
Two-Step Resource Allocation for BIC-UFMC
Wireless Communications

C. Vitiello, P. Del Fiorentino, V. Lottici,
F. Giannetti and M. Luise

Department of Information Engineering
University of Pisa, Italy

E. Debels and M. Moeneclaey
Department of Telecommunications

and Information Processing (TELIN)
Ghent University, Belgium

Abstract—This paper outlines an efficient resource allocation
(RA) algorithm for packet-oriented Universal Filtered Multi-
Carrier (UFMC) communications with bit interleaved coded
(BIC) modulation. Assuming perfect synchronization and perfect
knowledge of the channel, the proposed RA strategy optimizes
the coding rate, bit loading and power distribution within
the subbands and the subcarriers of the BIC-UFMC system
maximizing the goodput (GP) metric. The bit loading operation is
implemented by means of a greedy algorithm in order to reduce
the computational complexity of the overall RA. In the presence
of a frequency-selective fading channel, we show an improvement
of the GP around 0.5 bit/s/Hz in comparison with a uniform bit
and power allocation.

Index Terms—UFMC, BIC, Resource, Goodput, Bit Loading

I. INTRODUCTION

Internet of Things (IoT) is revolutionizing wireless commu-
nications influencing the future developments of next mobile
network [1], changing also traffic characteristics toward spo-
radic communications of very short packets carrying few infor-
mation bits. Traditional multicarrier modulation developed for
fourth-generation (4G) network, i.e. OFDM, shows advantages
in terms of robustness against fading and low complexity
modulation and demodulation algorithms, achieving efficiency
on high-rate mobile communications. However, OFDM could
not be suitable for a typical IoT communications. Indeed,
OFDM requires highly complex synchronization algorithms
in order to preserve orthogonality, which are in contrast with
the energy saving principle of the IoT. Therefore, OFDM
could be unsuitable for the future fifth-generation (5G) net-
work, because if the synchronization procedure is not per-
fect, Inter Carrier Interference (ICI) occurs and the system
performance falls down. Furthermore, high sidelobe levels
make OFDM sensitive to interference in case of spectrum
sharing, cyclic prefix (CP) length decreases spectral efficiency
and latency does not allow real-time communication, i.e. for
Tactile Internet [1]. For the reasons above, new waveforms
have been proposed.Universal Filtered Multi-Carrier (UFMC)
groups subcarriers into subbands, in which IFFT and fil-
tering are performed, satisfying 5G requirements, increasing
robustness against both time and frequency misalignment and
improving energy and spectral efficiency[2], [3]. In parallel
with the study of novel waveforms for the next fifth generation
(5G), the efficient resource allocation (RA) of the transmission
parameters comes out as one of the main challenges to be

met in the 5G wireless communications [4], [5]. Moreover,
advanced coding schemes such as bit interleaved coded (BIC)
modulation demonstrated to the system performance [6]. In
this paper, we tackle the RA problem for BIC-UFMC systems,
starting from our previous work [7], where a preliminary RA
strategy with uniform bit allocation has been introduced, also
considering frequency misalignments. In detail, a robust and
computationally efficient RA mechanism is presented for a
packed-oriented BIC-UFMC transmission over a frequency-
selective fading channel under the hypothesis of perfect
synchronization and perfect knowledge of the channel. The
RA problem is based on the maximization of a particular
performance metric, i.e., the goodput (GP) [8]. We exploit the
GP, because it is a more suitable metric to evaluate the actual
performance of packet-oriented systems employing practical
modulation and coding schemes. In particular, the objective
function of the RA problem is an estimation of the GP, called
estimated GP (EGP), which has been presented in [9]. The
derived RA technique is divided in two parts. In the first
step, the code rate for the BIC block is selected together
with the modulation scheme and the power allocation (PA)
vector over the UFMC subbands. In the second step, a bit
allocation (BA) vector and a PA one are derived for the
subcarriers belonging to each subband. Numerical results show
the efficiency in terms of GP of the RA for BIC-UFMC, which
has been compared with transmission having uniform BA and
PA vectors.
Notations. Vectors are in bold, [·]T is the transpose operator,
bxc is the lower integer of x and [x]+

∆
= max{0, x}.

