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Abstract
New spectrum bands together with flexible spectrum management are treated as one of the key
technical enablers for achievement of the so-called key-performance indicators defined for 5G wireless
networks. In our paper, we deal with the small-scale spectrum aggregation and sharing, where a
set of even very narrow and disjoint frequency bands closely located on the frequency axis can be
utilized simultaneously. We first discuss how such a scheme can be applied to various multicarrier
systems, focusing on non-contiguous orthogonal frequency division multiplexing (NC-OFDM) and noncontiguous filterbank multicarrier (NC-FBMC) technique. We propose an interference model that takes
into account limitations of both transmitter and receiver frequency selectivity, and apply it to our 5G linkoptimization framework, what differentiates our work from other standard approaches to link adaptation.
We present results of hardware experiments to validate assumed theoretical interference models. Finally,
we solve the optimization problem subject to the constraints of maximum interference induced to the
protected legacy systems (GSM and UMTS). Results confirm that small-scale spectrum aggregation can
provide high throughput even when the 5G system operates in a dense heterogeneous network.

Index Terms
spectrum sharing, spectrum aggregation, non-contiguous multicarrier systems, co-channel and adjacentchannel interference

I. I NTRODUCTION
Numerous forecasts and statistical analyses confirm the continuous growth of mobile traffic that
in the near future will reach the impressive level of tens of exabytes per month [1]. Such a trend
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has been reflected in the definitions of the so-called Key Performance Indicators (KPIs) which
shape the requirements for the next generation wireless systems. Even 1000 fold increase of
traffic volume is anticipated comparing to 4G Long Term Evolution - Advanced (LTE-A) systems
while constraints on allowable latency or energy consumption will be more demanding [2],
[3]. Practical implementation of such challenging goals will require identification of technically
advanced solutions, which can be classified to three groups, providing: more spectrum, more
spectral- and more spatial efficiency as identified in [4]. It has been recognized that advanced
spectrum sharing and aggregation can be the enablers for such 5G networks [5]–[7]. In this
work, we focus on flexible and efficient aggregation and sharing of licensed spectrum.
Efficient and flexible utilization of frequency bands below 6 GHz requires accurate interference
management, especially in the scenarios of heterogeneous wireless systems coexistence. One of
the options is the assignment of spectrum bands currently unused by the licensed (primary)
users to the unlicensed (secondary) users, as in the cognitive radio concept [8]. However, the
problem of effective coexistence of different systems can be analyzed from another perspective:
mobile network operators (MNOs) can make a business decision to migrate from one (older)
technology (e.g., GSM or UMTS) to another one (such as LTE-A, or to a future 5G technology).
What is characteristic for both scenarios is the relation 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 [9].
Analogously to the carrier aggregation (CA) approach, we suggest that even narrow frequency
fragments which are currently unused, and which are interleaved with the existing signals, can
be effectively assigned to users (user equipment, UE) for data transmission. Contrarily to the
classic CA where a well defined resource block, or a fixed set of carriers (of the band of some
MHz) can be utilized by one user (or data stream), here, we focus on the small-scale going
down theoretically to the size of resource elements of some kHz, which can be achieved thanks
to the non-contiguous (NC) multicarrier (MC) techniques. As in any coexistence scenario, it

DRAFT

August 4, 2016

3

is the mutual interference that plays the crucial role. Should the narrow frequency bands be
aggregated, advanced interference management algorithms have to be implemented as well.

In the NC-MC transmission, at least one set of subcarriers is not used, as it is occupied by
other systems (e.g., legacy UMTS or GSM) which have to be protected from interference. In
the considered context of spectrum sharing and systems coexistence, the problem of generated
interference 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 our analysis, we consider these
aspects in detail. We claim that there are benefits for various stakeholders from the application
of small-scale spectrum sharing and aggregation despite practical system limitations.

The novelty of this position paper is the following. First, we present the concept of NC-MC
utilization in 5G system considering generated and observed interference. Then, the analytical
model of interference is derived, taking practical characteristics of the transmit and reception
filters into account. (Typically, the reception filter characteristic is not considered in derivations,
although it influences significantly the interference power gathered by the wireless receiver
(RX).) It is then validated by real-world measurements. Next, we define and solve the 5Gsystem rate optimization problem using this interference model, subject to efficient protection of
the incumbents. The low-complex algorithm for finding this solution is also provided. Finally,
the proposed scheme is evaluated by means of computer simulations, in which mobility of users
and imperfect channel state information are assumed at the 5G Base Station (BS).

In Sec. II, we present the concept of small-scale spectrum aggregation and sharing. We analyze
the cross-interference problem in a coexistence framework of 5G NC-MC transmission with a
legacy system in Sec. III. Within this framework, we define and solve the NC-MC system-rate
optimization problem in Sec. IV. In Sec. V, we evaluate our concept for two cases: coexistence
of a 5G NC-MC system with either GSM or UMTS. The paper is concluded in Sec. VI.
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Fig. 1. Large and small scale spectrum aggregation and sharing.

II. N ON - CONTIGUOUS

MULTICARRIER SCHEMES AS THE SMALL - SCALE SPECTRUM
AGGREGATION MECHANISM

Spectrum agreggation refers to making use of discontinuous frequency bands, and thus, to
utilizing the broader electromagnetic frequency band. A specific instantiation of this concept
tailored to the 4G networks is the mentioned carrier aggregation. There, spectrum utilized
by one user is a multiple of component carriers (CC) which jointly create non-contiguous
frequency segments. Solutions that use multiple physical carriers applied to LTE-A or multiplecarrier (multiple-cell) HSPA (HSPA-xC) systems are exemplifications of this approach, and are
illustrated in the upper part of Fig. 1. As a complement to this, small-scale spectrum aggregation
can be considered, as illustrated in the bottom of this figure, where instead of CCs, frequency
segments of arbitrary (possibly much narrower) 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, WiMAX with 5G, etc.).
In the following, we briefly discuss how the non-contiguous-spectrum approach could be
applied to various modulations and channel access schemes, such as orthogonal frequency
division multiplexing (OFDM) and filter-bank multicarrier (FBMC) scheme, leading to the NCOFDM and NC-FBMC schemes, accordingly.
The NC-MC transmission scheme can be realized by deactivating certain sets of subcarriers,
and optionally by applying some additional signal processing in order to respect the allowable
interference level at the frequency-neighboring system receivers [10]. Figure 2 shows a generic
NC-MC transmitter (TX), where data-bits 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 ⊂
 N
− 2 , . . . , N2 − 1 is controlled by a dedicated steering block. The other inputs are modulated
DRAFT

