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Abstract—Universal filtered multi-carrier (UFMC) modula-
tion is a very powerful candidate to be employed for future
5G mobile systems. It overcomes the limitations and restric-
tions in current modulation techniques employed in 4G mobile
systems and supports future applications, such as machine-
to-machine (M2M), device-to-device (D2D), and vehicle-to-
vehicle (V2V) communications. In this paper, we address the
estimation of UFMC fading channels based on the comb-type
pilot arrangement in the frequency domain. The basic so-
lution is to estimate the fading channel based on the mean
square error (MSE) or least square (LS) criteria with adap-
tive implementation using least mean square (LMS) or recur-
sive least square (RLS) algorithms. However, these adaptive
filters seem not to be effective, as they cannot fully exploit fad-
ing channel statistics, particularly at high Doppler rates. To
take advantage of these statistics, time-variations of the fading
channel are modeled by an autoregressive process (AR), and
are tracked by an H.. filter. This, however, requires that AR
model parameters be known, which are estimated by solving
the Yule-Walker equation (YWE), based on the Bessel autocor-
relation function (ACF) of the fading channel with a known
Doppler rate. Results of Matlab simulations show that the
proposed H. filter-based channel estimator is more effective
when compared with existing estimators.

Keywords—5G, autoregressive model, channel estimation, fad-
ing channel, H. filter, Kalman filter, LMS filter, RLS filter,
UFMC.

1. Introduction

Orthogonal frequency division multiplexing (OFDM) is
the current multiple access technique employed in mod-
ern communication systems, such as wireless local area
networks (WLAN), power line communication (PLC),
asymmetric digital subscriber lines (ADSL), digital au-
dio broadcasting (DAB), and digital video broadcasting
(DVB) [1], [2]. Simple transceiver design is a significant
advantage of OFDM. Indeed, it uses the inverse fast Fourier
transform (IFFT) at the transmitter and the fast Fourier
transform (FFT) at the receiver [3], [4]. Nevertheless, it
suffers from numerous shortcomings and limitations, such
as the overhead of inserting the cyclic prefix (CP), high sen-
sitivity to carrier frequency offset (CFO), and high peak
average power ratio (PAPR) [5], [6]. To overcome these
drawbacks, filter bank multi-carrier (FBMC) modulation is
suggested and compared with OFDM in [3]. The design
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of the FBMC system is similar to that of OFDM, as it
is based on IFFT/FFT pair’s process. In contrast, it uses
groups of digital filters to increase spectral efficiency as
compared with OFDM, particularly when it is integrated
with offset quadrature amplitude modulation (OQAM). The
digital filters are capable of overcoming interference be-
tween the neighboring subcarriers, reducing sensitivity to
CFO, and increasing resistance to estimation error due to
time/frequency shift by the elimination of side-lobes.

The key design features of future multicarrier modulation
techniques include flexibility, versatility, scalability, and ef-
ficiency, as these qualities mean that a wide range of fu-
ture applications may be served [7]-[10]. Several multiple
access schemes have been recently suggested as candidates
for 5G [11]-[13]. Among them are FBMC, generalized fre-
quency division multiplexing (GFDM) [14], and universal
filtered multi-carrier (UFMC) [15]. It is found that UFMC
has better spectral efficiency than FBMC [16], [17]. In
addition, unlike FBMC, UFMC offers simple implementa-
tion and backward compatibility, as well as integrity with
OFDM. 1t is also easier to update a CP-OFDM system
to UFMC, than it is the case with FBMC. Furthermore,
its implementation is based on IFFT/FFT pairs combined
with a prototype filter known as the Chebyshev window
with Nyquist pulse shaping, which may minimize spec-
tral leakage limitations of OFDM and FBMC. Therefore,
UFMC combines the benefits of OFDM and FBMC sys-
tems [13] and avoids their shortcomings. Its operation is
based on filtering successive sub-bands (a group of subcar-
riers). The existence of orthogonal carriers is not impor-
tant, which means that better spectral efficiency and low
latency are achieved. Thus, UFMC may support future 5G
applications, such as IoT and D2D, which require a strict
synchronous transition between the transmitter and the re-
ceiver [18], while V2V requires a signal that is less sen-
sitive to CFO in order to achieve reliable communication
between mobile nodes.

