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Abstract—Filter Bank Multi-Carrier (FBMC) modulation
has been recognized as a consistent contender and a possible
successor for Orthogonal Frequency Division Multiplexing
(OFDM) in 5G and beyond because of its outstanding spectral
properties. The channel is assessed in FBMC using pilot-symbol
aided channel estimation that provides robust estimates even
for severe channel conditions. In the present work, neutraliz-
ing the imaginary interference at the pilot positions is focused
while estimating the channel. To neutralize the imaginary in-
terference, multiple auxiliary symbols have been proposed to
enhance the throughput and channel capacity. The Iterative
Minimum Mean Squared Error (IMMSE) cancellation scheme
has been proposed to reduce the interference at the pilot and
data positions. Transmission power, Bit Error Rate (BER)
and throughput are computed for Filter Bank Multi Carrier
(FBMC), OFDM and proven that better system performance is
obtained for FBMC. The performance of channel estimation is
evaluated through 5G standards and indicates that the usage of
multiple auxiliary symbols per pilot leads to better throughput
and low Bit Error Rate at low power transmission.

Index Terms—Filter bank Multi Carrier, Auxiliary symbols,
Imaginary interference, Bit Error Rate, Throughput, 5G and
beyond Communications.

[. INTRODUCTION

Cyclic  Prefix - Orthogonal Frequency Division
Multiplexing (CP-OFDM) is a noticeable transmission
technique used in various wireless communication standards i.e
4G Long-Term Evolution (LTE) [1], Digital Audio and Video
Broadcasting-terrestrial (DVB-T) [2], Wireless Local Area
Networks (WLAN). In OFDM system, wideband frequency
spectrum has divided into numerous parallel sub bands. One tap
channel equalizer is adequate at the receiver because OFDM
system is more robust to frequency selective channels.
However, cyclic prefix insertion is required for CP-OFDM
systems in order to get these benefits. However, cyclic prefix
increases the redundancy in a time domain. Additionally, it
must ensure the guard bands in the frequency domain to avoid
excessive Out-of-Band (OOB) emission [3].
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Due to these redundant resources in the time domain and
frequency domain, the spectral efficiency of CP-OFDM
systems is reduced.

New modulation techniques are required to overcome these
constraints Future wireless systems must accommodate a wide
range of communication needs, such as enhance Mobile
Broadband (eMBB) and Ultra-Reliable Low Latency
communication (URLLC) [4], [5] and so on. New modulation
techniques are required to overcome these constraints. Filter
Bank Multi Carrier (FBMC) is a new waveform technique that
has many advantages over OFDM as a contender for use of 5G
communication systems. The only notable difference is the
substitution of OFDM for a multi-carrier system based on filter
banks at the transmitter and receiver, which increases
bandwidth utilization. FBMC technology uses a good time-
frequency prototype filter, which has many advantages such as
low spectral side lobes, high spectrum efficiency, and
frequency offset robustness [6]. However, because the system
is not strictly orthogonal, imaginary interference exists, but this
necessitates the estimation of channel coefficients in the
complex domain.

In recent years, FBMC-Orthogonal Quadrature Amplitude
Modulation (FBMC-OQAM) has been noticed as a strong
contender due to its spectral features [7-8]. However, there are
some drawbacks, such as less compatibility with Multiple-Input
and Multiple-Output (MIMO) [9]. The real orthogonality is
maintained by FBMC-OQAM systems only, but it suffers from
inherent interference in the complex domain. As a result,
conventional channel estimation approaches of OFDM systems
are incompatible with FBMC-OQAM systems [10-12]. To
resolve this issue, Lee.et.al proposed a single prototype filter
based FBMC-QAM.[13]. However, for ideal channels the
FBMC-QAM system with a single prototype filter does not
guarantee orthogonality between adjacent subcarriers and
symbol intervals. As a result, the FBMC-QAM system with a
filter-based design does not meet orthogonality constraints in
the complex domain [14].

