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Abstract—This paper presents a resource allocation (RA)
strategy for bit interleaved coded UFMC (BIC-UFMC) com-
munications to be applied in an Internet of Things scenario
characterized by short packets. The proposed RA strategy selects
the best transmission parameters (TPs), i.e. code rate, bit loading
(BL), power allocation (PA) and number of multicarrier symbols,
by maximizing the goodput (GP) metric, defined as the number
of correctly received information bits per unit of time, over a
frequency-selective fading channel. The results are twofold: i) the
GP performance of the BIC-UFMC system is further boosted by
the best choice of the TPs compared to the case of Uniform PA
and BL and a previous GP-based RA solution, named Classical
RA; ii) considering the frequency offset, the combination of RA
and BIC-UFMC reveals to be more robust, i.e. providing higher
bit/s/Hz, than the Uniform and Classical cases.

I. INTRODUCTION

Internet of Things (IoT) is playing a crucial role in the
fifth generation (5G) mobile network, changing the paradigm
of communications from human-to-human to machine-to-
machine (M2M). Consequently, IoT requirements are ex-
tremely various, depending on the nature of the IoT sensors
and on the specific application. However, IoT entities have at
least one common feature represented by the small amount
of exchanged data, so we can suppose IoT communications
can be characterized as a sporadic short-packet transmissions
[1]. Furthermore synchronization procedure can be coarse,
allowing energy savings at the expense of small time and fre-
quency misalignments. The traditional Orthogonal Frequency
Division Multiplexing (OFDM) waveform developed for the
fourth generation (4G) networks may not be suitable for
the IoT features mentioned above. Indeed, OFDM exploits
a strict synchronization procedure to preserve orthogonality,
which causes high signalling overhead, which is in contrast
with sporadic and short packets communication. In the light
of the above, new 5G waveforms, falling within the cate-
gory of non-orthogonal and asynchronous modulations, have
been proposed to overcome the limitation of synchronism
and orthogonality required by the 4G physical layer. For
example, Filter Bank Multicarrier (FBMC) [2] provides per-
subcarrier filtering, increasing robustness against the effects of
misalignment, but time efficiency, defined as the ratio between
information carried by the multicarrier symbol and its overall
length, decreases due to the long filter length required for
having narrow filtering. Another important 5G waveform is the

Generalized Frequency Division Multiplexing (GFDM) [3],
which is based on per-subcarrier circular filtering of a block of
symbols. Universal Filtered Multicarrier (UFMC) comes out as
a tradeoff between OFDM and FBMC [4]. UFMC processing
groups subcarriers into subbands, on which IFFT and filtering
are performed. UFMC increases robustness against time and
frequency offset, improving the spectral efficiency and reduc-
ing out-of-band emissions without losing OFDM advantages
[5]. In parallel with the study of novel waveforms, the efficient
resource allocation (RA) of the transmission parameters (TPs)
comes out as one of the main challenges to be met in the 5G
physical layer wireless communications [1].

In this paper, we present a RA strategy for a bit interleaved
coded UFMC (BIC-UFMC) system for short packets commu-
nications over a frequency-selective fading channel, assuming
perfect knowledge of channel state information (CSI). We also
include the BIC modulation, in order to improve the systems
performance as shown in [6]. The proposed scenario is far
from the typical IoT one because we choose to focus on the
RA of a single IoT entity in order to maximize its performance
before to extend the results to a more complex scenario. Given
that the proposed waveform can easily coexist with the 4G
OFDM [5], in our paper, IoT sensor can use a LTE-like version
of UFMC for communicating with a UFMC eNB exploiting
the mobile network infrastructure. The presented RA solution
chooses the best TPs by maximizing the goodput (GP) metric,
defined as the number of correctly received information bits
per unit of time [7]. The GP metric is exploited because it
is a suitable solution to evaluate the performance of packet-
oriented systems. In the previous work [8][9], the RA strategy
was based on the optimization of the TPs, i.e. code rate, bit
loading (BL) vector, representing the number of bits loaded
over the subcarriers and power allocation (PA) vector. Here
instead, we further include the number of multicarrier symbols
to transmit a packet. In detail, we adapted the strategies
proposed in [10] and [11], by modifying the RA problem, in
order to maximize the reliability over the IoT link, where very
short packets are transmitted. Numerical results confirm that
the presented RA strategy is an excellent method to allocate
the TPs with respect to the original PA and BL methods and
the uniform BL and PA case. Finally, the robustness of the
presented RA in the presence of frequency offset was evaluated
and compared to the GP performance of conventional BIC-



OFDM transmission.
Notations. Vectors are in in bold, [·]T is the transpose operator,
bxc is the lower integer of x, {x}a ∆

= max{a, x} and N is the
set of natural numbers.