Fading channel estimation and equalization techniques are
critical in wireless communication systems in order to re-
cover transmitted symbols at the receiver side. Several
UFMC system studies have examined the issue of chan-
nel estimation and equalization so far [19]-[21]. In con-
trast, numerous studies were adopted in regard to OFDM
[22]-[25] and FBMC systems [26]-[29] and may be found
in the literature. Channel estimation procedures in the
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UFMC and FBMC/OQAM systems are not similar to the
regular techniques used in the OFDM system, since chan-
nel frequency response values are real in OFDM and com-
plex in FBMC and UFMC. In addition, the use of the
sub-bands filtering process to reduce out-of-band emissions
could yield different filter gains on different subcarriers for
one UFMC symbol [30]. In [30], [31], the authors have
proposed to estimate UFMC channels and show that the
conventional pilot-aided channel estimation used in OFDM
is efficient in UFMC. In [32], the authors investigated chan-
nel estimation in an UFMC system based on the comb-type
pilot pattern, using various algorithms, such as LSLI, DFT
and RMMSE.

Recently, in [33] the authors introduced the estimation of
UFMC time-varying fading channels based on comb-type
pilots using adaptive filters. Evolution of the channel fading
process is modeled by an autoregressive model and tracked
by the Kalman filter. Results of the simulation show that
performance of the Kalman filter is better than that of least
mean square (LMS) and recursive least square (RLS) filters.
Nevertheless, the Kalman filter requires strict Gaussian as-
sumptions on the state-space representation of the fading
channel system. Indeed, the driving process and measure-
ment noise must be independent white and Gaussian. To
avoid these assumptions and any model uncertainties, the
H., filter may be employed [34]-[38].

In this paper, we readdress the estimation of UFMC time-
varying fading channels based on comb-type pilot symbols.
In particular, UFMC fading channels are modeled by an
autoregressive process and tracked by an H.. filter, while the
autoregressive parameters are estimated using the so-called
Yule-Walker equations based on the Bessel autocorrelation
function of the fading channel with a known Doppler rate.
The structure of the paper is as follows. The UFMC
transceiver is introduced in Section 2. Autoregressive mod-
eling and estimation of the UFMC fading channels by using
the H., filter are described in Section 3. Simulation results
are presented in Section 4. Finally, the conclusions are
drawn in Section 5.

2. UFMC System Model

The UFMC system is built on filtering a set of sub-bands,
instead of filtering the whole spectrum, as it is the case
in OFDM, or a single carrier, as in FBMC. Therefore, the
spectrum range in the UFMC system will be formed from
successive sub-bands, as shown in Fig. 1 [39].

Table 1 shows a comparative study between three multicar-
rier modulation systems: OFDM, FBMC, and UFMC. It
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Fig. 1. UFMC signal in frequency domain.
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is clear that the UFMC system is more attractive than the
other two systems.

Table 1
Comparison between OFDM, FBMC, and UFMC systems
Item OFDM | FBMC | UFMC
PAPR High High High
Overhead High Low Low
Receiver complexity Low High High
MIMO support Yes No Yes
Short bursts No No Yes
Fragmented spectrum No Yes Yes

Figures 2 and 3 show UFMC transmitter and receiver mod-
els, respectively. The operation of UFMC is based on filter-
ing a group of sub-bands, instead of filtering a single car-
rier or the entire band. In the UFMC system, the input has
the form of a set of complex QAM symbols. These sym-
bols are then serial-to-parallel converted and divided into
B sub-bands, containing the K symbol each. Frequency
domain symbols § = [S1x Sok ... Spk] are then converted
to time domain symbols X = [x|g X2k ... xpk] by the IFFT
blocks. Since the number of complex symbols in each sub-
band is lower than that of IFFT points N, the rest of the
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Fig. 2. UFMC transmitter block diagram.
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Fig. 3. UFMC receiver block diagram.
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Fig. 4. Dolph-Chebyshev window in time and frequency domains
for filter length L = 60.

