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Abstract—The Fifth Generation of mobile communications
(5G) is being standardized based on Orthogonal Frequency
Division Multiplexing (OFDM) waveforms. The high out-of-band
emissions (OBE) are one of the main drawbacks of OFDM,
which reduce the spectral efficiency and force us to leave wide
guard bands. A strong candidate to replace OFDM is filtered-
OFDM (f-OFDM) which solves the mentioned issue and keeps the
backward compatibility. However, it increments the inter-symbol
interference (ISI) due to the use of digital filters. We propose a
new technique to overcome this problem. It is based on shaping
the power of OFDM by the scheduler according to the demanded
rates and channel quality of the users, while decreasing the
OBE and avoiding the ISI increase. The interference generated
by our proposed technique on a narrow-band signal based on
legacy OFDM is analyzed. Moreover, simulations are performed
to validate the theoretical analysis and some examples of imple-
mentation are also provided in the context of 5G evolution.

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) has
been adopted as the transmission waveform in the exist-
ing Fourth Generation (4G) networks, such as Long Term
Evolution (LTE). Recently, the Third Generation Partnership
Project (3GPP) has also proposed to integrate Machine Type
Communications (MTC) in the existing LTE network keeping
the same waveforms and reusing as far as possible the current
configuration [1]. The 3GPP is defining a New Radio (NR)
for the Fifth Generation (5G) which will be OFDM-based [2].
Among others, 5G should be able to provide massive MTC
(mMTC) that should coexist with enhanced Mobile Broad-
Band services (eMBB).

Despite the fact that OFDM-based waveforms have many
advantages such as robustness against multi-path fading and
ease of implementation, they also have severe drawbacks, such
as high peak-to-average power ratio (PAPR) and high side
lobes in frequency domain, among others. Focusing on the
high side lobes, they force us to leave wide guard bands at both
sides of the band in order to reduce the out-of-band emissions
(OBE). Therefore the valuable spectral efficiency is reduced.

In the particular case of the downlink, filtered-OFDM (f-
OFDM) waveform [3] has been proposed to reduce the OBE
while keeping the backward compatibility with the deployed
network. However, the use of digital filters increases inter-
symbol interference (ISI) and the length of the cyclic prefix
(CP) should be increased, so reducing also the efficiency.
We propose a new technique which consists in adapting the
power of the OFDM signal with a spectral mask, which

is dynamically designed by the scheduler according to the
demanded rates and the channel quality of the served user
equipment (UEs). The scheduler will allocate the edge sub-
carriers to those users that require a lower power. Therefore,
the undesirable OBE are reduced while the performance is
guaranteed. Furthermore, this technique does not increase the
ISI and has therefore the same benefits as f~-OFDM without
its disadvantages. We will denote our proposed technique as
Power Adaptation (PA) technique.

The scheduler will consider the signal to interference plus
noise ratio (SINR) of the UEs in order to perform the resource
allocation (RA) and power optimization to decrease the OBE
and fulfill their data rate requirements. Moreover, in the con-
text of spectrum sharing for mMTC, [4] shows that f-OFDM
reduces the OBE allowing the deployment of additional signals
in its guard-bands. Hence, using the same scenario, we replace
the f-OFDM by the PA-OFDM to evaluate its performance
when additional signals are allocated in its guard-bands. We
analyze the performance in terms of SINR, and then we
propose a heuristic RA algorithm based on the computed
SINR, combined with the Water-Filling algorithm [5] which
provides a good performance for practical systems.

The remainder of the paper is organized as follows. In Sec-
tion II, we provide an explanation of the system model under
study. In Section III, we analyze the SINR for OFDM with
the PA technique and we present our proposed RA algorithm.
In Section IV, we show some numerical results to validate
the theoretical analysis and provide some understanding of
the best configurations for PA. Finally, in Section V, some
conclusions are pointed out.

Notation: x denotes a scalar value. x denotes a matrix where
x[m, n| denotes the element of the m-th row and n-th column.
|| stands for the smallest integer lower than x. mod(z,y)
is the modulo operation which retrieves the remainder of
dividing z/y. * denotes the convolution operation. o denotes
the component-wise product of two vectors.

