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Abstract—In this paper, we deal with the small-scale spectrum
aggregation, where a set of even very narrow and disjoint
frequency bands closely located on the frequency axis can be
utilized simultaneously. Contrarily to our previous work on that
subject, we concentrate on the multiuser scenario in which the
5G system tries to share the spectrum interleaved by multiple
narrowband signals realized in the protected cellular systems,
e.g., 2G/3G systems. We ﬁrst present the idea of multiuser
small scale sharing based on non-contiguous multicarrier (NCMC) techniques. In our optimization problem we rely on the
detailed interference model that takes into account limitations of
both transmitter and receiver frequency selectivity, and which
has been practically validated. Presented results conﬁrm that
proposed solution can provide high throughput even when the
5G system operates in a dense heterogeneous network.

I. I NTRODUCTION
The foresaw need for effective management of continuously increasing mobile trafﬁc [1] has been reﬂected in
the deﬁnitions of the so-called Key Performance Indicators
(KPIs) which shape the requirements for the next generation
wireless systems [2]. It has been recognized that advanced
spectrum sharing and aggregation can be the enablers for
such 5G networks [3]. For example, mobile network operators
(MNOs) can migrate from one (older) technology (e.g., GSM
or UMTS) to another one (such as LTE-A, or to a future 5G
technology), while keeping both system active and utilizing
(refarming) the same frequency bands originally assigned to
older technology. Let us highlight the characteristic relation
existing between bandwidths of the legacy and new wireless
systems: GSM transmission can be treated as narrowband,
whereas LTE-A and 5G systems can operate on much broader
frequency bands (up to 100 MHz). Thus, should the GSM or
UMTS users be active, it can happen that the potentially wide
vacant spectrum will be split into a number of unused but
narrower spectrum resources. Such an observation leads us to
the concept of small-scale spectrum aggregation and sharing
scheme, which we have initially presented in [4], and where
the idea of application of non-contiguous multicarrier systems
(NC-MC) for such purpose has been discussed.
In the considered context of spectrum aggregation and
systems coexistence, the problem of generated interference
among the systems has to be analyzed twofold. First, backward
compatibility has to be guaranteed, i.e., the Protected Systems
(PSs) should not be distorted by the introduced NC-MC transmission. Here, one needs to consider technical imperfections
of the devices: selectivity of the reception ﬁlters and non-

ideal spectrum emission masks. Second, newer 5G devices
will observe a certain level of interference originating from
the legacy systems.
In this paper, which is the continuation and signiﬁcant
extension of our previous work [5], we focus on ﬂexible
and efﬁcient spectrum aggregation of licensed spectrum in
multiuser scenario. In [5] we concentrated on practical validation of the newly proposed interference model, limiting our
discussions to the case, where only one narrowband link has
to be protected by the 5G system. As the proposed model was
successfully validated, we decided to verify the applicability
of the small-scale spectrum aggregation scheme in a more
practical, multi-user scenario.
In Sec. II, we brieﬂy revisit the concept of small-scale
spectrum aggregation in the context of multiuser scenario.
Moreover, based on the cross-interference model from [5] we
discuss the coexistence framework of 5G NC-MC transmission
with a legacy system. Within this framework, we deﬁne
and solve the NC-MC system-rate optimization problem in
Sections III. Numerical results are provided in Section IV.
The paper is concluded in Sec. V.
II. R EVISITING THE N ON -C ONTIGUOUS M ULTICARRIER
S CHEMES AS THE S MALL -S CALE S PECTRUM
AGGREGATION M ECHANISM
Let us now brieﬂy summarize the key ideas of application of
NC-MC schemes (such as NC orthogonal frequency division
multiplexing, NC-OFDM, or ﬁlterbank based multicarrier, NCFBMC) as an efﬁcient tool for smalls-scale spectrum sharing
and aggregation [4], [5].
A. Small-scale spectrum aggregation concept
In a broader sense, spectrum aggregation refers to making
use of discontinuous frequency bands. A speciﬁc instantiation
of this concept tailored to the 4G networks is the so-called
carrier aggregation scheme. As a complement to this, smallscale spectrum aggregation can be considered, where instead
of so-called component carriers (CCs) known in LTE, the
frequency segments of arbitrary (possibly narrow) bandwidths
can be assigned to particular users or systems. For example,
an operator may share own-licensed spectrum among various
technologies (e.g., GSM and 5G, LTE Release 8 and 5G, etc.).
B. Non-contiguous multicarrier schemes
We assume that at the NC-MC transmitter (TX) the databits are mapped to QAM/PSK complex symbols and fed to