block is padded with zeros. The output of IFFT is con-
verted from parallel to serial. Each padded zero symbol is
filtered with the Chebyshev finite impulse response (FIR)
prototype filter with the length L, and a specific side lobe
attenuation level. The Dolph-Chebyshev window had low
side-lobe levels when compared with fixed window func-
tions, such as the Hanning window. The Dolph-Chebyshev
window in time and frequency domain for filter length of
L =60 is shown in Fig. 4. This will effectively decrease
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the out-of-band (OOB) emission. The output signals form
each prototype filter are then added, and transmitted into
the wireless channel. The transmitted UFMC signal may
be expressed as [34]:

1 B NtL-1 K ikl
X =xd Y Yoswe ¥ fn-1), (D)
i=1 =0

k=1

where f(n—1[) denotes the Dolph-Chebyshev filter whose
length is L.

UFMC has more elasticity for filtering every sub-band by
its spectrum. It may allow the scheme to adapt service
types by regulating sub-band and filter coefficients only.
Indeed, UFMC may provide simultaneous access for two
different applications, such as M2M and D2D, in two dis-
similar sub-bands, without creating inter-symbol band in-
terference (ISBI) due to the reduction of OOB [30].

3. H.. Filter-based Channel Estimation

The signal received from the time-varying frequency flat
fading channel with additive white Gaussian noise (AWGN)
over the k-th sub-carriers may be written as follows:

re(n) = xg(n)hg(n) +wi(n) , (2)

where xi(n) is the transmitted UFMC signal over the k-th
subcarriers, wy(n) denotes the AWGN process over the
k-th subcarriers with the noise processes over all subcar-
riers being mutually independent and identically distributed
(i.i.d.), each with zero-mean and variance GV%. The time-
varying flat fading process over the k-th subcarriers /iy (n)
is a complex Gaussian process /iy (n) = | (n)|e 3% with
a Rayleigh distributed envelope and a uniformly distributed
phase.

The statistical characteristics of the fading channel hy(n)
are described by its power spectrum density (PSD) and au-
tocorrelation function (ACF). The PSD of the fading pro-
cess is usually represented by the well-known U-shaped
band limited Jakes spectrum with the maximum Doppler
frequency f; [40]:

———, for f<|fd
W (f) = ¢ way/1-(4) NG

0, otherwise

where f; = 1 with v denotes the mobile speed and A de-
notes the signal wavelength.

The corresponding discrete-time ACF is given by:

Run(m) = Jo (27 fTy|m|) )

where Jy(.) denotes the zero-ordered Bessel function, T de-
notes the symbol period, and f;7; is the Doppler rate.

To exploit the statistical properties of the fading channel
given by its PSD — Eq. (3) and ACF — Eq. (4), the fad-
ing process over the k-th carrier is often approximated by
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a p-th order AR process, denoted by AR(p) and defined as
follows [41]:

() = — ¥ aihe(n— 1)+ vi(n) | )

i=1

where v (n) denotes the zero-mean complex white Gaus-
sian driving process with equal variance 62 over all carriers

and {a;} denotes the AR parameters.

To estimate the fading process hy(n) over the k-th carrier,
and for the sake of simplicity and clarity of presentation,
the carrier subscript is dropped. Let us define the state-
vector as:

h(n) = [h(n) h(n—1) hn—p+D]" . (6)

Equations (5)—(6) may be written in the following state-
space form:

h(n) =®h(n—1)+gv(n) , @)

where @ denotes the state transition model matrix and may
be expressed as follows:

_al _az e _ap
1 0 0

o= . . . |, and g=[10...0]".
o - 1 0

In addition, after dropping the carrier subscript, it follows
from Egs. (2) and (6) that:

r(n) =x" (n)h(n) +w(n) , (8)

where:
xT(n) = [xk,p,-lo, 0... O] s (9)

with xg pijo; denoting the pilot symbols. Unlike Kalman
filtering, H.. filtering not only deals with the estimation of
the state vector h(n), but also makes it possible to focus on
the estimation of a specific linear combination of the state
vector components as:

z(n) = lh(n) , (10)

where I denotes a linear transformation operator whose size
is 1 x p. In order to estimate the fading process h(n), the
linear operator is set to be I =g7 =[10 ... 0]7.