For FBMC-QAM systems, a conventional scattered pilot
assisted channel estimation approach is used.[15] In this work,
a prototype filter with a well-localized spectrum and a higher
self-Signal to Interference Ratio (SIR) is used. After receiving
a signal, a proto-type filtering is implemented, and the channel
is estimated at the pilot position using Least Squares (LS)
approach. However, the interference is not canceled at the pilot
symbols using the conventional channel estimation scheme. As
a result, the performance of channel estimation reduced for
frequency selective channels.
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Several preamble-based schemes for Channel Estimation
(CE) have been proposed. The Interference Approximation
Method (IAM) [16] and in the literature Interference
Cancellation Method (ICM) [17] are two well-known
interference mitigation algorithms. They either reduce or
exploit imaginary interference to improve CE performance. In
[18], a novel preamble structure for FBMC systems was
proposed in conjunction with these methods.

To estimate time and frequency for frequency selective
channels, a Minimum Mean Squared Error (MMSE) channel
estimation method is applied [19-20]. By using this method,
clustered pilots are used and only one OFDM symbol is taken
into consideration at a time. In FBMC, while estimating the
channel with MMSE channel estimation, time-varying
characteristics of the wireless channels are not considered.
Many authors investigated the inherent interference of pilot
symbols and proposed channel estimation algorithms for
auxiliary symbols [21-22]. Unfortunately, transmitting
additional symbols necessitates giving up certain time-
frequency blocks, which reduces bandwidth efficiency.
Furthermore, the result of [23] reveals that the auxiliary symbol
scheme has an unsatisfactory Bit Error Rate (BER), implying
that channel estimate accuracy is low.[24] presents a
compressed sensing-based channel estimation strategy that
takes the channel's sparsity into account while still beginning
with the auxiliary symbol approach. To design an Inter-carrier
Interference (ICI)-free structure over a doubly selective channel
using the auxiliary symbol approach, [25-26] time-frequency
blocks must be sacrificed. As a result, this system exhibits low
spectral efficiency and inaccurate channel estimation.

Pilot Aided Channel Estimation (PACE) is considered as
one of the best techniques for tracking the wireless channel
characteristics. A single auxiliary symbol is allotted to each
pilot in order to apply PACE in FBMC [27-28]. But compared
to the data symbol power, this approach needs higher auxiliary
symbol power. Instead of one auxiliary symbol, two are used to
solve this problem. One auxiliary symbol is utilized in this
estimation technique to minimize the Peak to Average Power
Ratio (PAPR) and achieve the maximum channel capacity for a
specific range of Signal to Noise Ratio (SNR). The other
symbol is utilized to prevent more power offset with the
expense of computational complexity.

In this work, a different approach is proposed in choosing
the auxiliary pilot symbols to reduce the power offset, at the
same time to enhance channel capacity for low SNR. A
randomly generated coding matrix is also included for the
selection of the auxiliary pilot symbols.

Filter Bank Multi Carrier System model

The limitations of OFDM can be eliminated in FBMC by
including pulse shaping filter in both time and frequency
domain. Consequently, FBMC systems have more spectral
containment signals and offer more effective use of the radio
resources where no CP is required.

Channel I
1 P s p|_Out
PPN l Ny I “pui
s / P 5| data

Synthesis Filter Bank
Receiver

Analysis Filter Bank
Transmitter

Figure 1. Transmitter and Receiver of FBMC System
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In Filter Bank Multicarrier transmission shown in Figure.1.
The transmitted signal from FBMC transmitter with data
symbol x; ;. and basis pulse g, (t) at I*" subcarrier position
with time position k is given by

s(t) = TkZ3 Xico Jue(®)xyk(t) (1

where L is the number of subcarriers and K is the number of

multicarrier symbols with basis pulse. The basis pulse g;  (t) is
expressed as

Gui(£) = p(t — kT)e2MF (=KD Ouk ©)

The prototype filter basis pulse p(t) shifted in the time and
frequency domain is given in the Eq.2. The throughput of
FBMC can be maximized by low frequency spacing F and time
spacing T. Multi carrier system orthogonality requires a
condition TF = 1 and basis pulse localization in both time and
frequency domain. The requirement of prototype filter
61,k =0) p(t), frequency localization can be violated,
because of CP in OFDM. In FBMC, Hermite polynomials Hi(.)
based basis pulse is employed. Because these polynomials
produce great trade-off between time and frequency
localization [29-30].