Nd inputs of N -size IFFT 
(Nd ≤ N ). The set of Nd occupied
subcarriers indices IDC ⊂ − N2 , . . . , N2 − 1 is controlled by
a dedicated steering block. This block is a main modiﬁcation
needed for NC-MC transmission in comparison to contiguousMC transmission. The complex symbol
(zero or QAM/PSK)

modulating the n-th subcarrier (n ∈ − N2 , . . . , N2 − 1 ) in the
m-th MC symbol is denoted as dn,m . After IFFT and whole
baseband (BB) processing the time-domain samples sk are
created. Assuming that the signal is sampled with frequency
fs = N ∆f , where ∆f deﬁnes the subcarrier spacing, the
discrete NC-MC signal can be described as:
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where φn,m [k] is the original pulse shape φ[k] shifted in
time and in frequency by mM samples and n subcarriers
respectively, Z is the set of integers, and ı2 = −1. In
general, M and ∆f can be understood as the time and
frequency distance between two consecutive and adjacent
pulses on the time-frequency plane. If we limit the timespan to one multicarrier symbol, so that index m in dn,m is
omitted, the NC-MC symbol frequency representation S(ω)
at normalized pulsation ω ∈ h−π, πi can be obtained by
Fourier transformation of a time domain signal sk as in [6],
P N2 −1
TX
[7]: S(ω) = n=−
(ω, n) , where S TX (ω, n) is the
N dn S
2
n-th subcarrier frequency response. At the NC-MC receiver,
the dual pulse-shaping ﬁltering is applied. In the case of signal
perfect-reconstruction, the RX ﬁlter characteristic is a complex
conjugate of the TX ﬁlter, thus, |S RX (ω, n)| = |S TX (ω, n)|.
The exempliﬁcations of the above observations to NC-OFDM
and NC-FBMC have been presented in details in [5].
C. Interference analysis
Let us consider a generic downlink case1 , where the future
5G wireless system will be deployed in the same area as
other, already existing PSs that have to be protected from
harmful interference. Such a situation is illustrated in Fig. 1,
where in its part A one can observe two systems - two PSs
and the new (spectrally-ﬂexible) 5G one. The user equipment
j to be protected (PS UEi,j ) receives the signal from its
system BSi (with power attenuation αPSi −PSi,j and frequency
frequency response HPSi −PSi,j (f )), and observes interference
from the coexisting system (via the channel of power attenuation α5G−PSi and frequency response H5G−PSi (f )). Similarly,
the 5G UE detects not only the wanted NC-MC signal from
its BS (via the channel of power-attenuation α5G−5G and
frequency response H5G−5G (f )), but also interfering signal
from incumbent PS (passing the channel of power-attenuation
αPSi −5G and frequency response HPSi −5G (f )). In Fig. 1a, the
wanted signal is denoted by solid line, whereas interference
- by dotted line. Our considerations focus on maximization
of the rate achieved in the 5G system while fully protecting
1 Analogous

derivations can be repeated for the uplink case.

the incumbent users, taking limitations caused by the nonideal nature of the transmit and reception ﬁlters into account.
Interference to PS1 or PS2 results from the unwanted emission
of the coexisting NC-MC TX out of the nominal band (known
as out-of-band-emission - OOBE, typically limited by the
deﬁnition of so-called spectrum-emission-masks (SEM) or
adjacent channel leakage ratio (ACLR)). Moreover, non-ideal
RX ﬁlters with limited selectivity (described by the adjacent
channel selectivity metric, ACS) gather the signal frequency
components not only from the wanted frequency band, but
also outside of it. These two cases are presented graphically
as parts B and C in Fig. 1.
If the power-attenuation of any considered downlink channel
(including pathloss and antennas gains) is denoted by α, and
the channel frequency response by HTX−RX (f ), the received
interference power can be expressed as:
Z ∞
2
2
PI = α ΥTX (f−fc ) H RX (f −fc ) |HTX−RX (f −fc )| df,
−∞

