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Multi-User Interference Cancellation for Uplink
FBMC-based Multiple Access Channel

Sumaila Mahama, Student Member, IEEE, Yahya J. Harbi, Member, IEEE, David Grace, Senior Member, IEEE,
and Alister G. Burr, Senior Member, IEEE

Abstract—In the uplink of multi-user systems, signals from
different users may arrive at the base station with different timing
offsets (TO), which degrades the performance of conventional
OFDM systems. In this letter, an FBMC-based multiple access
channel with timing errors is considered under frequency selec-
tive channels. To eliminate the intrinsic interference (Inl), TO-
induced interference (TOI) and multi-user interference (MUI)
terms, an iterative receiver is proposed. The proposed receiver
combines bit-interleaved coded modulation with iterative decod-
ing (BICM-ID) processing with parallel interference cancellation
and iterative interference cancellation. The results show that
FBMC is robust to timing errors and the proposed receiver can
effectively eliminate the interference terms. This motivates the
use of FBMC as an alternative to OFDM in applications that
require asynchronous transmissions.

Index Terms—FBMC-QAM, OFDM, asynchronous access, in-
terference cancellation, LDPC, BICM-ID.

I. INTRODUCTION

IRELESS networks beyond 5G are expected to handle
Wthe coexistence of many use cases, including massive
machine-type communications (mMTC). To connect to the
network each user equipment (UE) performs an uplink syn-
chronization procedure by sending a scheduling request to the
base station (BS) and waiting for the BS to grant it radio
resources [1]. For some mMTC applications, this grant-based
multiple access will result in a huge synchronization overhead,
due to the high connection density. To solve this problem,
grant-free transmission has been investigated for mMTC, in
which each UE operates in a wake-up-and-transmit manner
[1]. However, in a grant-free system there is timing mis-
alignment of UE transmissions which introduces asynchronous
interference [2].

Orthogonal frequency division multiplexing (OFDM),
which has been adopted for LTE and 5G New Radio (NR),
requires the grant-based synchronization procedure in order
to maintain orthogonality between subcarriers. In addition,
OFDM suffers from poor spectrum containment which makes
it sensitive to timing errors. This makes OFDM inefficient for
the relaxed synchronization required in the grant-free uplink
transmission of mMTC devices [3]. Recently, non-orthogonal
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waveforms have been shown to be robust to imperfect syn-
chronization [4], [5]. In [1], an uplink asynchronous multi-
user system with generalized frequency division multiplexing
(GFDM) was investigated and a weighted parallel interference
cancellation (PIC) receiver was proposed to cancel the multi-
user interference (MUI).

Another waveform candidate that has shown robustness in
asynchronous scenarios is filter-bank multicarrier (FBMC) [6],
which employs per subcarrier filtering using well-localized
filters. As a result, FBMC exhibits significantly lower out-of-
band (OOB) emissions compared to both OFDM and GFDM.
In addition, FBMC systems require no cyclic prefix (CP)
and guard band, which can significantly improve spectral
efficiency. However, the orthogonality between sub-channels
is lost, resulting in intrinsic interference (Inl). An implemen-
tation of FBMC that has received significant research attention
is the FBMC with offset quadrature amplitude modulation
(FBMC-OQAM) [7], [8]. In [7], the performance of FBMC-
OQAM in a multi-user massive multiple-input multiple-output
(MIMO) systems is investigated by exploiting the statistical
properties of the Inl in FBMC-OQAM. The authors in [8]
analysed the interference power in an uplink asynchronous
system employing FBMC-OQAM and showed that FBMC-
OQAM outperforms OFDM in asynchronous scenarios. How-
ever, FBMC-OQAM systems achieve orthogonality only in the
real domain and suffer from Inl in complex fading channels.
Thus, the OQAM processing limits the direct application
of FBMC-OQAM in conventional receiver processing such
as channel estimation, space-time block coding (STBC) and
maximum likelihood detection (MLD). Moreover, [8] only
presented a distortion analysis and did not propose a scheme
to cancel the Inl and MUI terms.