II. SYSTEM MODEL

In this paper we consider a packet-based BIC-UFMC
communication, which scheme is depicted in Fig. 1, over a
frequency-selective fading channel, which is assumed to be
stationary for the whole transmission duration of a packet.
Each transmitted packet is composed by Nu bits, Np of
which are information and NCRC are cyclic redundancy
check (CRC). These Nu bits are encoded with rate r ∈
Dr

∆
= {r0, · · · , r|Dr|}, obtaining Nc coded bits that are

subsequently randomly interleaved. After the BIC block, the
signal passes in the UFMC modulator. The Nc bits are
transmitted using B subbands, each one composed of D
subcarriers, giving a total number of N = BD subcarriers.



At the subcarrier level, therefore, the coded bits are loaded
over the N subcarriers and Gray-mapped to complex symbols
obtaining the vector s ∆

= [s(0), · · · , s(N − 1)]T, according
to the BA vector m ∆

= [m(0), · · · ,m(N − 1)]T, where
m(n) ∈ Dm

∆
= {0, 2, · · · ,mmax} and mmax represents

the maximum of bits per subcarrier. The complex symbols
belong to the unit energy constellation χn

∆
= 2m(n)-QAM,

∀n ∈ N ∆
= {0, · · · , N − 1}. Subsequently, PA is per-

formed, by element-wise multiplying the complex symbols
s by the square root of p ∆

= [p(0), · · · , p(N − 1)]T with
constraint

∑N−1
n=0 p(n) ≤ Ptot, where Ptot is the available

power. The BA and PA operations are performed in two
phases, called subband RA and subcarrier RA respectively
as shown in Fig. 1. The subband RA fixes, for each subband
i ∈ B ∆

= {0, · · · , B − 1}, the QAM constellation, obtaining
the vector m̃

∆
= [m̃0, · · · , m̃B−1]T, and the subband PA vector

P̃
∆
= [P̃0, · · · , P̃B−1]T with constraint

∑B−1
i=0 P̃i ≤ Ptot.

The subcarrier RA performs first a zero loading (ZL)
strategy, where a generic subcarrier d ∈ D ∆

= {0, · · · , D− 1},
belonging to the generic subband i, is either switched off or
modulated with constellation size 2m̃i , which is determined by
the subband RA. Latter the power P̃i is allocated. Therefore,
after the subband and the subcarrier RA, the vectors pi

∆
=

[p(iD), · · · , p(iD + D − 1)]T and si
∆
= [s(iD), · · · , s(iD +

D−1)]T are calculated, which are the i-th partition of vectors
p and s, ∀i ∈ B. Finally, per-subband processing is performed:
NFFT − D virtual subcarriers are added and then an IFFT
with size NFFT is executed, obtaining the block of samples
xi in time-domain. The vector xi is subsequently convoluted
with a Dolph-Chebyshev finite impulse response (FIR) filter
with 60 dB side lobe attenuation and length L. The generic
impulse response q of the filter is tuned to the i-th subband
by a normalized frequency shift defined as ∆i

∆
= D+1

2 + iD,
obtaining qi. The output of each filter, therefore, provides the
vector zi, whose generic u-th element zi(n) can be expressed
as

zi(u) =

NFFT−1∑
m=0

xi(m)qi(u−m), (1)

where u = 0, · · · , NFFT + L − 2. The vectors of all sub-
bands are then element-wise summed, in order to obtain
z ∆

=
∑B−1
i=0 zi. The resulting vector z is transmitted over a

frequency-selective fading channel, with impulse response h.
Considering only one UFMC symbol, at the receiver side, after
the linear convolution with the channel impulse response that
includes path loss, the signal in time-domain is described as

r(l)
∆
=

NFFT+L−1∑
m=0

z(m)h(l −m) + w(l), (2)

where l = 0, ..., NFFT + L + LCH − 3, LCH is the length
of the channel impulse response and w(l) ∈ CN (0, σ2) is
a complex-valued sample of Gaussian noise. Following the
UFMC receiver structure in [2], the first NFFT+L−1 samples
of the received signal (2) are processed by an FFT of size
2NFFT, followed by a downsampling by a factor 2 taking only