(2)
where fc is the center frequency of a considered system,
ΥTX (f ) is the power spectral density at the TX output (either
PS or 5G base station) at frequency f and H RX (f ) is a
frequency response of an RX ﬁlter (either PS or 5G terminal).
This interference model, used hereafter, was validated in [5].
III. M ULTIUSER S MALL -S CALE S PECTRUM
AGGREGATION - P ROBLEM F ORMULATION
We look at the system rate maximization for 5G system
by adjusting the power transmitted by 5G BS on each subcarrier Pn (n ∈ IDC ) subject to identiﬁed constraints. In the
considered scenario we want to protect more links than one.
From the spectrum utilization point of view, more active links
corresponds to more gaps in the considered frequency band
(more fragmented spectrum), which have to be protected. Let
us denote the number of active links (systems) in a certain
geographical vicinity as B, what means that there will be B
interference constrains. We concentrate on capacity maximization assuming only the pathloss known (fading unknown), as
it was shown to be an effective approach for long term power
allocation [5]. αPSb −5G stands for the channel attenuation
between the b-th PS BS and 5G UE.
The goal is to maximize the Shannon data rate:
P∗ = arg max
P

∆f χ

X

n∈IDC

log2

1+

α5G−5G Pn
PB
RX
F N0 ∆f + b=1 αPSb −5G PIn,b

(3)
!

where N0 is a white noise power spectral density, and F is
RX
stands for the interference
noise ﬁgure of 5G receiver, PIn,b
observed at the nth subcarrier and originated from the bth PS
transmitter. Moreover, χ is the rate-scaling factor accounting
for the symbol duration extension (e.g. application of cyclic
preﬁx, CP). It is equal to 1 in the ideal case (when no CP is
used) or FBMC, and equal to N/(N + NCP ) in case of an
OFDM or NC-OFDM system, which typically uses CP. In our
optimization problem we consider the following requirements.

Fig. 1. Illustration of the coexistence of two wireless systems: two existing PS and the spectrally-ﬂexible (applying NC-MC scheme) 5G system.

QoS requirements: The 5G system should guarantee the
QoS required by PS system. If SIRmin,b is the minimum
signal-to-interference ratio (SIR) required by the bth PS, than
PSb UE
PRX
P
≥ SIRmin ,
n∈IDC α5G−PSb Pn gn

(4)

where gn can be interpreted as the coupling factor between
the power transmitted on the n-th subcarrier observed at
victim receivers antenna and the effective interference power
PSb UE
is
degrading victims reception (see [5] for details). PRX
useful signal power received by PS RX deﬁned as


Z π
ωfs
PSb UE
ΥTX
PRX
= αP Sb −P Sb
dω,
(5)
PS,b
2π
−π


ωfs
is PSD of the bth PS at its transmitter.
ΥTX
PS,b
2π
Requirements on the transmit power: Next, a maximum
power of the 5G transmitter should be limited giving
X
Pn ≤ PMAX ,
(6)
n∈IDC

where PMAX is a maximum allowed power of 5G transmitter.
The last constraints guarantee that power on each subcarrier
is equal or greater than 0, i.e.,
∀n∈IDC Pn ≥ 0.

(7)

As the inequality constrained nonlinear optimization problem is deﬁned, one may introduce the Karush-Kuhn-Tucker
multipliers µn , βb and λ and apply them for a deﬁnition of
a corresponding Lagrangian function J(Pn , λ, βb , µn ). Then,
the KKT necessary conditions used to solve this problem are:
∀n∈IDC
∀b∈{1,2,...,B} βb

∂J(Pn , λ, βb , µn )
= 0,
∂Pn

X

α5G−PSb Pn gn,b −

n∈IDC

λ

X

n∈IDC

Pn − PMAX

!

