas, for example, showing this behavior [23].
In order to estimate the noise power Nin available
at the terminals of the base station antennas, we
first consider the background temperature Tback in
the cell as that presented in [24] for the analysis of
WCDMA base station capacity, i.e.,
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From (14), the noise power at the input of the RF
receivers is computed as [25]
Nin = kTa W

(15)

with k the Boltzmann constant. As a result, Nin
does not change with S either and is a function of
the antenna pattern in the elevation plane. Notice
also that if the main lobe is tilted downward (θm >
π/2) to reduce interference into adjacent cells, for
example, Nin is increased.
Since the available channel suffers fast and fre
quency
selective Rayleigh fading where multipath
◦
1
K


propagation predominates, the signal power Pin at



 (0.413 cos(θ) + 0.013)
the input of the RF receivers is calculated in this
if
0
≤
θ
<
π/2;
(12) paper using the antenna gain averaged over the solid
Tback (θ) =

◦
◦

200
K
−
90
K
cos(θ)
angle in which v(θ, ϕ) ≥ 0.5, leading to Pin = c GS ,




with GS denoting the average gain as a function of S
if π/2 ≤ θ ≤ π;
and c is a proportionality constant dependent on the
which is an absolute temperature in kelvin and the transmitter and propagation channel characteristics.
range π/2 ≤ θ ≤ π represents directions pointed Thus, we can estimate the SNR (Pout /Nout ) at the
toward the ground. The background temperature input of the ADCs through
depends, among other factors, on frequency and
on ground reflectivity, especially for θ ≥ π/2.
c GS
Pout
Therefore, (12) expresses typical values that are
=
(16)
Nout
k(Ta + T0 (N F − 1))W
representative at frequencies around 1 GHz.
Consequently, from (11) and (12), the brightness
temperature Tb seen by the antennas may be evalu- in which T0 = 290 K is the standard noise temperature.
ated as [25]
Therefore, if the number of sectors changes, but
both
the radiation pattern cut in elevation plane and
Rπ Rπ
the transmit power limitation for users remain the
Tback (θ)v(θ, ϕ) sin(θ)dθdϕ
ϕ=−π θ=0
same regardless of S, then the variation of the SNR
Tb =
. (13)
Rπ Rπ
is equal to that of GS , since Ta is not a function of S,
v(θ, ϕ) sin(θ)dθdϕ
as explained previously. Assuming that the transmit
ϕ=−π θ=0
power limitation for users is the same regardless
Note that for the proposed scenario, the bright- of the number of sectors, the increment ∆S in
ness temperature is independent of the number of Pout /Nout and consequently in Eb /N0 caused by
sectors, since v(θ, ϕ) is assumed separable, i.e., it using S sectors instead of one is then
is written as a product of functions of each variable
θ and ϕ alone, and Tback is the same for all azimuth
GS
angles ϕ.
.
(17)
∆S =
G1
The antennas noise temperature Ta , in turn, is
then [25]
Numerical values for GS and ∆S are summarized
Ta = ki Tb + (1 − ki )Tp
(14) in Table I considering M = 8, M = 16 and
S = 1 to 8. As seen, when the number of sectors is
where ki denotes the radiation efficiency (0 ≤ ki ≤ increased from 1 (omnidirectional antenna) to 8 in
1) and Tp indicates the physical temperature of the the configurations analyzed, GS as well as the SNR
at the input of the ADCs will be about 8 dB higher.
antennas in kelvin.
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Fig. 5. Normalized power patterns in dB. Left column: elevation patterns, Right column: azimuth patterns

D. System spectral efficiency
is established as the value that would be seen by
Since sectors can have a different number of the receiver when S = 1. For example, given that
∆2 = 2.31 dB, a signal received with (Eb /N0 )R =
antennas, system’s average total SE is given by
5 dB results in Eb /N0 = 7.31 dB when S = 2. The

  following results are expressed as a function of this

Eb
∗
S
X C Ns , us , Ls ; N0 · ∆S
X
 reference value. The case in which S = 1 is also
P (Y = y)·
ηS =
∗
the benchmark case in which only MIMO (in this
Ns
s=1
y∈Γ(y)
case, multiple output) is used.
(18)
Fig. 6 presents results for ηS for S = 1, 2, ..., 8,
where Γ(y) is the set of all possible values of y.
When S > 1 and L/S is an integer, all sectors are L = 8 and (Eb /N0 )R = 5 dB as a function of U . In
covered by the same number of antennas and (18) this case, it is always better to have S = L sectors,
each covered by a single antenna, even if at times
simplifies to:
a sector might have no users. Gain in ηS due to a