II. SYSTEM MODEL

We consider two multi-carrier signals transmitted in con-
tiguous spectral resources in the downlink (see Fig. 1).
These two signals are transmitted from two different base
stations (BS) (BS;, i € {1,2}) towards several UEs. The
broad-band signal from BS; has K; data subcarriers, which
contain the multiplexed information to several eMBB UEs



(up € {0,1,...U; — 1}). The narrow-band signal from BS5
has K, data subcarriers, addressed to several mMTC UEs
(ug € {0,1,...Usz — 1}). With this scenario we are addressing
the case of a narrow-band mMTC signal being deployed in the
guard-band of the eMBB signal. We will use PA-OFDM for
the eMBB in order to facilitate this contiguous transmission
and a better utilization of the spectrum.

Fig. 1.

Parameters of two contiguous multi-carrier signals.

Let s; denote a vector containing the set of 1 x K; complex
information symbols to be transmitted, which belong to a
QAM constellation with unit power E [\sf] = 1. Note that,
in order to ease the analysis we up-sample the two signals.
Then, s; is mapped to sp ; of length K > K; + K5 according

si[k]
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where A; contains the mapping indices. Fig. 2 shows the
new signals sq1[k] and sgo[k], with ”0” corresponding to
the unmodulated subcarriers to allow different signals to be
overlayed. Note that .4; and As are disjoint sets.
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Fig. 2. Complex symbol mapping.

The modulated signal is obtained in blocks of K samples
according to the following expression

2wrkm
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where m indicates the time instant and b;(K; x 1) is a vector
where bZ[k] is the power of the symbols s ;. Note that, even
though b; is defined for both signals (i € {1,2}), the PA
technique is only applied in BS;. Before sending each block
of K samples, a cyclic prefix (CP) is added, so that the
expression of the signal to be transmitted is

m=0...K '1_1}’ 3)

Vep,, [m] = { m=—Lcp..

where Lop is the length of the CP. Note that, b; will be
dynamically computed by the scheduler in order to reduce the
OBE and satisfying the rates of all the UEs.

v;[m]
vi[m + K]

When the two contiguous multi-carrier signals are simulta-
neously transmitted (see Fig. 1), the received signal at a us-th
mMTC UE of interest is given by
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where v.,, and v, are precisely the reference and in-
terference signal vectors respectively, where the mismatch
between their carrier frequencies is characterized by e = mod
(D,Af)/Af, where D is the spectral distance of the two
multi-carrier signals measured in Hz (see Fig. 1) and Af is
the subcarrier spacing. Moreover, h; ,,, is the multi-path chan-

z[m] = ha,u, [m]*vep,, [m]e™

nel response representing small-scale fading E/ [|hi,w |2} =1,
between the BS; and us-th UE, and n[m] is the Additive
White Gaussian Noise (AWGN) with distribution n[m] ~
CN(0,02).

Given (4), assuming the CP is long enough to mitigate
the ISI, we should remove it and expanding the DFT, it is
straightforward to see that the received signal at subcarrier
ko € Az of ua-th mMTC UE is given by the addition of the
reference signal and the interfering one

ylko] = y1[ko] + y2[ko] + w[ko], 5)

where w[k] is the noise term in the frequency domain with

distribution w[k] ~ N(0,02), where 02 = Ko?2,
Y2 (ko] = Ha,u,[ko]s2[ko], (6)
o) = Y Huw,[lbi[l]s1[1]f[l = ko), )

le A

H, ,, and H, ,, are vectors of size (K x 1) which represent
the channel response in the frequency domain for each of the
two signals respectively to the uy-th mMTC UE, defined as

Z hiualm]e™ % )

zu2

fll — ko] = fld + €] is the sinc interference defined as
i j K-1
fld+d = sin(7 (d—ge)) eXp(jﬂ(d—l-ef)(( )), ©)
K sin ( ( +€))
where d = |D/Af]| is the integer number of subcarrier

spacings that separate the two multi-carrier signals (see Fig.
1). Note that, (7) reflects the inter-carrier interference (ICI)
produced by v, 1, (3).

III. SINR ANALYSIS AND INTERFERENCE REDUCTION

Following [4], the power of the interference signal received
at subcarrier kg of us-th mMTC UE of the reference signal
y2[ko] can be expressed by

2
07wy (ko] = E || D Hiwo 11 [F11 — kol]| | =
le A
= > B |IHuw[P] B | F] 171 - kol .
le Ay

(10)



Note that, as we mentioned before, b; varies with time.
Therefore, the SINR of the reference signal (6) for the us-
th mMTC UE is

| B Holko)]
SINRy, = o > RO

2 ko€ Az

Given (10) and (11), the scheduler of BS; should minimize
a?m [ko], Vko € Ag, which corresponds to maximizing the
SINR,,, by choosing b;, according to the demanded rates
and the channel quality of the U; eMBB UEs at a given
time instant. However, according to (10), the B.S; additionally
needs not only the channel state information of all mMTC
UEs, but also their RA information (only available in BS5),
which might correspond to a non-realistic situation. Hence,
assuming that the B.S; does not have any information about
mMTC UEs, we will minimize the interference without taking
into account the factor H; ,,,, which corresponds to the worst
scenario.