PSb UE
PRX
SIRmin

(8)
!

∀n∈IDC µn (−Pn ) = 0,

where ∀n∈IDC µn ≥ 0, βb ≥ 0 and λ ≥ 0. The result of (8) is
Pn =
where

ln(2) λ +

PB

b=1

βb α5G−PSb gn,b − µn

F N0 ∆f +

PB

b=1

 − Qn , (12)

RX
αPSb −5G PIn,b

(13)

α5G−5G

that should be substituted to formulas (9)-(11) in order to ﬁnd
the multipliers values. For each constraint two possibilities
have to be considered: the multiplier equals zero and the
constraint is inactive or the multiplier is positive and the
constraint is active. In the case of (11), when this constraint is
active for the n-th subcarrier, the power of n-th subcarrier has
to be set to zero. In general, every combination of Nd + 1 + B
multipliers being active or inactive should be considered, i.e.,
2Nd +1+B cases. However, an algorithm presented below allows to decrease the number of combinations to be considered,
e.g., when (9) is active and on some subcarriers Pn < 0,
respective equations (11) have to be activated, which increases
interference to the PS, so that (9) has to be still active. Let
us ﬁrst derive solutions for some special cases. It is assumed
that Icons ⊂ IDC of size γ is a set of indices n for which µn
is positive, i.e., Pn = 0. Let us consider the following cases:
• If ∀b∈{1,2,...,B} βb = 0 and λ 6= 0, i.e., 5G BS is limited
by available power, the interference induced to all PS
UEs is below the limit, substitution of (12) and µn = 0
for n ∈ IDC\Icons and Pn = 0 for n ∈ Icons into (10) gives

•

= 0,

(10)

∆f χ


Qn =

(9)
= 0,

(11)

•

λ= P

∆f χ(Nd − γ)/ ln(2)
,
n∈IDC \Icons Qn + PMAX

(14)

If λ = 0, βb 6= 0 and ∀i∈{1,2,b−1,b+1,...,B} βi = 0, i.e.,
only the interference to the bth PS is constrained giving:
βb = P

∆f χ(Nd − γ)/ ln(2)
PS

n∈IDC \Icons α5G−PSb gn,b Qn +

UE

PRXb
SIRmin

,

(15)

If there is more than one multiplier active out of set
{λ, β1 , ..., βB }, a set of nonlinear equations obtained after

substitution of (12) and µn = 0 for n ∈ IDC \ Icons and
Pn = 0 for n ∈ Icons into (9) and (10) has to be solved:
∀b∈{1,2,...,B} f 1b (β1 , β2 , . . . , βB , λ) = α5G−PSb
!
X
∆f χ/ ln(2)
− Qn
gn,b
·
PB
λ + q=1 α5G−PSq gn,q
n∈IDC \Icons
−

PSb UE
PRX
= 0,
SIRmin,b

(16)

(17)

As the Newton method is applied, the derivatives for
application of that algorithm can be calculated as follows:
∂f 1b (β1 , β2 , . . . , βB , λ)
=
∀b∈{1,2,...,B}
∂λ
X
α5G−PSb gn,b
∆f χ
−

2
PB
ln(2)
n∈IDC \Icons
λ + q=1 α5G−PSq gn,q

and
ǫ = 0.98 min {1, ǫβ1 , ..., ǫβB , ǫλ } ,

f 2(β1 , β2 , . . . , βB , λ) =


X
∆f
χ


 − Qn 
PB
ln(2) λ + b=1 α5G−PSb gn,b
n∈IDC \Icons
− PMAX = 0.

βb and λ lie within their feasible region, i.e. λ ≥ 0 and
βb ≥ 0. It is done by adjustment of ǫ parameter, so that
 βb
for ∆βb > 0
∆βb
ǫβb =
,
(25)
1 for ∆βb ≤ 0
 λk
for ∆λk > 0
∆λk
ǫλ =
,
(26)
1 f or ∆λk ≤ 0
(27)

where value 0.98 was chosen to guarantee strict feasibility
of the solution. The set of the constrained subcarriers
Icons is updated in each iteration. Empirically, λ and
βb obtained in the previous iteration can be used in
the next one providing fast Newton method convergence.
Block diagram of the solution is presented in Fig. 2. If
at least two multipliers out of set {λ, β1 , ..., βB } have
to be activated, it is done iteratively, starting with all
combinations of 2 multipliers. If it does not succeed, all
combinations of 3 multipliers active are tested etc.