II. SYSTEM MODEL

The classical IoT scenario is composed by hundreds of
entities which want to communicate at the same time. Here,
we concentrate our efforts on just one of this entities, assum-
ing an uplink LTE-like communication and focusing on its
resource allocation strategy for improving the communication
performance. The BIC-UFMC system receives packets from
a data link layer, with a packet length of Nu bits, which
are divided in Np bits of payload and NCRC bits of cyclic
redundancy check (CRC). The BIC block encodes the Nu

bits, with a code rate r ∈ Dr
∆
= {r0, · · · , r|Dr|}, and

interleaves the bits. Subsequently, the sequence of interleaved
and coded bits is processed by the UFMC modulator, shown
in Fig. 1, which will transmit the bits from one packet by
means of U multicarrier symbols. In order to simplify the
description of the system model, we illustrate the UFMC
signal processing, considering a single multicarrier symbol. In
detail, the bits are loaded over N subcarriers, according to the
BL vector m ∆

= [m0, · · · ,mN−1]T, whose generic element
mn ∈ Dm

∆
= {0, · · · ,mmax} represents the number of bits

on the n-th subcarrier, from 0 to mmax. The loaded bits are
Gray-mapped to complex symbols, employing the unit-energy
constellation χn

∆
= 2mn -QAM, ∀n ∈ N ∆

= {0, · · · , N − 1},
obtaining the vector s ∆

= [s0, · · · , sN−1]T. The vector s
is element-wise multiplied by the square root of the PA
vector p ∆

= [p0, · · · , pN−1]T satisfying the condition that∑N−1
n=0 pn ≤ Ptot, where Ptot is the available power. The

resulting vector X ∆
= [X0, · · · , XN−1]T, with Xn

∆
=
√
pnsn, is

split over B subbands, each composed of D subcarriers, so that
N = BD. The partition of X for the generic subband i ∈ B ∆

=
{0, · · · , B−1} is defined as Xi

∆
= [XiD, · · · , XiD+D−1]T. In

each subband an IFFT, with size NFFT, of Xi is performed,
obtaining the time-domain vector xi. The vector xi is then
filtered by a Dolph-Chebyshev finite impulse response (FIR)
filter qi

∆
= [qi,0, · · · , qi,L−1]T, with 60 dB of side lobe

attenuation and length L, tuned to the i-th subband by a
normalized frequency shift ωi

∆
= D−1

2 + iD, ∀i ∈ B. At the
output of each filter, the generic u-th element zi,u is given by

zi,u
∆
=

NFFT−1∑
m=0

xi,mqi,u−m. (1)

The vectors zi
∆
= [zi,0, · · · , zi,NFFT+L−1 ]T from all subbands

are element-wise summed and finally the resulting multicarrier
symbol z ∆

=
∑B−1
i=0 zi is sent over a frequency-selective fading

channel; the channel impulse response (CIR) h is assumed
stationary for the whole transmission of a packet. Considering
only one multicarrier symbol, the received signal in the time-
domain turns out to be

rl
∆
=

NFFT+L−1∑
m=0

zmhl−m + wl, (2)

Fig. 1. UFMC architecture

where l = 0, · · · , NFFT+L+LCH−3, LCH is the length of the
channel impulse response and w(l) ∈ CN (0, σ2) is a sample
of complex Gaussian noise. The first NFFT + L− 1 samples
of the received signal (2) are zero-padded and processed by an
FFT of size 2NFFT. The resulting samples are down-sampled
by factor 2, taking only the even-indexed subcarriers [4]. So
the frequency-domain sample corresponding to the subcarrier
k is