As we mentioned before, the K available data subcarriers
of v, 1 are shared by the U; eMBB UEs, hence the mini-
mization problem can be described as

in 2 Wk = holll D Xlk il b KIF ko € 45— 12)

(1)

sty Xkow] =1, Y Y X[ku] [b1[k]]* < Prga,
ul k uw

Treqlt1] < Tgrafur] =

by [K])* [ Ha [k, wi]|?
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(13)
where
H (K1 xUy) = [Hiu—0 Hiu—1 Hiu—v,-1],
(14)

Pz 1s the maximum available power at the BS, I'yeq(Ur X
1) and rg,.,(U; x 1) are the requested and granted rates re-
spectively, defined here as Shannon rates [6], and X (K x U;)
is the assignment variable defined as

1 resource k assigned to user u;
Xk, w] = { 0 resource k not assigned }
gned to user wuy

5)
and o7, [k] is the ICI caused by the mMTC UEs. However,
according to [4], this term is negligible due to the fact that
not only the mMTC signal is a narrow-band signal that rises
a low ICI, but also the performance of eMBB signal in terms
of error probability is not deteriorated when some of the edge
subcarriers are polluted by some interference. Thus, we can
omit this value in order to ease the optimization problem.

A. Optimal Solution

The expression given in (12) is a mixed-integer optimization
problem due to the assignment variable X combined with b;.
In order to find the optimal solution, which corresponds to the

lowest OBE, we should perform an exhaustive search (ES)
over the 2K1xU1 possible combinations of X, and for each
case perform the following optimization problem

min D/l = RollF I o € 4 (16)
by [K] [ | (K]
S.t. Ttreq S Afzu: zk:lOgQ (1 + T B
S bl < Proas
k
17
where
Ulfl
Ttreq = Z Treq[ul]- (18)
’LL1:0
U;—1
H{(Ki x1)= > X(1...Ky,u)o0Hy. (19)
ul:O

The described problem is convex, and it can be solved using
Langrage multipliers with two restrictions. However, it will be
infeasible if the BS; does not have enough power to grant the
demanded rates by the UESs. In this case the required data rates
should be lowered or the available power should be increased.

An alternative way to solve (16) is using the modified
Water-Filling (WF) algorithm to compute each value of by
considering only the rate restriction; the total power restriction
will be handled later. That corresponds to the well-known
weighted sum power minimization problem [5] and it is more
efficient than using two restrictions, so

by k]2 A o ' 20
fali] <|f[|kkom2|Hﬂk12> I

where ) is defined as

K,

1
e )\
A= o2 [ 2rreaml/AS (TT - 2D
k=1 |f[|k - kom

Next step will be to check the power restriction condition,
if b; does not satisfy it, we reduce the demanded rate and
recompute b; again. Finally, once we have computed the
2K1xUs possible solutions, we must choose the one that has
the minimum OBE, satisfying (16).

B. Proposed Low-Complexity Resource Allocation

We propose a heuristic RA algorithm, which requires much
less processing effort to achieve similar results compared to
the ES. The main idea is to reduce the amplitude value of
those subcarriers which are placed at the edges of the signal
band, close to the mMTC signals. Because the ICI caused
by one subcarrier decays linearly with the distance from it,
measured in Hertz, the edge subcarriers are mainly the ones
to rise the OBE interfering to the adjacent mMTC. Hence,
the edge resources will be allocated to the UEs that have the
highest channel gain H; and, at the same time, the lowest



TABLE I
PROPOSED LOW-COMPLEXITY RA ALGORITHM

k_1 = 1; % Start from the left edge

k_r = K_b; % Start from the rigth edge

for g=1:1
[~,idx_1]=sort(H_1(:,k_1),’descend’);
[~,sel_l]l=min(r_req(idx_1(1:2)));
[rq_l]=RequiredResources(r_req(sel_I),H_1);
% Repeat the same code for k_r

end

TABLE 11
SIMULATION PARAMETERS
K 1024 subc. Num. Chan. Realizations | 7 x 103
K1 600 subc. Channel Model ETU
Ko | upto 12 subc. | Af 15 KHz
Ks 12 subc. CP Length 72 samples