A different prototype filter Rx(t) can be used at the
receiver, so that the receiver basis pulses q;x) can be
expressed as in Eq.3

Qi (t) = P Rx(t — kT)e/2™F =k gif1k A3)

To simplify the above analytical expression, the

transmission system can be represented using a discrete time

system model. The basis pulses are sampled with symbol rate

fs = i = FNgpr and obtains all the samples in large vector

gk €ECNX1. Q = [gog——-— Ir-1x-1)] € CNXLK represent
the receive basis pulse samples. In OFDM, the orthogonality
denotes that QG =1,y whereas in FBMC, the real
orthogonality condition maintains true if R{Q#G} = I, .

The received data symbol vector Y€ (LK X 1 over time and
frequency selective channel is represented as in Eq.4

Y =diag{h}Dx +n 4)
with D = Q¥HG

The channel can be represented by a vector h€ cLKX1 and
complex Gaussian noise vector n is represented by a vector
n~N(0, P,Q"Q)

II. EXISTING PILOT SYMBOL CHANNEL ESTIMATION APPROACH

The pilot symbols are known at the receiver before data
transmission in pilot symbol channel estimation [31]. At the
pilot position (I,k) € P, the channel h;; can be estimated
using LS approach by dividing the received symbol y;; with
pilot symbol x;,. The estimate of channel at pilot
position hptS € CPX ysing one -tap channel is given by Eq.5

h;LS = diag(xp)_lyp (5)

Due to imaginary interference in FBMC, additional
preprocessing becomes necessary. This can be done by
precoding with help of Eq.6

X =cx (6)

where the data symbol denoted by X and c is the

precodingmatrix. The imaginary interference is cancelled at
pilot position if the below Eq-7 is satisfied.

T{qliG}Cx =0 @)
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Either Auxiliary Symbol Method [32] or‘Data spreading
Approach can be used to frame precoding matrix C.

A. Proposed Auxiliary Pilot Symbol Approach

There are many symbols close to pilot symbols shown
in Figure 2, resulting in imaginary interference. In the
conventional technique, one of these symbols is used to cancel
the imaginary interference [33].
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Figure 2: Selection of Auxiliary symbols close to the pilot symbol in the
matrix

In order to cancel the imaginary interference, the
neighbouring auxiliary pilot symbols are selected by using

below Eq.8
Xp er ere e
XD e er e ] (8)

X4 e e o

Xp=[Dpp Dpp Dpal

The vector xp € R'P¥'represents all the elements of X at
the pilot position. The same is applied to x, € RI?!** at the data
position & x, € RMIX1 at the auxiliary position. The row
elements and column elements of D matrix forms the
matrix Dpp € CIPIXIPl by taking pilot position and data
position into account. The same is continued for Dp p and Dp 4.

Consider one auxiliary symbol per pilot, then
Dp 4 represented by a diagonal matrix. From the elements of
diagonal matrix shown in Figure. 2, the interference weight at
auxiliary pilot position is 0.4357 is considered to compute the
auxiliary pilot power offset K,, and it is expressed using
Eq.9[34].

Py

KA = b (9)

where P, is the power of auxiliary symbol, P}, is the power of
data symbol. To cancel N = 8 closest interference symbols
given in Figure.2. The auxiliary power offset given by
[4(0.2393)2 + 3(0.4357)?]
(0.4357)2
The auxiliary symbol must reimburse the imaginary
interference from the adjacent symbols (without the auxiliary
symbol), leading to an interference power of (1 — 0.43572).

=4.27

1
0.4357
to compensate for the loss given by the interference weight.