Yk
∆
= Hk

B−1∑
i=0

Qi,kX̃i,k + Ik +Wk, (3)

where k = 0, 2, · · · , 2NFFT−2, Hk, Qi,k, X̃i,k and Wk repre-
sent the generic k-th element of the 2NFFT-FFT output related
to the CIR h, FIR filter qi, symbols xi and ambient noise
respectively. Furthermore, Ik is the interference contribution
analyzed in [12], which includes the intercarrier interference
(ICI) due to the FFT processing of only NFFT+L−1 samples
from (2), the intersymbol interference (ISI) as a result of the
overlapping of consecutive multicarrier symbols and also an
amplitude reduction factor of the useful signal due to the non-
orthogonality. Given that a 2NFFT-FFT is used, X̃i,k can be
written as

X̃i,k = X k
2

=
√
p k

2
s k

2
, for

k

2
= iD, · · · , iD +D − 1. (4)

Therefore, eq. (3) becomes

Yn
∆
= HnQi(n),n

√
pnsn + In +Wn, (5)

with n ∈ N and i(n)
∆
= bn/Dc, i(n) ∈ B. After the UFMC

receiver processing, the signal (5) is equalized by a zero
forcing (ZF) equalizer and is soft-decoded.

III. GOODPUT PERFORMANCE METRIC

The GP is an useful metric for providing reliable informa-
tion about the link performance when modulation and coding
schemes are employed. The actual GP performance value can
be estimated by means of a function called expected GP (EGP)



[11], which is the objective function of the RA problem. We
approximate the signal (5) as

Yn ∼= HnQi(n),n
√
pnsn +Wn, (6)

by discarding the interfence term In. Its effect is attenuated by
the subband filtering qi, ∀i ∈ B, as shown in [12], making the
UFMC signal quasi-orthogonal and allowing to easily exploit
the EGP function. Nevertheless, in Sec. V, the interference
term In has been evaluated, confirming the validity of the
approximation (6). Starting from Eq. (6), the received signal
to noise ratio (SNR) vector, normalized by the transmitted
power, can be defined as Γ

∆
= [γ0, · · · , γN−1]T, where its

generic element is

γn
∆
=
|Hn|2

∣∣Qi(n),n

∣∣2
σ2

. (7)

The EGP can be expressed in bits/s/Hz as [11]

ζ(φ,U,p)
∆
=

NFFT

NFFT + L− 1

Np

UN
[1− Φr(γeff)], (8)

with U
∆
= Nu/r

∑N−1
n=0 mn the number of multicarrier sym-

bols of a packet, φ ∆
= (r,m) the transmission mode (TM) and

NFFT/NFFT +L−1 is a normalization factor for considering
the filter length. Moreover, Φr(γeff) represents the packet error
rate (PER) of the link, which depends on the effective SNR
γeff . The effective SNR is calculated by exploiting the κESM
link performance prediction (LPP) method and its formula is
given by [11]

γeff , − log

[
1∑N−1

n=0 mn

N−1∑
n=0

α(mn)e−pnγnβ(mn)

]
, (9)

where α(mn) and β(mn) are constant values depending only
on the size mn, ∀n ∈ N , of the QAM constellation.

IV. RESOURCE ALLOCATION PROBLEM AND SOLUTION

The purpose of the RA technique is to efficiently cal-
culate the best PA vector p∗ ∆

= [p∗0, · · · , p∗N−1]T and TM
φ∗

∆
= (r∗,m∗), where m∗ ∆

= [m∗0, · · · ,m∗N−1]T is the best
BL vector, by maximizing the EGP function (8). Furthermore,
unlike previous work [8], the RA strategy selects the best
number of multicarrier symbols U∗ to transmit the packet. The
CSI required to the RA strategy is the SNR vector Γ, which is
sent from the receiver to the BIC-UFMC transmitter through
a feedback channel as depicted in Fig. 1, under the hypothesis
of perfect estimation of Γ. Therefore, the RA optimization
problem (OP) can be introduced as follows

(φ∗,p∗, U∗) = arg max
φ,p,U

{ζ(φ,U,p)}

s.t. φ ∈ Ψ

∆(m) = C(r)
U

N−1∑
n=0

pn ≤ Ptot

, (10)

where Ψ
∆
= Dr × Dm is the set of feasible TMs, ∆(m)