Fig. 1. Architecture of UFMC transceiver

the even-indexed subcarriers. In this way, the k-th subcarrier
in the frequency domain is

Y (k) = H(k)

B−1∑
i=0

Qi(k)Xi(k) + I(k) +W (k), (3)

where k = 0, 2, ..., 2NFFT−2, H(k), Qi(k), Xi(k) and W (k)
represent the generic k-th element of the 2NFFT-FFT output
related to channel impulse response h, filter impulse response
qi, symbols xi and ambient noise respectively. Moreover
I(k) is the interference contribution defined in [10], which
includes the ICI due to the cut of LCH − 1 samples in
(2) and the Inter Symbol Interference (ISI) as a result of
an overlapping of consecutive transmitted UFMC symbols,
because CP is not present. Finally, under the hypothesis of
perfect synchronization Xi(k) can be written as

Xi(k)
∆
=


√
p(k2 )s(k2 ), for k

2 = iD, ..., iD +D − 1

0, otherwise

,∀i ∈ B

(4)
In this case eq. (3) becomes

Y (n)
∆
= H(n)Qi(n)(n)

√
p(n)s(n) + I(n) +W (n), (5)

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

(5) is equalized by a zero forcing (ZF) equalizer and soft-
decoded.

III. GOODPUT METRIC EVALUATION

As discussed in Sect. II, practical modulation and coding
schemes are employed, therefore the GP, which is defined
as the number of correctly received information bits per unit
of time [11], is a convenient metric for providing a reliable
information about the link performance. In order to get an
estimation of the GP, i.e. the EGP, the κESM link perfor-
mance prediction (LPP) method is exploited [9]. In detail, the
EGP function depends on the packet error rate (PER) of the



link, but unfortunately, a closed-form expression of PER for
coded multicarrier systems over frequency-selective channels
is difficult to derive. The solution of this problem is given by
the κESM technique [9], which compresses the vector of the
received SNRs Γ

∆
= [γ(0), · · · , γ(N − 1)]T into a single SNR

value γeff , called effective SNR. Given a transmission mode
(TM) φ ∆

= (r,m) ∈ Dr ×Dm and a PA vector p, γeff is used
to estimate the PER from an equivalent coded BPSK system
over the AWGN channel, so that

PERφ(Γ) ∼= Φr(γeff), (6)

where PERφ denotes the PER of the coded multicarrier system
over frequency-selective channel for a TM φ and Φr represents
the equivalent single carrier coded BPSK system over AWGN
channel experiencing the effective SNR. The κESM expression
is defined as [9]

γeff , − log

[
1∑N−1

n=0 mn

N−1∑
n=0

α(mn)e−p(n)γ(n)β(mn)

]
, (7)

with α(mn) and β(mn) constant values depending on the size
of QAM constellation mn, ∀n ∈ N . Exploiting the κESM LPP
method, the EGP function can be expressed in bit/s/Hz as

ζ(φ,p)
∆
=

NFFT

NFFT + L− 1

Ts

N

Np[1− Φr(γeff)]
NuTs

r
∑N−1

n=0 mn

=

=
NFFT

NFFT + L− 1

Np

NNu
r

N−1∑
n=0

mn[1− Φr(γeff)], (8)

where Bsyst
∆
= N/Ts is the bandwidth, Ts is the sample time at

the source and NuTs/r
∑N−1
n=0 mn is the packet transmission

time.

IV. RESOURCE ALLOCATION FOR BIC-UFMC SYSTEMS

The purpose of the RA technique is to efficiently calculate
the optimal PA vector p∗ ∆

= [p∗(0), · · · , p∗(N − 1)]T and TM
φ∗

∆
= (r∗,m∗), where m∗ ∆

= [m∗(0), · · · ,m∗(N − 1)]T is the
optimal BA vector, by maximizing the EGP function (8).