Furthermore, the auxiliary symbol must be multiplied by

Thus, the auxiliary symbol power is
2
% = 4.21 times higher than the data symbol power. In

the proposed method it was observed that the auxiliary symbol
power is reduced from 4.21 to 0.08 while increase from mono
to tetra auxiliary symbol which is shown in Table.1.
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TABLEI
AUXILIARY POWER OFFSET FOR INTERFERENCE WEIGHTS (€=0.4357)
mono- di- tri- tetra-
Auxiliary | Auxiliary | Auxiliary | Auxiliary
symbol symbol symbol symbol
Pa| 1-¢ 1 — 2¢? 1 — 3¢? 1— 4¢?
Pp g2 (2¢)2 (3¢)2 (4¢€)2
=421 = 0.82 =0.25 =0.08

With the increase in usage of auxiliary symbols, it is
observed that a shortfall in data symbols. Even if there is a loss
in data symbol, the throughput for certain range of Signal to
Ratio (SNR) is not degraded. BER is one of the performance
metrics which must be taken care of in channel estimation.
While transmitting the data symbol and pilot symbol, channel
estimation becomes complex due to the channel transfer
function discontinuity at the edge of subcarriers. This is due to
the estimation methods depending on an assumption that the
channel delay taps are limited in time [35]. Even though the
channel is estimated accurately, the resulting matrix
multiplication is given in Eq.7 which is computationally
complex.

The iterated MMSE Channel estimation method proposed
in this paper works as follows:

Algorithm 1 Iterated MMSE Channel estimation

1. Compute transmission matrix with data given in Eq-2

2. Perform One-tap channel equalization followed by
quantization then estimate

3. 0= Q{yl(’;)} with h"(© = diag{D"©}

Initialize the 1teration withi =0

Interference can be cancelled from the received signal.
y@D =y — (D~® — diag {diag{DN(i)}})xA(")

Obtain channel estimation data matrix D"*D with less
interference at pilot position.

8. Equalize the received signal with improved channel
estimate and quantize, then obtain estimate of transmitted
signal.

N e

(i+1)

A+l Y,
9. x ot =0Qf f(’fm}

10. Consider i = 0, 1. .. 4 and repetition of step 4 to step 7.
where subscript (.)®denotes i**iteration step.

The modified MMSE channel estimation enhances accuracy
by canceling the interference with the above method. The
underlying correlation of channel matrix does not cancel the
interference at the pilot positions because of nonlinearities in
wireless channel. To overcome this problem, iteration step i =
3 and 4 are considered and interference is perfectly cancelled.

III. EXPERIMENTAL RESULTS

FBMC has lower side lobes and smaller guard bands
resulting in higher spectral efficiency than OFDM. In order to
achieve the advantages of FBMC and to enhance the
performance of the proposed channel estimation method, LTE
standards are considered to implement the system. This
improvement is also evaluated by implementing FBMC with
1.4MHz LTE spectrum. The subcarrier spacing of F = 15KHz
is considered in FBMC like OFDM signal. Cyclic prefix length
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of 4.75us and K°FPM(Number of symbols) = 14, which
results in the symbol duration as 1ms for OFDM signal,
whereas FBMC allows to transmit
KOFPM (Number of real symbols) = 30 within the same
symbol duration i.e 1ms. Even though LTE occupies 1.4MHz,
OFDM only uses L =72 subcarriers (LF = 1.08MHz)
whereas in FBMC, there are much lower sidelobes, the number
of subcarriers is increased to L = 87 corresponds to LF =
1.305MHz.
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Transmission power

The pilot symbol pattern for FBMC is considered a
diamond-shaped pattern, and the pilot density of |P| (KT LF) =
0:044 is chosen from the LTE standards. The data symbol
power is the same as the pilot symbol power P, = Pp. If the
pilot power is increased by a factor of two, resulting in the same
SNR for channel estimation (complex domain) and data
transmission (real domain). The signal is transmitted with the
2.4955 GHz carrier through the Rayleigh fading channel to
achieve several channel realizations. Modulation order, code
rate, and turbo coding are taken from LTE standards to evaluate
throughput. In turbo coding, while transmitting a signal the
highest 15 Channel Quality Indicator (CQI) values, can be
selected to get the highest throughput for all data bits.