August 4, 2016

5

Fig. 2. Block diagram of the generic non-contiguous multicarrier TX.

by 0 values (usually, these are subcarriers overlapping PS band). 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 . The samples at the output of IFFT are further processed, e.g., by digital

filtering, cyclic prefix addition, creating time-domain samples sk . Finally, the baseband signal is
converted from discrete to analogue form, shifted to the radio-frequency (RF) band, and amplified
in the front-end, resulting in time-domain signal sRF (t). The discrete signals are sampled with
frequency fs = N∆f , where ∆f defines the subcarrier spacing.
The discrete NC-MC signal generated in the way presented above can be described as:
N

sk =

−1
2
X X

m∈Z n=− N
2

φn,m [k]

z
}|
{
(k−mM ))
ı 2πn
(
N
dn,m φ [k − mM] e

(1)

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. In our further analysis, we limit the time-span to one multicarrier
symbol, so that index m in dn,m is omitted. In such a case, the NC-MC symbol frequency representation S(ω) at normalized pulsation ω ∈ h−π, πi can be obtained by Fourier transformation
P N2 −1
TX
of a time domain signal sk as in [11], [12]: S(ω) = n=−
(ω, n) , where S TX (ω, n) is
N dn S
2

the n-th subcarrier frequency response. Obviously, in the case of the ideal transmit filter, i.e.,

having ones in its frequency response pass band and zeroes otherwise, the n-th subcarrier does

2
N
not cause interference outside its band, so that S TX (ω, n) = Π 2π
ω − 2π Nn where Π(x)

is a rectangular function equal 1 for x ∈ (−0.5; 0.5), 0 otherwise. At the NC-MC receiver, the
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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)|.
In the following we exemplify these observations to the specific NC-MC systems.
A. Scheme 1: NC-OFDM
If we consider the NC-OFDM technique, φ[k] is the sampled rectangular pulse (it equals 1
for k ∈ {−NCP , . . . , N − 1}, and zeros otherwise), and at the output of IFFT, NCP samples of
cyclic prefix (CP) are inserted. The output samples sk (k = −NCP , ..., N − 1) are defined as:
N

sk =

−1
2
X

2πn
dn e(ı N k) .

(2)

n=− N
2

Moreover, the normalized frequency representation of the n-th subcarrier S TX (ω, n), in case of
the NC-OFDM signal, can be defined for digital implementation similarly as in [13]:


(N + NCP )
sin ω2 − πn
πn
1
(N
−N
−1)
−ı( ω
−
TX
N
)
CP

SOFDM (ω, n) = p
·
e 2 N
.
sin ω2 − πn
N(N + NCP )
N

(3)

As the sidelobes power of an NC-OFDM signal is naturally high, advanced signal processing
can be applied for out-of-band emission (OOBE) power minimization, such as implementation
of the so-called cancellation carriers (where dedicated subcarriers convey symbols adjusted for
OOBE power reduction [10]) or time-domain windowing [13]. At the receiver, N out of N +NCP
symbol samples are used, thus the n-th subcarrier reception filter response equals:
 
πn
ω
−
N
sin
ω
πn
1
RX
2
N 
.
SOFDM
(ω, n) = eı( 2 − N )(N −1)
πn
ω
N
sin 2 − N

(4)

B. Scheme 2: NC-FBMC

One of the candidates in the quest for the most promising modulation format for 5G networks is
FBMC that is based on the offset QAM (and is denoted jointly as FBMC/OQAM). Its key features
are: the lack of CP (thus improving the spectrum and energy efficiency) and the possibility of each
subcarrier spectrum shaping. The comparison between OFDM and FBMC has been presented
in [14], whereas an example of the FBMC implementation for an NC scheme can be found in
[15]. The transmit signal can be represented as:
N
−1
2

sk =

X

nk )
IM
n (ı 2π
N
{dRE
,
n φ [k] + ıdn φ [k − N/2]} ı e

(5)

n=− N
2
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IM
where dRE
n and dn denote the real and imaginary part of complex data dn , k = 0, ..., KN +N/2−1,

and K is a positive integer called overlapping factor [16]. If we apply a widely considered
PHYDYAS prototype filter [16] we have the following frequency response of the n-th subcarrier:


K−1
X
− Kz KN
sin ω − 2πn
KN−1
z
n
1
−2π KN
−ı(ω−2π N
TX
N
2
)
2
  , (6)
·
H|z| e
SFBMC (ω, n) =
z 1
2πn
KN
−
sin
ω
−
N
K
2
z=−(K−1)

where Hz (for z = 0, .., K − 1) are the filter-characteristic samples. The RX filter characteristic
RX
TX
is the complex conjugate of the TX filter, thus, |SFBMC
(ω, n)| = |SFBMC
(ω, n)|.