Given the state space representation of the fading channel
system by Egs. (7), (8), and (10), H. filtering may provide
an estimation of the fading process (n) = lh(n) by mini-
mizing the H.. norm of the transfer operator that maps the
noises w(n), v(n), and the initial state error ey = h(0) — h(0)
to the estimation error e(n) = h(n) — h(n), as follows:

_ sup
== (). v(n), h(n0) | (an
where:
N—1
Y le(n)]?
J= n=0 ., (12)

N—1
efPyleot ¥ (Qu'Iwn)>+ R |v(m)P)
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with Py, Q,, > 0 and R, > 0 being the weighting parameters
adjusted by the designer to achieve the best performance
needs and N denotes the number of data samples.
However, as a closed-form solution to the above optimal
H.. estimation problem does not always exist, the following
suboptimal design strategy is usually considered [37]:

Joo =< V* | (13)

where ¥y > 0 is a prescribed threshold of disturbance at-
tenuation. Taking into account the approach introduced
in [37], there exists an H. channel estimator fz(n) for
a given y > 0 if there exists a stabilizing symmetric pos-
itive definite solution P(n) to the following Riccati-type
equation:

P(n+1)=®P(n)C '(n)®"+g0,8", P0O)=P,, (14)
where:
C(n) =1, —vI"IP(n) +x(n)R, 'x" (n)P(n) . (15)
This leads to the following constraint:
P(n)C'(n)>0. (16)

If the condition (16) is satisfied, then the H. channel esti-
mator may be written as:

h(n) =1lh(n) , 17)

h(n) = ®h(n—1)+K(n)a(n), h0)=0,  (18)

where the so-called innovation process (n) and the He
estimator gain K(n), are given, respectively, by:

o(n) = r(n) —x" (n)®h(n—1) , (19)
K(n) —P(n)C ' (n)x(n)R, " . (20)

It should be noted that the H., channel estimator (14)-(20)
has a similar observer structure as its Kalman counter-
part. However, due to (15), the H. channel estimator has
a computational cost that is slightly higher than that of the
Kalman solution. Indeed, if the weighting parameters Py,
0O, and R, are chosen to be q%, sz, respectively, and the
initial error covariance matrix is h(0), then as ¥ — oo the
H.. estimator is reduced to the Kalman estimator.
According to Fig. 2, the received signal r(n) is first passed
into the 2N point FFT block that transforms the time do-
main signal to the frequency domain. This is necessary
for recovering symbols at N subcarriers from N +L —1
received signal samples. The result of the FFT block trans-
former is:

1 N+L-2

R

—j2mlk

Y (k) = r(n)e ™™, k=0,1,...,2N—1 .

. 21
Once the fading channel hy(n) at pilot symbol location
is estimated using the proposed H.. based channel esti-
mator, channel equalization may be performed by multi-
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plying Eq. (24) with a normalized version of the complex
conjugate of the fading channel estimate A (n) as:

Yi(n) (M) . (22)

) =R F P

4. Simulation Results

In this section, a comparative simulation study concerned
with estimation of the UFMC fading channels is carried
in connection with the proposed H., based channel estima-
tor and other channel estimators based on LMS, RLS and
Kalman filters. Several interpolation techniques, such as
linear interpolation, spline interpolation, and low-pass inter-
polation are investigated for estimating the fading channel
at data symbol location. The fading channel is generated
according to the AR model with the order of p =2 [41].
The simulation parameters are summarized in Table 2.