To compare OFDM and FBMC, the same transmission
power Ps is considered, and defined as:.

1
Py = — [T E(s(t)"} (10)
The signal length in the time domain is given by KT and the

transmitted signal s(t) is given in Eq.l. For the same
transmission power Pg, SNR of OFDM and FBMC is given by

LOFDM
SNRppyc = SNROFDMLFBW (1
The SNR can be expressed as
_ |borpm!|Pp,oFDM+|PoFDMIPP,OFDM
SNRoppy = (12)
LorpmMKoFDMPn
_ |IDENalPDFNA*IPENAIPP FNATIAFNAIPAFNA
SNRppuc = (13)

Pn
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Figure 4. (a), (b), (c) and (d) are the signal power of FBMC and OFDM with number of Auxiliary symbols per pilot from mono- to tetra

Various performance metrics such as transmission power,
throughput and BER are computed for Multi carrier modulations
such as OFDM, FBMC using the computation model shown in
Figure 3. While implementing this model higher order Quadra-
ture Amplitude Modulation (QAM) like 4-where FNA in Pp pva

28

denotes FBMC based number of auxiliary symbols per pilot, and
it varies from 1 to 4. P, is the noise power. FBMC is operated in
real domain, so the noise power P, is reduced by a factor of 2.
If FBMC uses a greater number of subcarriers, the available
transmission power must be dispersed over a wider bandwidth.
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As a result, it reduces each symbol transmission power while
keeping the noise power constant, resulting in a poor SNR.

The power required to transmit OFDM and FBMC are
evaluated by varying the Auxiliary symbols per pilot from
mono- to tetra- are shown in Figure.4.

If the number of auxiliary symbols is increased from mono-
to tetra-the available power to transmit the data symbols also
increases. Then the number of data symbols reduced, but the
auxiliary symbol power can be significantly reduced, shown in
Table 1.

Throughput computation

Throughput is computed by considering only one auxiliary
symbol per pilot with various interpolation methods. In Moving
block average-based interpolation, the average of all pilot
estimates is considered within a time frequency range, whereas
in linear interpolation the three closest pilot estimates are
considered. The wireless channel is highly correlated in both
frequency and time domain. Due to this, moving block average
interpolation is better than the linear interpolation by
nearly 1.7 dB SNR.
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Evaluation of FBMC Channel Estimation using
multiple Auxiliary symbols for high throughput and
low BER 5G and beyond communications
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Figure 5: Shift of SNR for FBMC with auxiliary symbols per pilot from
mono- to tetra-

Based on the relationships given by Eq.11 and Eq.12, the
SNR of FBMC and OFDM are calculated by varying auxiliary
symbols per pilot from 1 to 4 and comparison with OFDM is
shown in Fig. 5.
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Figure 6: (a), (b), (c) and (d) are the throughput achievable rate for FBMC and OFDM with number of Auxiliary symbols per pilot from mono- to tetra-

From Figure 5 compared to OFDM, in FBMC an earlier
shift of 1.22dB is observed for one auxiliary symbol per pilot.
Similarly, an earlier shift of 0.88 dB is observed for two aux-
iliary symbols per pilot, an earlier shift of 0.7 dB is observed
for three auxiliary symbols per pilot, and earlier shift of 0.55
dB is observed for four auxiliary symbols per pilot. Throughput
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is calculated by varying SNR and the effect of channel capac-
ity for the measured throughput is shown in Figure. 6. For the
computation of throughput such as mean throughput (average
Throughput), achievable throughput (maximum throughput) the
computational model is shown in Figure 3.
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For a low SNR, the throughput is increased. The increased
throughput of data symbols compensates the loss of throughput
for few pilot symbols. Therefore, using multiple auxiliary
symbols per pilot performs better than having one auxiliary
symbol per pilot.

BER computation

The BER performance of OFDM is evaluated with
interference cancellation and shown in Figure 7. To improve the
channel estimation accuracy pilot to data power offset of
P,/Pp =2 is considered.
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Figure 7:(a) BER performance of OFDM with interference cancellation; (b)
BER performance of FBMC with interference cancellation with mono-
Auxiliary symbols per pilot; (¢c) BER performance of FBMC with interference
cancellation with fetra-Auxiliary symbols per pilot.