requested rate r,.,. These two conditions will guarantee that
b; at edge subcarriers will be as low as possible, because the
allocated UEs at both edge bands only need a tiny amount
of power to satisfy their requirements. Then, the UEs, that
have a low channel gain or demand a high data rate, are
allocated at the middle of the band with a higher power.
Therefore, the PA is a power control system that balances
the power, reducing the OBE and guaranteeing the overall
performance. Table I shows the pseudo-code, that selects the
eMBB UE with the lowest rate among the two (or more) UEs
with the highest channel gain. Then, the needed resources for
the chosen UE are computed, assuming that P,,,, is equally
distributed for all UEs. The proposed search method can be
efficiently executed in terms of time, outperforming the ES
that needs to try 251 %Y1 possible combinations.
Additionally, in practical systems the minimum amount of
resources that can be assigned to each UE is a set of K
subcarriers, often denoted as resource block (RB). Hence, the
K subcarriers are grouped into K RBs (K7 = Kj x Kj).
This consideration can be easily adopted in the mentioned RA
algorithm, and for the sake of space we omit the details.

IV. NUMERICAL RESULTS

In this section we show some simulation results to verify
the theoretical analysis and the effectiveness of our proposed
RA.

A. Validation of the theoretical analysis

Table II shows the main parameters used in the simulations

of this sub-section, based on the numerology of LTE with

TABLE III
EXAMPLE OF ENHANCED EFFICIENCY USING PA-OFDM.
Ko for each
o (dB) end of the band K n

-3 12 608 | 91.2%
-3 24 616 | 92.4%
-6 12 616 | 92.4%
-6 24 624 | 93.6%
-3 12

% B 622 | 93.3%

TABLE IV
COMPARISON BETWEEN ES AND PROPOSED RA ALGORITHM

Number of threads | Time [ms]
ES + WF 1 104.3
proposed RA + WF 1 31.21

ICI Power

—&— OFDM - Simulation SINR

| |—=—PA-OFDM - Simulation SINR
—+— OFDM - Analytical SINR

—+— PA-OFDM - Analytical SINR

SINR(dB)

Fig. 3. Comparison of SINR with € = 0.5 and K7 = 600.

10M H z bandwidth. For the simulation results of Fig. 3, by

is defined as
B 1 k=0...(Ki—Ky—1)
bl[’f]—{ 10920 | = (Ky — Ko)... (K —1) [ %2

where o« = —3dB and Ky = K, (one RB). Fig. 3 shows
the performance according to our analytical model and the
simulation results of SINR for OFDM with and without the PA
technique. We can see that our model fits well the simulation
results and the OFDM with PA outperforms traditional OFDM
(without PA) by about 2.5dB.

B. Spectral Efficiency of PA
Currently, in LTE, the spectral efficiency is defined as

(7 AfXKl 15KHZXK1

") = =W T tommEs
and it has the value 7 = 90%. The PA technique can improve
this value by increasing the number of the available subcarriers
K, while keeping the same power of interference due to the
OBE U% at a reference subcarrier k. In this example, let us
define the set A; = [—511...512], we focus on kg = 330,

and b, is defined again by (22), where the different values of

(23)

OFDM

—©— OFDM-PA Exhaustive
,,,,, OFDM-PA Heuristic

Interference Power ( nz[ko]) [dBW]

10 20 30 40 50 60 70 80 90 100
Channel Iteration

Fig. 4. Comparison of the performance of the scheduling.



TABLE V
EXAMPLE OF RA FOR PA-OFDM

ur | SNRWB) | a(B) | SNRequivatent@B) | trea | oiinr | pa'dion | Corom | A -OSDM
0 28.59 -15.94 12.65 51.36 113.99 51.36 1 1
1 17.96 -03.26 14.70 236.77 287.48 236.77 4 4
2 07.13 0 08.47 936.48 661.22 757.13 21 21
3 12.46 -0.39 12.07 98.35 101.25 98.35 2 2
4 26.47 2.84 29.30 1050.77 980.57 1051.60 10 9
5 03.18 -0.45 02.73 36.54 38.95 36.54 2 2
6 21.55 -4.49 17.06 68.36 86.03 68.36 1 1
7 16.27 -1.85 14.42 290.48 326.31 290.48 5 5
8 09.68 -1.10 08.58 109.40 121.07 109.40 3 3
9 24.28 -9.83 14.44 69.87 96.85 116.35 1 2

Gain [WiW]
Gain [WIW]

1 15 20 25 0 3B 40 45 50

o s 10 15 2 25 3 3 40 45 5 o s
fr Index Subcartier Index

(a) Conventional scheduling. (b) Smart scheduling.