C. Other schemes
Note that there exist other multicarrier schemes that could be analyzed separately. Some of
them are envisaged as possible candidates for new 5G waveforms: a. Generalized Frequency
Division Multiplexing (GFDM) [17], where subcarriers can be non-orthogonal, b. Universal
Filtered MultiCarrier (UMFC), where instead of per-subcarrier filtering the groups of subcarriers
are processed (filtered) [18], c. Filtered-OFDM [19], d. Biorthogonal [20] or Non-Orthogonal
FDM [21], where biorthognal or non-orthogonal wavefors are applied, e. Generalized Multicarrier
(GMC) scheme, which relaxes most of the constraints known in multicarrier system design [22].
In all of these cases the non-contiguity property of the subcarriers can be directly applied. Thus,
in our further analysis we limit our discussion to the two already presented waveforms treating
them as the representatives of the broader family of MC systems.

III. I NTERFERENCE

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. 3, where in its upper part one can observe two systems the PS and the new (spectrally-flexible) 5G one. The user equipment to be protected (PS UE)
receives the signal from its system BS (with power attenuation αPS−PS and frequency frequency
response HPS−PS (f )), and observes interference from the coexisting system (via the channel of
power attenuation α5G−PS and frequency response H5G−PS (f )). Similarly, the 5G UE detects
1

Analogous derivations can be repeated for the uplink case.
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Fig. 3. Illustration of the coexistence of two wireless systems: the existing PS and the spectrally-flexible (applying NC-MC
scheme) 5G system.

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 αPS−5G and frequency response HPS−5G (f )). In Fig. 3a, 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 the incumbent users, taking limitations caused by the non-ideal nature of the transmit
and reception filters into account. Interference to PS results from the unwanted emission of
the coexisting NC-MC TX out of the nominal band (known as 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 in the
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bottom part of Fig. 3, and are denoted as B and C.

A. Generic observations on cross-interference
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:

PI = α

Z

∞

2

ΥTX (f − fc ) H RX (f − fc ) |HTX−RX (f − fc )|2 df,

(7)

−∞

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). As mentioned above, interference at a given
frequency comes not only from the imperfect spectrum shaping at TX, but also from imperfect
RX filter selectivity (reception filter ”picks up” the interference being a part of the transmitted
signal spectrum out of its nominal band). In our analysis we include both aspects, which is the
novelty in this respect, as typically the reception filter selectivity is omitted in the derivations.
In the case of commonly used discrete-time representation of digital signals, the above equation
simplifies to
α
PI =
2π

Z

π

−π

Υ

TX



ωfs
2π



H

RX



ωfs
2π



2

HTX−RX



ωfs
2π



2

dω,

(8)

where ω ∈ h−π, πi is pulsation and fs is sampling frequency.

B. Interference from an NC-MC system
In case of an NC-MC system causing interference, all subcarriers are typically treated as
independent, hence the total interference power can be defined as:
N

PI = α

−1
2
X

PITX
n ,

(9)

n=− N
2
TX
where the interference power caused by the n-th subcarrier PIn
equals:


2

Z π
2
ωfs
ωfs
2
RX
TX
TX
HTX−RX
dω,
PI n = Pn g n = Pn
S (ω, n) H
2π
2π
−π
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where Pn is the power allocated at the n-th subcarrier in the NC-MC transmitter and S TX (ω, n)
is the n-th subcarrier frequency response at pulsation ω (as defined in (3) and (6) for OFDM and
FBMC, respectively), and gn is the integral result which can be interpreted as the coupling factor
between the power transmitted on the n-th subcarrier observed at victim receiver’s antenna and
the effective interference power degrading victim’s reception.

C. Interference to an NC-MC system
In the case of a victim NC-MC system (experiencing interference), formula (8) can be used,
RX
RX
and the total interference power PI is a sum of PIn
values (as in (9)). PIn
is the power of

interference observed at the n-th subcarrier of the victim NC-MC receiver having the reception
filter frequency response S RX (ω, n) (as discussed in Sec. II), and can be calculated as:

2


Z π
ωfs
ωfs
2
RX
RX
TX
S (ω, n) HTX−RX
dω.
PI n =
Υ
2π
2π
−π
IV. P ROBLEM

(11)

FORMULATION

Once the interference model has been derived, let us consider throughput maximization for
various 5G multicarrier schemes by adjusting the power transmitted by 5G BS on each subcarrier
Pn (n ∈ IDC ) subject to constraints discussed later in this section. The optimization problem is
defined so as to find the vector of the assigned powers P = {Pn } to maximize the Shannon data
rate:
P∗=arg max ∆f χ
P

X

log2

n∈IDC

 2!
s
α5G−5G Pn H5G−5G nf
N
1+
RX
F N0 ∆f + αPS−5G PIn

(12)

where N0 is a white noise power spectral density, and F is noise figure of the 5G NC-MC
receiver. Moreover, χ is the rate-scaling factor accounting for the symbol duration extension
(e.g. application of CP). It is equal to 1 in the ideal case (when no CP is used) or (NC)FBMC, and equal to N/(N + NCP ) in case of an OFDM or NC-OFDM system, which typically
uses CP. Moreover, in the case of time-domain windowing applied to NC-OFDM [13], [23],
each symbol of N + NCP samples is additionally prolonged by Nw windowed samples giving
χ = N/(N + NCP + Nw ). In our optimization problem the following constraints have to be
fulfilled.
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a) PS QoS requirements: A spectrally-flexible 5G system should guarantee the Quality
of Service (QoS) required by PS. If SIRmin is the minimum signal-to-interference ratio (SIR)
required by PS, then
PS UE
PRX
≥ SIRmin ,
n∈IDC α5G−PS Pn gn

PS
where PRX

RX
HPS

(13)

P

UE

is the useful signal power received by PS RX, and can be calculated as



2
2

Z π
ωfs
ωfs
ωfs
PS UE
TX
RX
PRX
= αP S−P S
ΥPS
HPS−PS
dω,
(14)
HPS
2π
2π
2π
−π


ωfs
TX ωfs
is
a
frequency
response
of
a
PS
RX
filter
and
Υ
is PSD of the PS signal at
PS
2π
2π

its transmitter.

b) Requirements on the NC-MC system transmit power: Next, a maximum power of the
5G NC-MC transmitter should be limited giving
X
Pn ≤ Pmax ,

(15)

n∈IDC

where Pmax is a maximum allowed power of the 5G NC-MC transmitter. Finally, the power of
each subcarrier must not be negative, i.e.,
∀n∈IDC Pn ≥ 0.