30

The performance of one Tap equalizer is poor if the
interference is added to the noise. BER is computed, by
excluding the time-frequency position close to the edge, i.e only
points which are at the center of the frame are considered. Better
BER performance (6dB) is obtained for interference
cancellation with Perfect CSI (Channel State Information), and
it is close to flat channel response. The proposed Auxiliary
symbol approach for FBMC is compared with OFDM and
plotted in Figure.7. Only locations in the middle of the frame
are taken into consideration for computing BER, while time-
frequency positions near the edge are excluded. Perfect CSI
(Channel State Information) results in better BER performance
(6dB) for interference cancellation, and the channel response is
nearly flat for the FBMC with proposed auxiliary symbol
approach. By varying the number of pilots from mono to tetra
for FBMC, BER is computed and shown in Figure.8.

" FBMC Ay Symbekspe plot=, wiheaion e ocifed ADUSE)

N

Bit Error Ratio
=

Doubly-Fiat Theary ‘

o Cancelalion (Pt CSI)

[ ==Cancelaion
= Cancelaton (0 Edges)

= (ne-Tap (Pereet CS))
! 0.; il OMTBD
1 ? 3 4

Terdion Sepi

(@)

FBMC Ay Symbols peplot= ik et st foodiedADISE)
‘ ] ‘

Bit Error Ratio

10°] = DoublyFit Theoy | 3
e Gacelation (Perfect CSI) | |
= Cancelation 1
=o=Cancelation (no Edges)
== One-Tap (Perfect CSI) |
3| =4=One-Tap

2
Meraion Stpi

(b)

Figure 8: BER performance of FBMC with Modified MMSE(Iterated MMSE)
and with mono-Auxiliary symbols per pilot (b) BER performance of FBMC
with Modified MMSE(Iterated MMSE)and tetra- Auxiliary symbols per pilot

BER is also computed by performing a number of
Montecarlo simulations and plotted and shown in Figure 8(a-
b). From the Figure. 8. the BER performance of FBMC using
the auxiliary symbol channel estimation method with auxiliary
symbols per pilot from mono- to tetra-, it is observed that by
employing fefra-auxiliary symbols per pilot, the interference
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cancellation method obtains 3 dB less performance for the least
(1}:—‘4) power offsets i.e only 0.08. FBMC shows better
D

performance because of more power for data symbols and less
channel-induced interference than OFDM.

By increasing the number of iteration steps from mono- to
tetra- BER 1is reduced to 0.2 dB to 0.1 dB for interference
cancellation scheme. If the number of iterations is increased the
performance of BER is improved which is shown in Figure 7(a-
b). Imaginary interference cancellation based on MMSE
method achieves better performance compared to iteration i =
1 to i = 4. This is achieved only due to the cancellation of
imaginary interference by increasing the auxiliary pilot symbols
from mono to tetra.

IV. CONCLUSIONS

The proposed channel estimation and interference
cancellation are suitable to any physical layer modulations such
as OFDM and FBMC. To cancel the imaginary interference and
to estimate the channel, auxiliary symbols are transmitted along
with the pilot. When one auxiliary symbol is transmitted per
pilot, the power offset, and transmission power enhancement
are observed. The number of symbols allotted to data can be
decreased by transmitting multiple Auxiliary symbols per pilot,
while the power required to transmit the signal and power
offsets can be reduced. When the SNR is low, the throughput
gain of more data symbols compensates for the throughput loss
of a fewer number of data symbols. As a result, using numerous
symbols per pilot outperforms using only one auxiliary symbol.
Due to the availability of more power for data symbols in
FBMC, the BER performance is better than OFDM. The
performance of the proposed MMSE channel estimation
scheme is close to the ideal channel because it is designed to
deal with large delay spread and Doppler spread channels. The
auxiliary symbol-based channel estimation approach
outperforms the conventional process and has the added benefit
of higher throughput.
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