(18)

∂f 1b (β1 , β2 , . . . , βB , λ)
=
∂βv
X
∆f χ α5G−PSb gn,b · α5G−PSv gn,v
−

2 =
PB
ln(2)
n∈IDC \Icons
λ + q=1 α5G−PSq gn,q
(19)
∂f 1v (β1 , β2 , . . . , βB , λ)
(20)
∂βb

∀b∈{1,2,...,B} ∀v∈{1,2,...,B}

∂f 2(β1 , β2 , . . . , βB , λ)
=
∂λ
X
∆f χ
1
−

2
PB
ln(2)
n∈IDC \Icons
λ + q=1 α5G−PSq gn,q

(21)

∂f 2(β1 , β2 , . . . , βB , λ)
=
(22)
∂βv
∂f 1b (β1 , β2 , . . . , βB , λ)
.
∂λ
The k − th iterative improvement of values λ and
∀b∈{1,2,...,B} βb can be described as:



 

∆λk
λk
λk+1
 ∆β1,k 
 β1,k+1   β1,k 



 

(23)
 ...  =  ...  − ǫ ... ,
∆βB,k
βB,k
βB,k+1
∀v∈{1,2,...,B}

where ǫ ∈ h0; 1i is update scaling factor, and the entries
in the last matrix are deﬁned as in (24) at the top of
next page, where we use the simpliﬁed notation B =
[β1 , β2 , . . . , βB ]. While Newton method guarantees fast
convergence, it is important to guarantee that multipliers

Fig. 2. Block scheme for the solution of optimization problem.

IV. S IMULATION RESULTS
In order to evaluate the correctness of the proposed solution
we have carried out intensive computer simulations, where
we maximized the throughput of the 5G system in the scenario presented in Fig. 3. Beside the 5G network operating
at frequency 1850 MHz, one may observe the presence of
PS, i.e., the fragment of GSM network consisting of two
base stations with transmit power equal to 40 and 37 dBm,
located 3 km away from each other, and operating frequencies
f1 = 1849.6 MHz and f2 = 1850.6 MHz. Each GSM base
station serves many users, but only the speciﬁc subset of
them is shown in that ﬁgure, i.e., the users that are mostly
affected by the 5G base station. The transmit power of the 5G
base station is intentionally set to high value, i.e, 37 dBm.
The colors applied to base stations and UEs show, which
UE is connected to which base station. There is also a red
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subcarriers protecting GSM users, maximizing the rate of the
5G system. It is worth mentioning that the best results have
been obtained for the perfect ﬁlters and NC-FBMC scheme
with K=4, as this guarantees high frequency selectivity of the
applied ﬁlters. However, all the NC-MC schemes outperform
signiﬁcantly standard OFDM in terms of throughput when PS
UE is nearby.
45
40

route shown in Fig. 3, which shows how the GSM mobile
user is moving from one cell to another, i.e., we assume that
the handover procedure starts when received power from PS
BS2 is higher than the power received from PS BS1. The
three points, A-C, represents three speciﬁc cases - in position
A the PS UE1,2 is served by the ﬁrst GSM base station
(orange) at arbitrarily selected frequency f1 and is relatively
far away from the 5G transmitter. In position B, the GSM
mobile user is very close to the high power 5G base station,
thus it may observe high interference coming from the 5G
system. In point C, second base station serves the mobile user
at the new frequency channel, which center frequency is f2 .
The pathloss is calculated using the Log-distance model with
pathloss exponent equal to 3. Antenna gains equal 15 dBi and
0 dBi at BS and UE, respectively. All of the simulations have
been carried assuming known AWGN power equal to thermal
noise (-174 dBm/Hz) increased by 12 dB noise ﬁgure. The
following simulation parameters have been used: SIRmin = 9
dB, IFFT size was equal to 256, and the subcarriers indexed
{−90, ..., −1} ∪ {1, ..., 90} were available for 5G system for
power allocation. Subcarrier spacing equals δf = 15 kHz.
Moreover, as in [5] we veriﬁed a few types of NC-MC systems,
i.e., the NC-OFDM with the cyclic preﬁx of 16 samples, NCOFDM with windowing (each symbol extended by 16 window
samples), and NC-FMBC with the K factor of the PHYDYAS
ﬁlter set to 2 and 4. Additionally, perfect case with rectangular
TX/RX ﬁlter is considered. In Fig. 4 one may observe the
mean throughput as the function of the PS UE1,2 location.
The achieved throughput is low only in a worst case, i.e.,
when the GSM mobile user that has to be protected is very
close to 5G BS (around 2000 m from the beginning of the
route). In all other cases the adaptive algorithm proposed in
this paper efﬁciently allocates the power across the available