(U −u)
U  
X
1
S−1
U
higher value of S increases as the number of users
ηS = S
u
u
S
S
increases, but incremental gain decreases.
u=0


L Eb
SNR seems to have no effect on the best choice
×η N ∗ , u, ;
· ∆S .
of
S as seen in Fig. 7. It also shows that for S = 1,
S N0
(19) an increase in Eb /N0 is unable to make ηS reach
values achievable by higher values of S, while for
V. R ESULTS AND ANALYSIS
high S an increase of less than 2 dB makes up for
To compare systems with different Eb /N0 due to the loss in ηS caused by using less sectors. Required
antenna directivity, a reference value of (Eb /N0 )R increase to reach the same SE reduces for higher S.

JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 37, NO.1, 2022.

128

TABLE I
VALUES OF GS ( IN D B I ) AND ∆S ( IN D B)

S
1
2
3
4
5
6
7
8

FOR COMBINATIONS OF SOME TYPICAL VALUES OF
ANGLES AND S RANGING FROM 1 TO 8.

θm = 90◦ ,
E = π, ki = 0.85
M =8
M = 16
GS
∆S
GS
∆S
7.45
0
10.45
0
9.75
2.3
12.76 2.31
11.43 3.98 14.44 3.99
12.67 5.22 15.68 5.23
13.65
6.2
16.65
6.2
14.44 6.99 17.45 7.00
15.10 7.65 18.11 7.66
15.68 8.23 18.69 8.24

θm = 95◦ ,
E = 1.4π, ki = 0.85
M =8
M = 16
GS
∆S
GS
∆S
8.78
0
11.85
0
11.09 2.31 14.15 2.31
12.77 3.99 15.84 3.99
14.02 5.24 17.08 5.23
14.99 6.21 18.05
6.2
15.78 7.00 18.84 7.00
16.45 7.67 19.51 7.66
17.03 8.25 20.09 8.24
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θm = 95◦ ,
E = π, ki = 0.85
M =8
M = 16
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∆S
GS
∆S
7.44
0
10.45
0
9.75
2.31 12.76 2.31
11.43 3.99 14.44 3.99
12.67 5.23 15.68 5.23
13.64
6.2
16.65
6.2
14.44 7.00 17.45 7.00
15.10 7.66 18.11 7.66
15.68 8.24 18.69 8.24

1

0
1 2

4

6

8

10

12

14

16

Fig. 6. Spectral efficiency as a function of U for some values of S,
L = 8 and (Eb /N0 )R = 5 dB.

However, this increase is not due to ∆S by itself.
This is illustrated when comparing the cases in
which S = 7 and S = 8. An increase of around 1 dB
is necessary, while ∆8 − ∆7 = 0.54 dB. The tradeoff between number of sectors and Eb /N0 may be
considered when implementing a system, because
the additional energy requirement at the transmitters
might relieve processing energy requirement at the
receiver.
Fixing U = 20, (Eb /N0 )R = 5 dB and making
L = 8, 16, 24, 32 leads to Fig. 8. For S = 8, each
sector is covered respectively by 1 to 4 antennas. It
is clear that most of the diversity gain is obtained
when L is small. Thus, it is better to create a new

0

1

2

3

4

5

Fig. 7. Spectral efficiency as a function of (Eb /N0 )R (in dB) for
some values of S, L = 8 and U = 8. Labels are the same as in Fig.
6.

sector than to cover the same sector with more
antennas, if it is already covered by more than
one, assuming that antennas with the appropriate
design are available. The reason for this behavior is
that, when increasing the number of sectors from
S to S + 1, SNR at the ADC is increased by
∆S+1 − ∆S and causes an increase in SE higher
than a gain in the number of antennas from L to
L + 1. Moreover, if there are S sectors to begin
with, L = S antennas would be required to add one
antenna to each subsector. The better alternative is
to use 2S sectors instead.
Combining the results from Figs. 7 to 8, it is
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as shown in Table I, thus increasing SE; it decreases
L/S, decreasing
SE. Table II
 shows that the effect

E
L
of S on η N ∗ , u, S ; Nb0 · ∆S by itself is a decrease
of around 20% when S changes from 1 to 8, U = 5
and (Eb /N0 )R = 5 dB. Thus, the overall effect of
an increase in S is an increase in SE because the
decrease in η ∗ (u) is no match to the linear increase
on the number of sectors and better user distribution.