Table 2
Simulation parameters

Modulation type ‘ QAM modulation

Filter type Dolplf;l(;ltl;bgs:h%\bwnh
AR parameters a; =1.96, a; = —0.99
LMS step size u=0.03

RLS forgetting factor A=04

Pilot ratio 1/8

Number of pilot symbols N, 1024

Figure 5 shows the bit error rate performance of UFMC
versus SNR with QAM. It is clear that the QAM modulation
with bits-per-subcarrier of M = 4 results in the best BER
performance.

0 5 10 15 20 25
SNR [dB]
= M=4 —a— M = 64
----- M=16 —a— M =256

Fig. 5. BER versus SNR for UFMC with QAM modulation. (For
color pictures see the electronic version of the paper.)

32

Figures 6-8 illustrate power spectrum density (PSD) with
the same number of subcarriers (200 subcarriers) for
UFMC, OFDM, and FBMC systems, respectively. It is
clear that PSD of the UFMC system is more attractive than
that of OFDM and FBMC.

200
Py
20 ¢
40
-60

|
OWMHMWMWMWWW['ITW

-100
-0.5 -04 -03 -02 -0.1 02 03 04 05

Normahzed frequency

PSD [dBW/Hz]

-8

Fig. 6. PSD versus normalized frequency for UFMC system.

PSD [dBW/Hz]
A
(=)

-100
-0.5 -04 -03 -02 -0.1 0 01 02 03 04 05

Normalized frequency

Fig. 7. PSD versus normalized frequency for OFDM system.

02 03 04 05

-180 — =
-05 -04 -03 -02 -0.1 0 0.1
Normalized frequency

Fig. 8. PSD versus normalized frequency for FBMC system.

Figures 9 and 10 show the BER performance versus SNR
for the UFMC system with two different values of Doppler
rates f;T; = 0.1111 and f,;T; = 0.0741, respectively. One
may notice that the proposed H.. channel estimator yields
the best BER performance, particularly at high Doppler
rates. In addition, the LMS and RLS channels estimators
fail to track the fading channel at high Doppler rates, which
results in worse BER performance.
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Fig. 9. BER vs. SNR for f;7;, =0.1111.
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Fig. 10. BER vs. SNR for f;T; = 0.0741.
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Figure 11 illustrates the BER performance of the UFMC
system when employing the proposed H.. channel estima-
tor with various interpolation methods for the Doppler rate
of f;T; =0.0167. It is confirmed that low-pass interpola-
tion yields the best BER performance.

10° : : : : :

BER

10'2 1 ! I ! I
0 5 10 15 20 25 30

SNR [dB]

—% — 64 pilots
—¥— 128 pilots
—6— 256 pilots

— % — 512 pilots
—6— 1024 pilots

Fig. 12. BER vs. SNR with various pilot symbol values.

Figure 12 shows the effect that changing the number of pilot
symbols N, has on the BER performance of the UFMC
system when using the proposed channel estimator with
low-pass interpolation. Indeed, increasing the number of
pilot symbols N, will improve the BER performance of the
system.

5. Conclusion

The UFMC system is a very strong candidate for the future
generation of wireless applications. Indeed, it combines
the advantages of both OFDM and FBMC and avoids their
drawbacks. It achieves a higher data rate and higher spec-
tral efficiency than other modulation systems. Furthermore,
it solves the fixed synchronization problem experienced by
current modulation systems and supports new applications,
such as IoT, D2D, V2V, and M2M.

Estimation and equalization of UFMC fading channels
based on the comb-type pilot symbol arrangement is ad-
dressed in this paper. The estimation process is carried-out
in two stages. In the first stage, the fading channel at pilot
carrier is estimated by using the H.. filter, the Kalman filter,
the RLS algorithm, and the LMS algorithm. In the second
stage, estimation of the fading channel at data symbol posi-
tion is performed by using various interpolation techniques
(linear, low-pass, and spline). Simulation results show that
the proposed H.. filter-based channel estimator outperforms
LMS, RLS, and Kalman estimators. In addition, the low-
pass interpolation is confirmed to outperform both spline
and linear interpolation.
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