Throughput (Mbps)

35

Fig. 3. Simulation scenario - identiﬁcation of the route of the protected PS
UE1,2.
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Fig. 4. Mean throughput observed by the 5G user as the function of the
position of the PS UE1,2.

In the next three ﬁgures we show, how the power has been
allocated among the subcarriers by 5G BS in three identiﬁed
points: A (Fig. 5), B (Fig. 6) and C (Fig. 7). One may observe
that in ﬁrst position the proposed algorithm protects the PS
UE1,2 and PS UE2,1 by reducing the power allocated in these
subcarriers whose overlap the GSM signal channels (around
frequencies f1 and f2 ). As the users of the orange base stations
are more far away from the 5G BS more power can be assigned
to the subcarriers that overlap GSM channel f1 . When the
GSM mobile user arrives in location B, strong protection
gap around the frequency f1 needs to be created resulting
in overall reduction of the rate in 5G network. In that point
the GSM mobile user is still served by orange base station. In
point C, however, one may notice that the gap with inactive
subcarriers (no power has been assigned to these subcarriers)
around GSM channel f2 is large, as the GSM mobile users
is now served by the blue GSM base station. Observe that in
points B and C power allocated on subcarriers is negligible
in comparison to the other schemes. Additionally, it can be
observed that high selectivity of TX/RX ﬁlters, e.g., in the
perfect case or while using FBMC scheme, allows for steeper
power allocation scheme and narrower notch around PS carrier.
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Fig. 5. Power allocated among subcarriers in 5G system while the GSM
mobile user is located at point A.
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Fig. 6. Power allocated among subcarriers in 5G system while the GSM
mobile user is located at point B.
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candidates for 5G systems anyway. In our work we have
arbitrarily selected one type of signals that have to be protected - a GSM network with multiple users. This selection
was made to illustrate the possibility of smooth transition
of frequency assignment from older to newer technologies
while keeping the electromagnetic compatibility with origin
systems. The achieved results shown that the 5G network can
achieve reasonable throughput while protecting the coexisting
legacy systems. However, in order to apply the proposed
algorithm, both transmit and reception ﬁlter characteristics (or
their estimates) have to be known to the 5G user, second, the
channel information (at least about the attenuation) has to be
distributed in the system. As the latter is often required for
other purposes anyway (such as for advanced radio-resource
or interference management techniques), the main problem remains with the evaluation of the ﬁlter shapes. Fortunately, one
can apply the worst case scenario, i.e. for the transmit ﬁlters
one can use the deﬁnition of spectrum emission masks that can
be found in the standards. The reception ﬁlter characteristic,
however, should be somehow measured or assessed based on
some past experiments, as we did in our work.

perfect
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-50
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Fig. 7. Power allocated among subcarriers in 5G system while the GSM
mobile user is located at point C.

V. D ISCUSSION AND C ONCLUSIONS
In this work we have examined the feasibility of the lowscale spectrum aggregation concept in a multiuser scenario.
We claimed that such a non-contiguous nature of the utilized
spectrum entails the natural selection of various multicarrier
transmission schemes, which are considered as the main

The work has been funded by the EU H2020 project
COHERENT (contract no. 671639).
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