Fig. 5. Illustration of the scheduling of OFDM with and without PA technique.

« and K are defined in the first column of Table III. In order
to make this example more realistic we have set Ky = cKj,
where (¢ € {1,2,... Kp}) making K, correspond to ¢ RBs.
In Table III, we can see the improvement of 7 up to 93.6%
with PA-OFDM, and it is similar to f~-OFDM [4], but without
the increase of ISI.

C. RA with PA-OFDM

In Fig. 4, we can see a comparison of the performance
of our proposed RA algorithm compared to the ES and the
traditional OFDM, for the case of U; = 2 UEs sharing K; = 4
RBs with 100 channel iterations. The measured interference
power o2 [ko| corresponds to the contiguous subcarrier of the
signal band (kg = Kj x K+ 1). We can clearly see that our
proposed method has the same performance as the ES using
smaller execution time, as it is shown in Table IV (simulated
in Intel Core-i7@3.7 GHz with up to 8 threads) and always
outperforms the traditional OFDM. When U; and K, (or K)
become higher, the ES is not feasible in realistic systems.
On the contrary, our RA method can achieve a low OBE in
realistic systems.

Once the proposed method has been validated, we provide
an example, whose details are described in Table V. It shows
U; = 10 UEs sharing K, = 50 RBs in one OFDM symbol,
where each user has its own measured Signal to Noise Ratio
(SNR;) and demanded rate r,.,. Fig. 5a, shows the typical
power per subcarrier in the current LTE system. Note that in
this example the UE u; = 4 is demanding a high data rate
and the system cannot satisfy this requirement with traditional
OFDM (see Table V). Fig. 5b presents the variable power
per subcarrier of the PA technique, where the UEs that are

demanding low rates are allocated the edge RBs with the
lowest power, and the others are placed in the middle with
a higher power. Note that the rate demanded by UE u; = 4
is satisfied thanks to the use of the amount of power left due
to the attenuation of the edge UEs. This example shows that
PA also brings the possibility to grant more flexibility for the
RA helping to better satisfy the rate required by all UEs.

V. CONCLUSIONS

In this work we have proposed a new PA technique applied
to OFDM. Based on the SINR analysis, we have seen that it
is capable of reducing the OBE and avoiding the ISI increase
due to the filtering, making it a good candidate with respect to
traditional OFDM or f-OFDM, not only to be adopted in the
current 4G systems, but also for the next 5G where mMTC
and eMBB must coexist.

Numerical results have verified the effectiveness of our
proposed RA algorithm for a realistic mobile communications
scenario, showing that OFDM with PA is a good solution
that enables an efficient use of spectral gaps with a greater
flexibility to satisfy the demands of the UEs.

ACKNOWLEDGMENT

This work has been partly funded by projects MACHINE
(TSI-100102-2015-17), TERESA-ADA (TEC2017-90093-C3-
2-R) (MINECO/AEI/FEDER, UE) and ELISA (TEC2014-
59255-C3-3-R).

REFERENCES

[1]1 Evolved Universal Terrestrial Radio Access (E-UTRA), Physical channels
and modulation (Release 13), 3GPP Std. 36.211, 2016.

[2] A. A. Zaidi, R. Baldemair, H. Tullberg, H. Bjorkegren, L. Sundstrom,
J. Medbo, C. Kilinc, and I. D. Silva, “Waveform and numerology to
support 5G services and requirements,” IEEE Communications Magazine,
vol. 54, no. 11, pp. 90-98, November 2016.

[3] X. Zhang, M. Jia, L. Chen, J. Ma, and J. Qiu, “Filtered-OFDM - Enabler
for Flexible Waveform in the Sth Generation Cellular Networks,” in 2015
IEEE Global Communications Conference (GLOBECOM), Dec 2014.

[4] K. C. Hu and A. G. Armada, “SINR Analysis of OFDM and f-OFDM
for Machine Type Communications,” in 27th Annual IEEE International
Symposium on Personal, Indoor and Mobile Radio Communications,
PIMRC, Sep 2016.

[5] D. D. Yu and J. M. Cioffi, “Iterative water-filling for optimal resource
allocation in OFDM multiple-access and broadcast channels,” in IEEE
Globecom 2006, Nov 2006, pp. 1-5.

[6] C.E. Shannon, “Communication in the presence of noise,” Proc. Institute
of Radio Engineers, vol. 37, no. 1, pp. 10-21, 1949.