In detail, the key idea behind the presented RA is to
exploit a high degree of flexibility, which is given by the
subbands, therefore, the RA problem is divided in two steps.
In the first step, a BA procedure selects the optimal coding
rate r∗ and the BA vector m̃∗

∆
= [m̃∗0, · · · , m̃∗B−1]T over

the subbands, and subsequently a PA strategy allocates the
available power Ptot over the subbands, obtaining the vector
P̃∗

∆
= [P̃ ∗0 , · · · , P̃ ∗B−1]T. In the second step, a ZL technique

and the same PA strategy allocate the vectors m̃∗ and P̃∗ over
the D subcarriers for each subband, thus the optimal allocation
m∗ and p∗ are determined. Furthermore, we approximate the
signal (5) as

Y (n) ∼= H(n)Qi(n)(n)
√
p(n)s(n) +W (n), (9)

where the interference I(n) was discarded, because it is
attenuated by the subband filtering, as shown in [10], making
UFMC signal quasi-orthogonal. Consequently, exploiting the

approximation (9), the RA problem can be simplified. Ac-
cordingly to Eq. (9), the received SNR normalized for power
transmission is defined as γ(n)

∆
=
|H(n)|2|Qi(n)(n)|2

σ2 . In light
of the above, the steps of the RA technique are presented in
the following sections.

A. Problem Formulation and Solution for Subband RA
The BA strategy over the subbands is performed for cal-

culating r∗ and m̃∗ exploiting an iterative greedy algorithm,
which has been presented in [12] and it is opportunely adapted
here for the BIC-UFMC system. Subsequently, the vector P̃∗

can be evaluated.
Let us define an average channel in frequency-domain for

each subband H̃(i)
∆
= 1

D

∑D−1
d=0 H(iD+d)Qi(iD+d),∀i ∈ B,

and a subband SNR as

γ̃(i)
∆
=
|H̃(i)|2

σ2
, ∀i ∈ B. (10)

Considering uniform power over the subbands, i.e. P̃i
∆
=

Ptot/B, ∀i ∈ B, the BA optimization problem (OP) can be
defined as

(m̃∗, r∗) = arg max
m̃,r

{
ζ̃(m̃, r)

}
(11)

s.t. m̃ ∈ Dm, r ∈ Dr, (12)

where the subband EGP (S-EGP) ζ̃, which is a particular case
of the EGP formulation in (8), is

ζ̃(m̃, r)
∆
=

NFFT

NFFT + L− 1

Np

BNu
r

B−1∑
i=0

m̃i[1−Φr(γ̃eff)], (13)

and γ̃eff is the subband κESM (S-κESM) derived by (7) as

γ̃eff , − log

[
1∑B−1

i=0 m̃i

Ω̃(m̃)

]
, (14)

with

Ω̃(m̃)
∆
=

B−1∑
i=0

α(m̃i)e
−P̃iγ̃(i)β(m̃i). (15)

The problem (12) can be solved by means to an exhaustive
search with complexity O(DBm), but exploiting the greedy
algorithm proposed in [12], we are able to reduce the com-
plexity to O(BlogB). Once the m̃∗ and r∗ are established,
the subband PA vector P̃∗ is calculated. Considering that the
S-EGP (13) monotonically increases when γ̃eff (14) increases,
the maximization of S-EGP is equivalent to minimize Ω̃(m̃)
(15). Therefore the PA OP is defined as

P̃∗ = arg min
P̃

{
Ω̃(m̃∗, P̃)

}
(16)

s.t.

B−1∑
i=0

P̃i 6 Ptot and P̃i > 0,∀i ∈ B (17)

Proposition 1. The OP (17) is a convex optimization problem
[13] whose solution, ∀i ∈ B, is given by

P̃ ∗i
∆
=

1

γ̃(i)β(m̃∗i )

[
log

1

θ
− log

(
1

γ̃(i)α(m̃∗i )β(m̃∗i )

)]+

.

(18)



The solution (18), already proved in [7] for a different RA ap-
proach, is a typical water-filling solution [13], where log(1/θ)
is the water level, which is such that

∑B−1
i=0 P̃ ∗i meets the

power constraint Ptot with equality.