(16)

A. Problem solution
Let us formulate an inequality constrained nonlinear optimization problem [24] as follows:
"
 2!#
s
X
α5G−5G Pn H5G−5G nf
∗
N
P = argmin −∆f χ log2 1+
(17)
RX
P
F
N
∆f
+α
P
0
PS−5G
In
n∈I
DC

s.t.

X

α5G−PS Pn gn −

n∈IDC

X

PS UE
PRX
≤ 0,
SIRmin

(18)

Pn − Pmax ≤ 0,

(19)

n∈IDC

∀n∈IDC − Pn ≤ 0.

(20)

The Lagrangian function for this problem is:
 2!
s
α5G−5G Pn H5G−5G nf
N
J(Pn , λ, µ, µn) = −∆f χ log2 1+
RX
F
N
0 ∆f +αPS−5G PIn
n∈IDC
!
!
PS UE
X
X
X
PRX
µn (−Pn ) ,
α5G−PS Pn gn −
Pn −Pmax +
+µ
+λ
SIRmin
n∈I
n∈I
n∈I
X

DC
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where µn , µ and λ are called Karush-Kuhn-Tucker (KKT) multipliers. The KKT necessary
conditions used to solve this problem are:
∂J(Pn , λ, µ, µn)
= 0,
∂Pn
!
PS UE
X
PRX
α5G−PS Pn gn −
µ
= 0,
SIRmin
n∈I
∀n∈IDC

(22)

(23)

DC

X

λ

Pn − Pmax

n∈IDC

!

= 0,

∀n∈IDC µn (−Pn ) = 0,

(24)
(25)

where ∀n∈IDC µn ≥ 0, µ ≥ 0 and λ ≥ 0. The result of (22) is
Pn =

∆f χ
− Qn ,
ln(2) (λ + µα5G−PS gn − µn )

(26)

where
Qn =

RX
F N0 ∆f + αPS−5G PIn
2
s
α5G−5G H5G−5G nf
N

(27)

that should be substituted to formulas (23)-(25) 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 (25), when this
constraint is active for the n-th subcarrier (the power of the n-th subcarrier is zero), we obtain:
µn = λ + µα5G−PS gn −

∆f χ
.
ln(2)Qn

(28)

In general, every combination of Nd +2 multipliers being active or inactive should be considered,
i.e., 2Nd +2 cases. However, an algorithm presented below allows to decrease the number of
combinations to be considered. For example, when the constraint (23) is active (µ > 0 and
interference power is constrained), and for n-th subcarrier µn has to be greater than zero, so the
corresponding constraint (25) has to be activated, this will result in increased interference to PS.
Thus, µ in (23) has to be still active. Let us first derive solutions for some special cases. Let us
denote Icons to be a set of size γ of indices n for which µn is positive, i.e., Pn = 0 (Icons ⊂ IDC ).
Thus, the following cases should be considered:
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•

If µ = 0 and λ 6= 0, i.e., 5G BS is limited in the available power, the interference generated
to PS UE is below the limit. Moreover, substitution of (26) into (24) together with µn = 0
for n ∈ IDC \ Icons and Pn = 0 for n ∈ Icons results in:
λ=

•

∆f χ(Nd − γ)
P
,
ln(2)
Q
+
P
n
max
n∈IDC \Icons

(29)

If µ 6= 0 and λ = 0, i.e., interference caused to PS UE prevents the 5G BS from obtaining
the total transmit power Pmax , (26) can be substituted to (23) together with µn = 0 for
n ∈ IDC \ Icons and Pn = 0 for n ∈ Icons that gives the following result:
µ=
ln(2)

•

P

∆f χ(Nd − γ)

PS UE
PRX
n∈IDC \Iconsα5G−PS gn Qn + SIRmin

,

(30)

If µ 6= 0 and λ 6= 0, i.e., both interference generated to PS UE and power emitted by 5G
TX have to be constrained, a set of two nonlinear equations obtained after substitution of
(26) and µn = 0 for n ∈ IDC \ Icons and Pn = 0 for n ∈ Icons into (23) and (24) has to be
solved:
f1 (µ, λ) =

X


P PS UE
∆f χ
= 0,
−Qn − RX
α5G−PS gn
ln(2) (λ+µα5G−PSgn )
SIRmin


n∈IDC \Icons

f2 (µ, λ) =

X 

n∈IDC \Icons

∆f χ
− Qn
ln(2) (λ + µα5G−PS gn )



− Pmax = 0.

(31)

(32)

Here, the Newton method can be applied as the required derivatives can be calculated as
∂f1 (µ, λ)
=
∂λ

X

∂f1 (µ, λ)
=
∂µ

X

∂f2 (µ, λ)
=
∂λ

X

∆f χ
α5G−PS gn
ln(2) (λ + µα5G−PS gn )2

(33)

∆f χ (α5G−PS gn )2
−
ln(2) (λ + µα5G−PS gn )2

(34)

∆f χ
1
ln(2) (λ + µα5G−PS gn )2

(35)

−

n∈IDC \Icons

n∈IDC \Icons

−

n∈IDC \Icons

∂f2 (µ, λ)
=
∂µ

X

−

n∈IDC \Icons

∆f χ
α5G−PS gn
∂f1 (µ, λ)
.
2 =
ln(2) (λ + µα5G−PS gn )
∂λ

The k-th iterative improvement of λ and µ can be described as

  


λk+1
λk
∆λk

 =   − ǫ
,
µk+1
µk
∆µk
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Fig. 4. Block scheme for the solution of optimization problem.

where



∆λk

 