6

5

4

3

2

TABLE II

VALUES OF η N ∗ , 5, L
; Eb · ∆S IN [ BITS / S /H Z ] WHEN
S N0
(Eb /N0 )R = 5 D B.

1

0
8

16

24

32

Fig. 8. Spectral efficiency as a function of L, U = 20, (Eb /N0 )R =
5 dB.

evident that a higher value of S allows values of
SE that are unachievable by the benchmark case
in which S = 1 even whit an increase on U or
(Eb /N0 )R . Furthermore, it is possible to, given an
initial SE, increase S, decrease required (Eb /N0 )R
and still maintain same initial SE. Lowering required (Eb /N0 )R directly impacts on required transmitted power, thus making the system more energy
efficient.
These results may be explained by analyzing the
effects of S on (19). First, the number of sectors
multiplies the summation. This by itself increases
SE. However, the gain linear improvement in SE
because of other effects of S on SE. The effect
of user distribution among sectors may be analyzed
considering that the probability of a user being in
a specific sector is 1/S. As a consequence, the
number of users per sector is a binomial random
variable with average U/S that decreases with an
increase in S. This is not harmful for ηS because
η ∗ (U ) does not change much with U if U > U ′ ,
where U ′ depends on Ls and Eb /N0 as illustrated in
Fig. 6. For example, η ∗ (16) < 2η ∗ (2) for all cases in
Fig. 2. In fact, the number of sectors could take into
account the value of U ′ , aiming to make U/S = U ′ .
Fig. 6 shows this criterion: fixing U and considering
U ′ = 2, ηS is similar for all cases when U/S < 2,
regardless of S.
The number of sectors plays two roles in η ∗ (u):
it improves Eb /N0 due to higher antenna directivity

S
1
2
3
4

L
8
1.068
1.012
0.944
0.833

16
1.194
1.084
1.025
0.974

24
1.258
1.163
1.055
1.010

32
1.303
1.213
1.096
1.029

These results support the claim that, in this particular case, it is better to divide a cell in S = L
sectors than to use diversity, resulting in Ls = 1. In
case S is unfeasible for some other reason, S should
be as large as possible.
VI. C ONCLUSIONS
This paper studies some strategies to improve system spectral efficiency of a multiuser MFSK system
that uses a fast and frequency selective fading channel. Considered strategies were bandwidth partitioning and cell sectoring. There are two main results.
The first major result is that bandwidth partitioning
does not improve spectral efficiency. If required by
some other reason, it should be divided into the least
amount of partitions. Also, partitioning should be
as uniform as possible. The second major result is
that, in this case, sectoring is better than diversity,
even at the cost of losing diversity. Gains due to
sectoring depend on the number of users, available
antennas/receiver chains, and signal to noise ratio.
Sectoring is better because sectors improve user
distribution and overall spectral efficiency is the sum
of each sector’s average efficiency.
These results may impact system design because
total data rate and energy consumption aspects
are affected by them. Clearly, sectoring allows the
system to reach spectral efficiencies unachievable
by systems that employ only MIMO. Also, these
higher spectral efficiencies may be achieved by significantly lowering requirements for received, and
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consequently transmitted, power, thus increasing
energy efficiency(EE). Both of these efficiencies are
key factors in 5G [26] and beyond.
Future research may deal with how sectoring
affects systems with multiple cells and the combination of these results with other strategies to improve
spectral efficiency. Also, it may be of interest to
perform this comparison to other channel models.
In particular, the mmWave band considered for
vehicular communications [27] allows usage of a
high number of antennas on a limited circuit area
due to the higher frequency but, although it suffers
fast and frequency selective fading, its statistics are
not well modeled by the Rayleigh distribution [8],
[9], and background noise models are not available
yet.
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