B. Problem Formulation and Solution for Subcarrier RA

In this second step of the RA, we first allocate m̃∗ and after
P̃∗ over the D subcarrier of each subband, thus obtaining the
transmission parameters φ∗ and p∗.

Recalling that in the ith subband m̃∗i specifies the 2m̃
∗
i -

QAM constellation, we perform a ZL strategy with the aim to
obtain the BA vector m∗i

∆
= [m∗(iD), · · · ,m∗(iD+D−1)]T,

where the generic element of the vector m∗i can assume the
values 0 or m̃∗i . The ZL is based on the minimization of the
subband PER (S-PER) Φ

(i)
r (γ

(i)
eff ), where γ

(i)
eff is the κESM

calculated over the D subcarriers in the subband i and it is
defined as

γ
(i)
eff , − log

[
1∑D−1

d=0 m(iD + d)
Ω(mi)

]
, (19)

with

Ω(mi)
∆
=

D−1∑
d=0

α(m(iD + d))e−p(iD+d)γ(iD+d)β(m(iD+d)),

(20)
and mi

∆
= [m(iD), · · · ,m(iD+D−1)]T, which is a partition

of the BA vector m. In light of the above, given uniform power
over the subcarriers, i.e. p(iD + d)

∆
= Ptot/BD = Ptot/N ,

∀d ∈ D, the ZL problem can be formalized as follow

m∗i = arg min
mi

{
Φ

(i)
r∗ (γ

(i)
eff (mi))

}
s.t. mi ∈ Dm

. (21)

As already done in IV-A, we apply the greedy algorithm
achieving a complexity around to O(DlogD). The ZL solution
is applied to the other subbands and the optimal BA vector
m∗ is given. Finally we allocate the subband available power
P̃ ∗i , ∀i ∈ B over the subcarriers. Given the optimal TM φ∗

the subcarrier PA problem is formulated as

p∗i = arg min
p

{Ω(m∗i ,p)} (22)

s.t.

D−1∑
d=0

p(iD + d) 6 P̃ ∗i and p(iD + d) > 0,∀d ∈ D (23)

where p∗i
∆
= [p∗(iD), · · · , p∗(iD +D − 1)]T is a partition of

the PA vector p∗.
Proposition 2. The OP (23) is a convex optimization problem
[13] and the solution, ∀d ∈ D, is given by

p∗(iD+d)
∆
=

1

γ(i)β(m∗i )

[
log

1

θ
− log

(
1

γ(i)α(m∗i )β(m∗i )

)]+

(24)
proved in [7]. The OP (23) is evaluated for each subband
obtaining the optimal PA vector p∗. Finally, in Tab. I the RA
strategy is summarized.

1) For i = 0 : B − 1

2) Set: P̃i = Ptot/B;
3) Evaluate: γ̃(i) in (10);
4) End For
5) Evaluate:

(m̃∗, r∗) = arg max
m̃∈Dm,r∈Dr

{ζ̃(m̃, r)} in (12);

6) For i = 0 : B − 1

7) Evaluate: P̃ ∗i in (18);
8) End For
9) Collect P̃∗ = [P̃ ∗0 , · · · , P̃ ∗B−1]T;
10) For i = 0 : B − 1

11) For d = 0 : D − 1

12) Set: p(iD + d) = Ptot/N ;
13) End For
14) Evaluate:

m∗i = arg min
mi∈Dm

{Φ(i)
r∗ (γ

(i)
eff (mi))} in (21);

15) Evaluate: p(iD + d)∗ in (24);
16) End For
17) Collect p∗ = [p∗0, · · · ,p∗D−1]T and m∗ = [m∗0, · · · ,m∗D−1]T;
18) Return φ∗ = {r∗,m∗} and p∗;