=
∆µk

∂f1 (µ,λ)
 ∂λ

∂f1 (µ,λ)
∂µ



∂f1 (µ,λ)
∂µ

∂f2 (µ,λ)
∂µ

−1




µk ,λk

f1 (µk , λk )
f2 (µk , λk )



,

(38)

and ǫ ∈ h0; 1i is the update scaling factor. While Newton method guarantees fast convergence, it is important to guarantee that multipliers µ and λ lie within their feasible region,
i.e., λ ≥ 0 and µ ≥ 0. It is done by the adjustment of ǫ parameter, so that

 µk for ∆µk > 0
∆µk
,
ǫµ =

1 for ∆µk ≤ 0
ǫλ =
and





λk
∆λk

for ∆λk > 0

,

(39)

(40)

1 for ∆λk ≤ 0

ǫ = 0.98 min {1, ǫµ , ǫλ } ,

(41)

where value 0.98 has been chosen to guarantee strict feasibility of the solution. The set of the
constrained subcarriers Icons is updated in each iteration. Empirically, λ and µ obtained in the
previous iteration can be used in the next one providing fast Newton method convergence.
Thus, the block diagram of our algorithm solving the optimization problem is shown in Fig.
4. First, two simplest cases of µ or λ being equal to zero are solved. If these do not succeed, the
Newton method is used to solve the optimization problem for both µ and λ higher than 0. For each
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case, in the first iteration, the power allocated to each subcarrier is not constrained (∀n∈IDC µn =
0). For the n-th subcarrier having the minimum, negative power out of all subcarriers its power
has to be set 0 in the next iteration. It will cause an increase of the interference power and
increase of the 5G-system transmit power. Therefore, active state of µ and λ is not changed.
V. C ASE

STUDY: SYSTEM COEXISTENCE

The potential of the NC-MC transmission in comparison to the MC transmission with the
contiguous subcarriers allocation can be estimated by means of throughput evaluation keeping
in mind the constraints on the allowable level of interference induced to PS. The optimization
problem and solution presented in Sec. IV is used for 5G system using: a. OFDM, b. NCOFDM, c. NC-OFDM spectrally shaped at TX using Hanning windowing, and d. NC-FBMC
using PHYDYAS filter. For further analysis, we have selected arbitrarily two test scenarios: first,
when an operator wants to introduce the NC-MC 5G system in the available frequency bands
while maintaining 2G system transmission (GSM) that needs to be protected, and second, when
the protected system is the 3G system, UMTS. In each test-case we have made two types of
analysis - a. measurement-based, where we prove that the proposed interference model used in
theoretical analysis is valid, and that NC-MC scheme facilitates coexistence of 5G and PS, and
b. simulation based, where we calculate the maximum throughput achievable with a given MC
scheme using optimization method proposed in Sec. IV-A.

A. System setup
The PS is assumed to be either GSM or UMTS carrier at frequency 940 MHz or 2130
MHz, respectively. The 5G system is centered at 938.5 MHz or 2128.5 MHz in the presence of
these earlier-generation systems, and can utilize the maximum of 600 subcarriers separated by
∆f = 15 kHz, i.e., the maximal occupied bandwidth is 9 MHz. The IFFT size in all considered
OFDM-based systems is N = 1024. In FBMC, K-times oversampling is assumed. The cyclic
prefix in OFDM/NC-OFDM/windowed NC-OFDM system consists of NCP = N/16 samples.
The Hanning window extends the NC-OFDM symbol by Nw = N/16 samples. The PHYDYAS
filter overlapping factor is K = 4. Maximal transmit power of the 5G system is 100 mW and the
noise figure at 5G UE equals 12 dB. If not stated differently, the transmit power of PS BS is 33
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Fig. 5. Measurement setup

dBm, and the required SIR is 9 dB as defined in [25]. The antenna gains are 15 dBi and 0 dBi
for BS and UE, respectively [25]. The pathloss is calculated according to the Log-distance path
loss model [26] with pathloss exponent equal to 3. While the frequency response (both at TX
and RX) of the NC-MC schemes has been derived in Sec. III, the RX filter characteristic of the
GSM receiver has been taken from the ACS characteristic provided in [25], the PSD of GSM
transmission has been assumed to be equal to SEM defined in [27], i.e., the worst case scenario
has been considered. In case of UMTS, standards [28] and [29] have been used to obtain ACLR
and ACS values.
B. Protection of GSM link
Below, we evaluate coexistence of two systems - the 5G NC-MC/OFDM system and GSM
(see Fig. 5) by analyzing the power spectral density and observing the mutual interference. The
5G NC-MC signal has been generated using the GNU-Radio software and transmitted using
the USRP N210 board equipped with SBX board. The generated 5G NC-MC signal occupies
subcarriers IDC = {−300, ..., −1} ∪ {1, ..., 66} ∪ {134, ..., 300} (note the notch of 67 subcarriers
corresponding to 1 MHz) with equally distributed power. The standard OFDM uses IDC =
{−300, ..., −1} ∪ {1, ..., 300} with equally distributed power.
Moreover, the GSM signal has been generated using the Rohde&Schwarz FSIQ03 Vector
Signal Generator. The transmit power has been set to −10 dBm (due to the hardware protection
limits), and GMSK modulation with Gaussian filter of BT = 0.3 has been used (as defined for
GSM). Such two signals (i.e., NC-MC/OFDM and GSM) have been combined in the MiniCircuits ZN2PD2-63-S+ 350-6000 MHz combiner. In order to eliminate the influence of wireless
propagation and analyze the interference phenomena between the systems, we have connected
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the combiner with the 3 dB splitter of the same vendor. Then, the combined signal has been
analyzed by the Rohde&Schwarz Spectrum Analyzed FSL6 connected via Ethernet with the PC
computer, where the received data have been post-processed. In parallel, the other part of split
signal has been received by the Rohde&Schwarz SMIQ02b Signal Analyzer, where analogous
GSM reception parameters have been set, and the input filter of 1 MHz bandwidth has been
manually selected.
Let us observe the signals PSDs, SEMs and the interference power observed at each subcarrier
at the 5G UE receiver as presented in Fig. 6. The noise PSD observed at the spectrum analyzer
(SA), is depicted with dashed line. The real (measured) GSM signal (PSD: gray line with stars)
generates various interference powers at each subcarrier of MC receiver: higher for OFDM-based
RX (grey line with triangles) and lower for FBMC-based RX (grey line with squares). These
interference powers have been obtained running the OFDM/FBMC receiver in post-processing.
The worst case interference power can be estimated based on GSM BS SEM (black line with
stars). This interference power (per subcarrier) is obtained using formula (11) for (NC-)OFDM
receiver (black line with stars) and (NC-)FBMC receiver (black line with squares). It is visible
that the proposed analytical formula for received interference power, i.e., (11), is coherent with
the measurements results. Estimated interference power is typically a few decibels higher than
the measured value as a result of worst case GSM PSD.
In Fig. 7, we can observe the PSD of the 5G NC-MC and OFDM signals, which are the
results of simulations (simul.) and the SA-based reception. Focusing on the frequency gap one
can assess the average power of interference induced by the 5G MC transmitter to the GSM
band. One can notice that in both cases (of simulations and measurements) the NC-FBMC signal
outperforms the traditional NC-OFDM solutions in terms of the power of induced interference.
However, application of simple signal processing (Hanning windowing) can significantly improve
its performance. Interestingly, for NC-FBMC, the practically achievable OOBE power level is
much higher, e.g., about −48 dB, that in the case of PSD generated using simulations, e.g., about
−110 dB. It is caused by imperfection of a practical TX and RX realizations, e.g., nonlinearity
of an RF front-end causing intermodulation effects [9].
Let us verify if the coexisting 5G NC-MC signal leads to any performance degradation in
the legacy GSM system receiver. The error-vector magnitude (EVM) is the justified metric for
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Fig. 6. PSD and SEM of GSM BS signal and interference power caused by these signals at MC RX.