∆
=∑N−1

n=0 mn and C(r)
∆
= Nu/r is the number of coded bits for

a packet. Allow us to make a brief remark on the constraint
∆(m) = C(r)/U in (10). This constraint has been included
with the aim of equally dividing the coded bits over the number
of UFMC symbols U . In [8] this constraint was not considered,
which lead to a bit allocation and code rate that maximize the
goodput of a single multicarrier symbol. However by using
these TPs, it was very likely that the last multicarrier symbol of
a packet was only partially used. The last multicarrier symbol
had only a limited influence on the performance in [8], because
these scenarios required the transmission of many multicarrier
symbols for transmitting a single packet. Instead in this work,
we consider short packets that require the transmission of
only a few multicarrier symbols. By loading less bits on the
different subcarriers or by using a lower code rate, we can fully
utilize different UFMC symbols and are thus able to increase
the reliability of the system.

We will tackle the joint OP (10), by separating it in the
following two subproblems.

1) Given uniform PA (UPA), pn = Ptot/N , ∀n ∈ N , the
best TM φ∗ and number of UFMC symbols U∗ are
derived;

2) The best PA vector p∗ is calculated.

A. TM Solution

Given UPA, the TM OP is

(φ∗, U∗) = arg max
φ,U

{ζ(φ,U)}

s.t. φ ∈ Ψ

∆(m) = C(r)
U

. (11)

The problem (11) can be solved by means of the greedy algo-
rithm from [10] with the aim of reducing the computational
complexity to O(DrN logN) with respect to an exhaustive
search of φ∗ and U∗. In detail, for a given code rate r, the
best BL vector is calculated with the greedy algorithm for
U = 1, 2, 3, · · · . For each U , the algorithm finds a BL vector
m, which satisfies the constraint ∆(m) = C(r)/U . Finally,
the value of U , which yields the largest EGP, is selected. The
procedure is repeated for each code rate r ∈ Dr in order to find
the best TM φ∗ and U∗. By the way, a clarification is needed:
the greedy algorithm is time consuming and this drawback can
limit its utilization only on IoT applications without very low
latency requirements.

B. PA Solution

The best PA vector p∗ is found by the following OP

p∗ = arg max
p

{ζ(φ∗, U∗,p)}

s.t.
N−1∑
n=0

pn 6 Ptot

pn > pmin, ∀n ∈ Ñ

, (12)

where Ñ ∆
= {∀n ∈ N : mn 6= 0} and pmin is the minimum

allocated power. The pmin value is necessary to avoid that
the PA process turns off some subcarriers, thus holding the
constraint ∆(m) = C(r)/U . From the EGP function (8), we
see that the EGP maximization over p is equal to minimize



the numerator of the log function in γeff (9). Thus, the PA OP
becomes

p∗ = arg min
p

{f(p)}

s.t.
N−1∑
n=0

pn 6 Ptot

pn > pmin, ∀n ∈ Ñ

, (13)

where

f(p)
∆
=

N−1∑
n=0

α(m∗n)e−pnγnβ(m∗
n). (14)

Proposition 1. The OP (14) is convex [13] whose solution,
∀n ∈ Ñ , is given by

p∗n
∆
=

{
1

γnβ(m∗n)

[
log

1

ϑ
− log

(
1

γnα(m∗n)β(m∗n)

)]}pmin

.

(15)
Proof. See Appendix A. �

The value of pmin is computed only once, before starting the
transmission, as

p∗min =

SNRmax∑
i=SNRmin

arg max

p
(i)
min

{EH{ζ(φ,U,p)}}

NSNR

s.t. 0 < p
(i)
min 6

Ptot

N

, (16)

where EH {·} is the expectation operator with respect to the
frequency channel vector H and NSNR is the steps number of
SNR interval. Table I summarizes the RA pseudo-code.