TABLE I
RA STRATEGY

V. NUMERICAL RESULTS

In this section, a comparison in terms of GP between the
proposed RA technique referred as Optimal PA-Optimal BA
(OPA-OBA) and classical Uniform PA-Uniform BA (UPA-
UBA) strategy both applied to BIC-UFMC modulation is
provided. In detail, in the UPA-UBA case, we calculate
only the optimal TM φ∗ = (r∗,m∗), where m∗(i) = m∗,
∀i ∈ N . The comparison is performed on AWGN and
extended vehicular A (EVA) [14] channels, evaluated with
the modified COST231 Hata path loss (PL) model. The set
of simulation parameters is summarized in Tab. II, which are
referred to LTE standard with 10MHZ channelization [15].
To simplify the processing of the soft-decoding, convolutional
coding is used; however, turbo code can be considered as in
[9]. The GP performance is evaluated by averaging the number
of bits/s/Hz correctly received on Npkt = 1000 transmitted

Simulation Parameters Value
Information bits (Np) 1024
CRC (NCRC) 32
Subcarriers (N ) 120
Subbands (B) 10
FFT size 1024
Bandwidth (Bsyst) 10 MHz
QAM modulation order (m) 2, 4, 6
Convolutional code-rate (r) 1/2, 2/3, 3/4, 5/6
Noise power in Bsyst (Pnoise) -110 dBm
Variance ambient noise (σ2) Pnoise/N
Distance transmitter-receiver (d) 141 m

TABLE II
SYSTEM PARAMETERS



Fig. 2. UPA-UBA vs OPA-OBA on AWGN channel

packet for each SNR. Thus, the average GP (AGP) is defined
as AGP

∆
= NFFT

NFFT+L−1
1

Npkt

1
Bsyst

∑Npkt

s=1
Npδ(s)
Tpkt(s)

, where δ(s)
equals 1 if the s-th packet is correctly decoded and 0 when
it is discarded, Tpkt(s) is the transmission time of the s-th
packet. Finally, each transmitted packet experiences indepen-
dent channel realization and SNR points are calculated as
SNR

∆
= Ptot/(PnoiseΘ) by varying Ptot, where Θ represents

PL value. Initially, we evaluated the mean square error (MSE),

defined as MSE
∆
=

Npkt∑
l=1

N∑
n=1

|Yl(n)−sl(n)|2
N

Npkt
, which has been

calculated in absence of ambient noise, fixing the strategy
UPA-UBA, code-rate r = 1/2 and normalizing the transmitted
signal by the power and PL, in order to only obtain the
level of interference I as a mean over the N subcarriers.
The resulting interference value is very low, around −59 dB,
therefore the approximation of the received signal in (9) is
validated. Subsequently, the RA strategy has been tested on
an AWGN channel. As shown in Fig. 2, AGP of OPA-OBA is
quite similar to UPA-UBA as expected, because the channel
frequency response is flat on the entire bandwidth of the signal
and no difference in the RA procedure occurs. Next, we test
the proposed RA on EVA channel. In Fig. 3 it is possible to
appreciate the performance of OPA-OBA approach and its very
few differences between EGP and AGP, except for the first
sample due to a slightly degradation of PER approximation
(6) at low SNR. Considering the frequency-selective fading
EVA channel, relevant differences in terms of SNR between
subbands and subcarriers occur, which are exploited by OPA-
OBA RA procedure by allocating more power and bits to the
best subbands and turning off the rest. For this reason, the AGP
performance of the OPA-OBA is constantly above the UPA-
UBA benchmark. Indeed, Fig.3 shows that a maximum AGP
gain around 0.5 bits/s/Hz is obtained at low SNR exploiting
the proposed RA strategy.

VI. CONCLUSIONS

In this paper, we presented a GP-based RA strategy based
on the maximization of the GP metric for a packet-oriented
BIC-UFMC transmission. We have shown a solution for se-

Fig. 3. UPA-UBA vs OPA-OBA on EVA channel

lecting the transmission parameters, i.e. code rate, both BA
and PA vectors, first over subbands and subsequently over
subcarriers in order to maximize the GP metric. In presence of
a frequency-selective fading channel, we achieved a significant
GP gain for the proposed RA technique compared to a conven-
tional uniform power and bit allocation. Acknowledgment:
This work has been partially supported by the PRA 2016
research project 5GIOTTO funded by the University of Pisa.
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