such performance evaluation. We have set the transmit power in such a way that the total
observed power by the PS UE has been −19.2 dBm for the GSM signal, and −29 dBm for
5G signal. First, we have measured the observed EVM at the GSM receiver if there has been
no interfering 5G signal, and we have achieved the value of EV M = 0.85% RMS, what is
equivalent to approximately 41 dB of SNR. If we generate the traditional (i.e., contiguous)
OFDM signal, which overlaps the GSM signal at PS UE receiver, the observed EVM increases
to 12% (SNR≈ 18.3 dB). However, when we have applied the 5G NC-MC signal with 1 MHz
gap for GSM protection, the following values of EVM have been achieved: for NC-OFDM case
- 1.17% (SNR≈ 38.6dB), while for NC-OFDM with windowing as well as for NC-FBMC 0.9% (SNR≈ 40.9dB). These results show that the NC-MC schemes decrease both interference
power in-band of PS (shown in Fig. 7) and effective interference at the PS receiver (the EVM
values).
C. Protection of UMTS users
In our second experiment, we use the same system setup as illustrated in Fig. 5 and most
parameters as used in the previous section, but we have adjusted the PS transmit signal parameters
to meet the requirements of UMTS standard for downlink transmission. In particular, assuming
the root-raised cosine filter of roll-off factor 0.22, we have applied the QPSK data modulation
for pseudo-randomly generated data. The center frequency of the 5 MHz signal has been set to
2130 MHz, whereas the central frequency of the NC-MC signal has been set to 2128.5 MHz.
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Fig. 7. Power Spectral Density of the 5G signal for PS being GSM.

The generated 5G NC-MC signal occupies subcarriers of indices in IDC = {−300, ..., −67} ∪
{267, ..., 300} (note a notch of 5 MHz), with equally distributed power. The standard OFDM
uses IDC = {−300, ..., −1} ∪ {1, ..., 300} with equally distributed power.
Analogously to the previous case, where the GSM signal has been protected, we demonstrate
in Fig. 8 the ACLR (being more strict than SEM) and PSD of the UMTS signal, denoted by
black and gray solid lines with stars, respectively. The worst case interference power received
on a given 5G NC-MC system subcarrier is denoted by black line with rectangles and triangles
for (NC-)FBMC and (NC-)OFDM, respectively. It has been obtained using ACLR limits defined
for UMTS BS and (11). The experimental UMTS BS signal has been post-processed using (NC)OFDM and (NC-)FBMC receivers to obtain interference powers observed at each subcarrier
(gray lines with triangles and squares for OFDM and FBMC, respectively). Similarly as in Fig.
6, the analytical interference model using ACLR defined for UMTS BS and (11) constitutes an
upper-bound of interference observed during a real transmission. In Fig. 9, the PSDs for various
5G NC-MC and OFDM signals are shown. It is visible that the lowest OOBE-power level is
achieved in case of computer simulations by the NC-FBMC signal, i.e., software-generated NCFBMC. Although, at the SA, the PSD obtained by means of NC-OFDM windowing has similar
results, the other schemes (NC-OFDM and OFDM), introduce much stronger interference to the
PS band.
Because it has not been possible to measure the characteristic of the built-in filters of the
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Fig. 8. PSD and SEM of UMTS BS signal and interference power caused by these signals at MC RX.
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Fig. 9. Power Spectral Density of the 5G signal for PS being UMTS.