In this letter, a novel interference cancellation receiver is
proposed for asynchronous multi-user uplink FBMC-based
systems. To resolve the problems with OQAM processing,
FBMC with QAM modulation is implemented [3]. The pro-
posed receiver uses bit-interleaved coded modulation with
iterative decoding (BICM-ID) which combines FBMC demod-
ulation and SISO decoding for signal detection, and PIC and it-
erative interference cancellation (IIC) for interference removal
[9]. In the initial decoding iteration, each UE’s transmit signal
is estimated and used to cancel MUI in the PIC phase. In
the subsequent decoding iterations, IIC is used to cancel the
Inl and TO-induced interference (TOI) in each UE’s received
signal. This differs fundamentally from the GFDM system in
[1], which employs a linear adaptive interference cancellation
filter to effectively remove the Inl terms.
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The rest of the paper is organized as follows: Section II-A,
II-B and II-C present the transmitter model, received signal
with no TO and received signal with TO, respectively, for
the FBMC-based multiple access channel. In Section II-D, a
BICM-ID receiver with interference cancellation is proposed
to cancel the Inl, TOI and MUI in the multi-user FBMC-
QAM system. Simulation results are presented in Section III
to illustrate the performance of the proposed receiver for both
FBMC-QAM and OFDM. Finally, concluding remarks are
drawn in Section IV.

Notation: Lower and upper case boldfaces are used to
denote vectors and matrices, respectively. A(i; : il : b)
represents the submatrix of matrix A with rows i; through
ip and columns [; through /, removed. Also, E[-] represents
the expectation operation and j = V-1 . Ip, 0p and 0,y
denote the P X P identity matrix, P X P zero matrix and p X g
zero matrix, respectively. i represents a discrete time sample
whereas m and n represent the subcarrier and symbol indexes,
respectively. The operators ()* and = represent the complex
conjugate and convolution of two sequences, respectively. The
symbol ¢ denotes an empty set whereas U and N denote the
union and intersection between two sets.

II. SYSTEM MODEL

A. Transmit Signal

Consider an uplink FBMC-QAM system in which K UEs
transmit data to a single-antenna BS in a grant-free manner.
A frequency division multiple access (FDMA) scheme is
employed in which each UE transmits its data sporadically on
a portion of the M available subcarriers. There is a total of N
FBMC-QAM symbols on each subcarrier. At the transmitter
of each UE, a stream of information bits b are encoded to
generate a coded bit stream ¢. The encoded bits are randomly
interleaved and mapped onto a QAM constellation to generate
the data symbols. Let df,]f)n € My denote the QAM modulated
data of UE k associated with subcarrier index m and symbol
n, where My is the set of subcarriers assigned to UE k and

E [|d,(,]i)n|2] = 1. Here, it is assumed that each subcarrier is
allocated to only one UE. Thus, UK My = {0,1,....M — 1}
and M; N M, = ¢ for [ # t. Therefore, the discrete time
FBMC-QAM transmit signal of UE k can be expressed as

N-1

DU D dgihlil (1)

meM; n=0

sili] =

where i represents the sample index and gﬁ,’f)n [£] is the time and
frequency shifted version of the the prototype filter impulse
response, g[i], given as

2

ghnnlil = gli = nMy /2]’ 3 @)
where M is the number of elements in the set My, the
sequence g[i] has length Ly = X M; with « as the overlapping
factor. Note that the exponential term in (2) represents the
inverse fast Fourier transform (IFFT) operation. As shown in
[10], an efficient and low complexity implementation of the
prototype filtering in FBMC systems is the poly-phase network

2

(PPN). Adopting the PPN implementation and following the
notation in [11], (1) can be rewritten in vector form as

sk = Grdy 3)

with

T
_ | gk 4(k) (k) (k) (k) (k)
di = [dl,l d2,1 "‘de,l d1,2 dz,z "‘de,N]

Gi= [l el el el gl - -
Here, s, € CF«¥1 is the transmit signal vector of UE k, d; €
CPex1 is the vector of stacked data on all N symbols and M;
subcarriers of UE k, where Fy = LN and Py = MiN. In
addition, g(mk,)n € CFrx1 js the vector of all samples of gf,’f?n [7]
and Gy € CFe*Pk ig the transmit filter matrix.

B. Received Signal without Timing Offset

In the absence of timing offset (TO), the received signal at
the BS from all UEs can be expressed as

K
ylil = (el + i) + 2[i] )
k=1
where hg[i] for 0 < i < Loy — 1 is the L.p-tap multipath
fading channel between UE k and the BS and z[i] represents
the additive white Gaussian noise (AWGN) with zero mean
and variance crg. The vector form of (4) is expressed as

K
y= Z His; +z 5
k=1

where H; € CF«XFk ig the circulant channel matrix of UE
k based on h[i] and z € CF+¥! is the AWGN vector. Note
that each element of Hy is assumed to be an independent
and identically distributed (i.i.d) complex Gaussian random
variable with zero mean and variance 0'}% =E [|hk [i]|2].