1) Initialize: code rate vector r = [r1, · · · , rmax]T, ζtemp = 0

2) For i = 1 : length{r}
3) Evaluate: C(r[i]) and φ[i] = argmax

m∈Dm
∆(m)=C(r[i])/U

{ζ(m, r[i]), U)},

for U = 1, 2, · · · until ζ(m[i], r[i]), U + 1) < ζ(m[i], r[i]), U)

where φ[i] = (m[i], r[i]);
4) If ζ(m[i], r[i]), U} > ζtemp

5) Set: φ∗ = φ[i], U∗ = U , ζtemp = ζ(m[i], r[i]), U};
6) End If
7) End For
8) Evaluate: p∗n, ∀n ∈ Ñ , in (15);
9) Return φ∗, U∗ and p∗;

TABLE I
RA PSEUDO-CODE

V. NUMERICAL RESULTS

The usefulness of the proposed RA strategy, which we
call Constrained RA, is shown for the transmission of short
packets. In particular, the Constrained RA is compared to the
Classical RA, which uses BL and PA of [8], and also to
a lower bound called Uniform RA, which applies uniform
PA p∗n = Ptot/N and uniform BL m∗n = m∗, ∀n ∈ N .
The GP performance is measured by averaging the number
of bits/s/Hz correctly received on the total amount of Npkt

= 1000 transmitted packets for each SNR value. Thus, the
average GP (AGP) is calculated as

ζ̄
∆
=

NFFT

NFFT + L− 1

Np

NNuNpkt

Npkt−1∑
i=0

r∗i

N−1∑
n=0

m∗i,nδ(i), (17)

where δ(i) = 1 if the i-th packet is correctly decoded
and 0 when it is discarded, and r∗i and m∗i,n, ∀n ∈ N ,
represent the best TM for the i-th transmitted packet. Table
II summarizes the set of simulation parameters, which are
referred to the LTE standard with 10MHz channelization [14]
and the payload length Np is chosen on the basis of the user
datagram protocol (UDP). Moreover, the extended vehicular A
(EVA) channel [15] and the modified COST231 Hata path loss
(PL) model [16] are implemented, considering independent
channel realizations for each transmitted packet. The SNR
points are calculated as SNR

∆
= Ptot/(PnoiseΘ) by varying

Ptot, with Θ the PL value. A convolutional code is exploited
to simplify the soft-decoding, however, a turbo code can be
applied as well, by adding an adjusting factor in Eq. (9) [17].

First of all, in order to validate the approximation of
the received signal in (6), we measure the interference at
the output of the ZF equalizer, evaluating the mean square
error (MSE). Thus, calling X̂i,n as the zero-forcing equalized
version of Yi,n, the MSE is given by

MSE
∆
=

1

Npkt

Npkt−1∑
i=1

N−1∑
n=0

|X̂i,n − si,n|2

N
, (18)

in absence of ambient noise and fixing the code rate r =
1/2. The MSE value due to interference is around −58 dB,
therefore the approximation in (6) is justified. This means that
the interference on the signal is well attenuated by the presence
of the filter q.

After checking the correctness of the signal model required
for the RA, the comparison of the Constrained, Classical and
Uniform RAs can be shown. Figure 2 clearly depicts the excel-
lent AGP performance of the Constrained RA, obtaining a con-
stant gain compared to the Classical and Uniform strategies, up
to the maximum GP calculated as GPmax = Np/N = 1.25
bits/s/Hz. It is to be emphasized that, the Constrained RA
provides a better GP performance than Classical and Uniform
algorithms, because the spectral efficiency is maximized. In-
deed, the available subcarriers are always used. Instead, the
aim of the Classical RA is only to maximize the EGP function,
not considering the length of a packet. Therefore, more bits
than necessary could be allocated in the BL vector with
the Classical strategy and consequently not all the available
subcarriers will be exploited. Figure 3, instead, compares EGP
and AGP values in order to verify if the EGP function (8)
properly estimates the GP link performance. As can be seen,
the value of AGP and EGP are quite close. Now, we include in
the received signal a frequency offset, which is time-domain
formalized for the subband i as [4]

ci,m
∆
= e

j2πεm
NFFT ,∀i ∈ B, (19)



where m = 0, · · · , NFFT+L−1 and ε is the carrier frequency
offset (CFO) normalized for the subcarrier spacing. In the
first simulation, Constrained, Classical and Uniform RAs are
compared to each other. As Fig. 4 depicts, the Constrained
RA considerably makes the system more robust. The excellent
result is explained by the fact that the BL algorithm loads
only the required bits to transmit the packet. Considering that
the packet has a short length, few bits are transmitted over
all the available subcarriers, being able to select a reduced
QAM constellation and a low code rate with the result that
the reliability of the transmission is maximized. Finally, the
GP performances of the BIC-UFMC and BIC-OFDM systems
are compared, using the Constrained RA. In order to ensure
a fair comparison, the ambient noise variance for the BIC-
OFDM is set to σ2