UMTS test receiver, again, we have measured the EVM of the received signal by PS UE to
assess its reception quality in the presence of coexisting 5G NC-MC or OFDM signals. The
received power has been equal to −31 dBm for the UMTS signal, and −42 dBm for the 5G
NC-MC/OFDM signal. First, as the reference, the EVM of the UMTS signal with no interference
has been measured resulting in 1.45% RMS that corresponds to SNR of 36.8 dB. Then, when the
traditional (with contiguous subcarriers) OFDM signal has been transmitted, the observed EVM
has been equal to 22% RMS (SNR≈13 dB). However, when the non-contiguous scheme has
been applied, there have not been any problems with signal synchronization observed, and the
values of EVM have been as follows: 1.6% RMS (SNR≈35.9 dB) for NC-OFDM, and 1.48%
RMS (SNR≈36.6 dB) for both NC-OFDM with windowing and NC-FBMC. The achieved results
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have proved the correctness of the interference model applied in our paper and usefulness of the
NC-MC system for increasing spectrum utilization.

D. Throughput and outage evaluation
So far, we have proved that although various 5G MC schemes utilize various pulse shapes
(resulting in various inter-system interference coupling), the effective interference both at PS
RX and 5G RX can be modeled using the approach proposed in Sec. III. Let us now evaluate
the mean rate limits that could be achieved by the mobile 5G-system users applying NC-MC or
OFDM schemes in realistic scenario where the influence of transmission channel is considered.
In particular, the effects of multipath propagation, Doppler shifts, and control information delay
are taken into account. The multipath fading channel is 9-path Extended Vehicular A model [30]
generated independently for each of the considered paths. In practice, 5G BS would struggle
to maximize throughput while protecting PS (using the algorithm presented in Sec. IV-A) as
the Channel State Information (CSI) could be outdated/delayed or limited/quantized. Because
of users mobility all channels frequency responses change with the terminals velocities and
the Doppler frequencies. While 5G BS gets direct CSI reports from 5G EU, the measurements
carried by PS UE are relayed by PS BS. Thus, in our model, 5G BS utilizes CSI of channels
c and b (as shown in Fig. 3) delayed by 5 ms. CSIs of channels a and d are assumed to be
perfectly known at 5G BS. Observe that this delay has no impact on the mean throughput in
the 5G-5G link (in comparison to the full CSI knowledge from all paths at 5G BS), but the
resultant power allocation can violate the PS SIR limit. On the other hand, limited CSI means
that 5G BS knows only the pathloss components, i.e., α5G−PS , α5G−5G , αPS−PS , αPS−5G , not the
channel frequency response. This is a more delay-tolerant approach that needs much less control
information to be collected by 5G BS. Hereafter we use the following notation: phrase perfect
represents the case with ideal TX and RX filters, e.g., no OOBE, limited refers to the limited
CSI, whereas delayed stands for a case where 5 ms delay is considered in reporting CSI by PS.
The parameters presented in Sec. V-A have been used as an input for the optimization problem
defined in Sec. IV. The considered distances between PS BS and PS UE, PS BS and 5G UE,
5G BS and 5G UE are equal to 2 km, 2 km, 100 m, respectively. The mean throughputs (over
104 channel realizations) of the 5G NC-MC and OFDM links in the presence of GSM being PS
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are presented in Fig. 10. It is visible that PHYDYAS filters with K = 4 are selective enough,
both at the transmitter and at the receiver to obtain nearly maximal throughput (i.e., the curve
representing throughput for the 5G system using perfect TX/RX filter overlaps the curve for
FBMC case). However, decreased overlapping factor, i.e., K = 2, causes stronger interference
to GSM UE, degrading 5G system throughput, especially when GSM UE is close to 5G BS.
In the case of NC-OFDM-based 5G system, its BS has to be distanced by at least 78 m from
GSM UE to obtain more than 90% of the maximal throughput. However, NC-OFDM can be
improved by some additional spectrum shaping, like windowing. In this case, the achievable
throughput is significantly increased when the system is limited by interference caused to GSM
system (small 5G BS-GSM UE distance). Utilization of standard OFDM requires 5G BS to be
distanced by more than 350 m from GSM UE in order to achieve at least 90% of the perfectcase throughput. In the case of NC-OFDM/OFDM, the maximal achievable throughput equals
N/(N + NCP ) ≈ 0.94 of the perfect case because of the application of CP. Most importantly, the
result for FBMC utilizing all subcarriers with the same allocated power would be similar to the
ones of OFDM system, i.e., non-contiguity of the MC scheme is a key requirement to improve
throughput. Observe that in the considered scenario, both limited and delayed CSI utilization
provide similar throughput. In standard, water-filling power allocation the delayed CSI scheme
should utilize the knowledge on frequency-selective fading coefficients, and should be no worse
than limited-CSI case. Here, the throughput in the limited-CSI case exceeding the throughput in
the delayed-CSI case is possible at the cost of increased interference to PS.
In order to map the achievable throughput to services available to network users, let us consider
the VoIP service using Adaptive Multi-Rate (AMR) voice-coder utilizing 12.2 kbps. It can be
assumed that 98% of frames has to be delivered to users for sufficient service quality [31]. Thus,
the maximal number of users Nu that can be served is Nu = maxn P r(R < n12.2kbps) = 10−2
where R is a random variable of the throughput. The network capacity is not specified by the
means of throughput, but by its 2nd percentile. For the distance between PS UE and 5G BS
equal to 100 m, assuming delayed-CSI case, the maximal number of VoIP calls to be served
is 6713, 6711, 6701, 5895, 5717, and 709 for the perfect TX/RX filters, FBMC with K = 4,
FBMC with K = 2, NC-OFDM with windowing, NC-OFDM, and OFDM, respectively. All
NC-MC schemes outperform standard OFDM significantly.
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70

Mean throughput (Mbps)

60
50
40
30
20
10
0 0
10

perfect, delayed CSI
OFDM, delayed CSI
NC−OFDM, delayed CSI
NC−OFDM+wind.,
delayed CSI
FBMC K=2, delayed CSI
FBMC K=4, delayed CSI
perfect, limited CSI
OFDM, limited CSI
NC−OFDM, limited CSI
NC−OFDM+wind.,
limited CSI
FBMC K=2, limited CSI
FBMC K=4, limited CSI

1

2

10
10
Distance 5G BS−UMTS UE (m)

3

10

Fig. 11. Throughput obtained with different MC schemes while protecting UMTS UE.

Similarly, the achievable throughput in the case of UMTS being PS can be calculated. The
utilized parameters are the same as defined in Sec. V-A. In Fig. 11, it is visible that UMTS
limits the achievable 5G throughput much more than GSM system. Is is mostly caused by small
bandwidth of 5G-available spectrum, not utilized by PS. Interestingly, all considered NC-MC
systems achieve at least about 75% of the maximal possible throughput (the case of perfect
filters). The standard OFDM obtains much smaller throughput that again confirms the potential
of NC-MC schemes. Let us now concisely exemplify, how the achieved throughput can be
translated into the delivery of a given service to end-user. We use this as another measure
characterizing the proposed solutions. Similarly as for GSM, VoIP service can be considered in
5G system. Using the same assumptions as previously, the maximal number of VoIP calls served
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is 2145, 2131, 2064, 1830, 1540, and 35 for perfect TX/RX filters, FBMC with K = 4, FBMC
with K = 2, NC-OFDM with windowing, NC-OFDM, and OFDM, respectively.
In addition to the estimation of 5G link conditions, outage analysis of PS has been carried
for the parameters as above and fixed distance between 5G BS and PS UE equal to 100 m. It
is reasonable to define outage SIR to be a few dB below the optimization SIR equal here 9
dB and used in constraint (18). Assume that outage occurs when SIR< 3 dB. Fig. 12 shows
the outage probabilities for both PSs (GSM and UMTS) and all considered MC schemes while
varying the UE velocity (impacting the wireless channel dynamics). It is visible that for slowly
moving UEs, the delay in CSI reporting enables the 5G system to protect the PSs transmissions.
Unfortunately, for higher UEs speed the delayed CSI results in high outage probability. It is a
result of 5G BS allocating relatively high power to subcarriers, overlapping spectrum occupied
by PS. After 5 ms the channel frequency response changes, resulting in PS SIR exceeding outage
threshold. This phenomenon comes into play the more selective filters are used by a given MC
scheme, e.g., for perfect TX/RX filters case obtains visibly highest outage probability in UMTS.
Such frequency-selective filters provoke the MC systems to utilize faded frequencies in-band
of PS. The limited-CSI scheme is independent from Rayleigh fading dynamics as it does not
consider channels frequency response while performing optimization. While this scheme is the
worse for small UEs velocities, it seems to be a practical solution for power allocation under
high users mobility. Additionally, this scheme requires less control information to be collected
by the 5G BS.

E. Computational complexity analysis
The computational complexity of solving the optimization problem defined in Sec. IV is
significantly reduced thanks to the algorithm shown in Fig. 4. Instead of considering 2Nd +2
combinations of KKT multipliers being either active or inactive, only the maximum of 3Nd
combinations have to be considered. The rationale behind this reduction is shown in Sec. IV-A.
RX
Let us assume that PIn
and gn values are obtained by means of numerical integration using

rectangle method with Z subintervals. The algorithm uses the more iterations the more µn
multipliers have to be activated. In the worst case scenario, all three parts of the algorithm, i.e.,
for µ = 0 and λ > 0, for µ > 0 and λ = 0, and for µ > 0 and λ > 0, have to be run till γ values
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Fig. 12. Probability of PS UE outage (SIR< 3 dB), for various MC schemes. Limited- and delayed-CSI available at 5G BS.

of µn are activated. For both λ and µ multipliers being positive, Newton method is used to solve
equations (31) and (32) using approximately L iterations. Finally, the approximate number of real
additions/subtractions is Nd (2Z + 6Lγ + 6γ + 6L + 13) − 3Lγ 2 + 4Lγ − 3γ 2 + γ + 7L, the number
of multiplications/divisions is Nd (6Z + 6Lγ + 6γ + 6L + 13) − 3γ 2 − 3Lγ 2 + 10Lγ + 13L + 2,

while the number of comparisons is 3(γ + 1) Nd − γ2 . Assuming N = 1024, Nd = 600 (as in
the previous sections), Z = N, γ = 13 (zeroed subcarriers span the bandwidth of a single GSM

carrier) and L = 6, the maximal number of all operations is 5 648 256. This algorithm can be
evaluated using 20 GFLOP signal processor, e.g., C66x from Texas Instruments, with execution
time below 1 ms. As such it could be possibly run in real-time in 5G BS.
VI. D ISCUSSION

AND

C ONCLUSION

In this position paper, we have examined the feasibility of the small-scale spectrum aggregation
and sharing, where - in contrast to the well-known carrier aggregation schemes already applied
in 3GPP standards - even very narrow and non-contiguous frequency subbands can be utilized by
a single user. Such a non-contiguous nature of the utilized spectrum entails the natural selection
of various multicarrier transmission schemes, which are considered as the main candidates for
5G systems. Based on this observation, we have proposed the interference model and identified
the rate optimization problem for the 5G NC-MC system link, which has been solved for certain
set of constraints. In order to evaluate the correctness of our interference model the experiments
with the practical TX and RX hardware have been conducted, where two kinds of systems
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(narrowband - GSM, and wideband, spread spectrum - UMTS) have been protected. The achieved
results justify our interference model. Therefore, it has been applied to calculate the theoretical
limits of possible achievable rates in the future 5G NC-MC system. These theoretical results have
been confirmed by the computer simulation. Hence, it can be then concluded that the small-scale
spectrum aggregation can be considered as a potential solution for future wireless networks.
In our work, we have arbitrarily selected two types of legacy systems: GSM and UMTS.
This selection has been made to illustrate the possibility of smooth transition of the frequency
assignment from older to newer technologies while keeping the electromagnetic compatibility
with the legacy systems. However, the proposed small-scale spectrum aggregation and sharing
can also be applied in other, even completely different schemes.
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