OFDM = σ2(NFFT/NFFT + L − 1), the
cyclic prefix is CP = L−1 and the CFO is imposed equal for
the whole bandwidth [12]. As expected, Fig. 5 shows that for
CFO values around 0, BIC-UFMC and BIC-OFDM systems
return the same performance, because the non-orthogonality
that characterizes an UFMC signal, which is included in the
term In, ∀n ∈ N , is negligible. Instead, by increasing the
CFO, the BIC-UFMC can provide better GP performance,
because the N subcarriers are divided in subbands, which are
filtered, thus the whole interference is attenuated. However,
the gap between the two curves in Fig. 5 is not particularly
big, demonstrating that the Constrained RA is able also to
increase the robustness of a BIC-OFDM transmission.

Simulation Parameters Value
Information bits (Np) 150
CRC (NCRC) 32
Subcarriers (N ) 120
Subbands (B) 10
FFT size 1024
Bandwidth 10 MHz
QAM modulation order (mn) 2, 4, 6
Convolutional code rate (r) 1/2, 2/3, 3/4, 5/6
Noise power in bandwidth (Pnoise) -100 dBm
Variance ambient noise (σ2) Pnoise/N
Distance transmitter-receiver 141 m
Minimum power per subcarrier (p∗min) 0.53(Ptot/N)

TABLE II
SYSTEM PARAMETERS

VI. CONCLUSIONS

We presented a Constrained RA strategy that selects code
rate, modulation format, power distribution across subcarriers
and the number of multicarrier symbols for transmitting a short
packet. From the results, it is clear that: i) our solution can
further boost GP performance compared to the Classical and
Uniform RAs; ii) in presence of CFO, a significant gain in
terms of robustness is obtained compared to Uniform and
Classical RAs and also combining the classic BIC-OFDM
with the Constrained RA. Therefore, the imposed constrain
∆(m) = C(r)/U was confirmed to be an optimal modifi-
cation to adapt the Classical RA for a possible IoT scenario
characterized by short packets.

Fig. 2. Comparison of the RA strategies

Fig. 3. EGP vs AGP

APPENDIX A

From the convex OP (14), the Lagrangian is written as

L(p∗0, · · · , p∗N−1, λ0, · · · , λN−1, ϑ)
∆
=

∆
=

N−1∑
n=0

α(m∗n)e−p
∗
nγnβ(m∗

n) −
N−1∑
n=0

λn(p∗n − pmin)+

+ϑ

(
N−1∑
n=0

p∗n − Ptot

)
, (20)

where λ0, · · · , λN−1, ϑ are the Lagrange multipliers. By ap-
plying the Karush-Kuhn-Tucker (KKT) conditions [13], the
following equations are obtained:

∂L
∂p∗n

∆
= −α(m∗n)γnβ(m∗n)e−p

∗
nγnβ(m∗

n) − λn + ϑ = 0, (21)

p∗n > pmin, (22)



Fig. 4. Comparison of the RA strategies (SNR = 28 dB)

Fig. 5. BIC-UFMC vs. BIC-OFDM with Constrained RA (SNR = 28 dB)

N−1∑
n=0

p∗n ≤ Ptot, (23)

λn > 0, (24)

λn(p∗n − pmin) = 0. (25)

Thus, from Eq. (21), λn is calculated, which is replaced in
(25) in order to obtain the optimal power p∗n (15), ∀n ∈ Ñ ,
according to (22) and (24). The solution (15) represents the
typical water-filling solution [13], where log(1/ϑ) is the
water level evaluated so that

∑N−1
n=0 p

∗
n = Ptot.
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