C. Received Signal with Timing Offset

Consider the case of grant-free uplink transmission, in
which each UE transmits its data asynchronously. In this case,
signals from different UEs arrive at the BS with different TO,
7. The two cases of TO are illustrated below:

1) Timing error to the right (tp > 0): In this case, 7%
samples to the right side of the current FBMC-QAM symbol
are replaced with samples from the next symbol. From (1), let
the time-domain sequence of the n-th symbol be expressed as
snkli] = Zmem, df,',f,)ng,%,)n [{]. Thus, the received signal at the
BS based on TO to the right can be represented as

K
yalil = )" (ol 7l X Reli] + 2 i+ 7] X Reli]) + 21i]

k=1
(6)
where x, x[i] = snk[i] * hi[i] represents the current symbol
and x/ Tk [i + 7] is the next symbol. Also, Ry[i] denotes the
TO variable with a value of 1 when sample i is selected and

0 when sample i is not selected, i.e.

1 <i<Ly-1 -1
Rk[i]={’ Eishiom )

0, Ly—-m<i<Lg-1
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and Ry[i] is a complement of Ry[i] obtained by swapping Os
and Is. Substituting (1) into (6) and following the notation
in [4], the received signal in (6) can be represented in vector

form as
G dnext
1% l) +z (8

K
V- ; Gy 2dk

R H,.Gidy + Rka

where R; and R; € CFe<Fe are the TO matrices, given
respectively as

R; = [O(Fk—Tk)XTk I(Fk—Tk)} ,
T 0z, x(Fr—2)

R, = |V Q)|
Tk O x(Fi—i)

Also, Gi,; € CFx=Len)Pr and Gy, € CLen*Pk are sub-
matrices of Gy that can be expressed as

Gi,1 = Gr(1 : (Fx — Len)s ),
Gr2 = Gi((Fx — Len + 1) @ Fi,2).

The received signal in (8) can be expanded as

K
y = Z((RkaGk + Rkayszyz) dy + Rka’Ikaleext) ‘z
k=1

K
= Z (Bz’zdk + B,’(’ldze"’) +z
k=1

where Hi; and Hi, are sub-matrices of Hi, ie. Hy =
[He,1Hy 2]. Also, B), , = ReHi Gy + RyHy 2Gy » and B | =
RiHg,1Gg 1

2) Timing error to the left (1 < 0): In this case, 7%
samples to the left side of the current FBMC-QAM symbol are
replaced with samples from the previous symbol. In CP-based
waveforms, e.g. OFDM and GFDM, the impact of TO to the
left can be compensated for using a large enough CP. For a CP
duration Lp, only t = max(Lcp, = (Lcp +7%),0) samples of the
previous symbol interfere with the current symbol. However,
since FBMC systems do not employ CP, 7, symbols of the
previous symbol will affect the current symbol. Therefore,
similar to (6), the received signal at the BS based on TO to
the left can be expressed as

K

WAl = )" (ol + 7] X Reli] + o[ + 7] X Reli]) + 2l
k=1

(10)

where xfl _y xli+7x] is the previous symbol. Similar to (9), the

vector form of (10) is represented as

K

1

y = Ry HGrdy + R Hy

)+z. (11)

k=1

In this case, Ry and Ry € CF«*Fx are defined respectively as

R; = [I(Fk—‘rk) O(Fk—Tk)XTk] ,

Oz, x(Fr—70) 0,

=l

k=

O(Fk*Tk) O(Fka)XTk] )
0Tk><(Fk—Tk) ITk

3

By expanding the signal in (11), we obtain

K
yl — Z((RkaGk + Rka,le,l) d; + Rka,ZGk,zdireV)
=1
+z
K
= (Bi’ldk + Bi’zdfr”) +z
=1
(12)

where Bi’l = RkaGk +Rka’1Gk’1 and Bi’z = Rka,sz,g.

D. BICM-ID Receiver with Interference Cancellation

In this subsection, description of the proposed receiver is
presented for the received signal with and without TO, as
shown in Fig. 1. For simplicity of analysis, it is assumed that
the channel state information (CSI) is known at the BS.

1) FBMC Demodulation: The received signal is passed
through the detection module, shown in Fig. 2. First, the
received signal goes through the FBMC-QAM demodulator,
which consists of receive filtering and FFT operations. Con-
sidering the case of received signal without TO, the frequency
domain signal for the k-th UE after filtering and FFT is given
as

di = Glly

K
13
=G'HiGede + ) G'H,Gd, + Gf'z (19

u=1,u#k

Using (1) and (4), the first term in (13) can be expanded as
G HiGrdy = si[i] * huli]
- N-1
= D0 D0 D A lilgmlil il

i=—c0 me My n=0
(14)

Note that, in OFDM systems the transmit and receive filters
are designed to satisfy the orthogonality condition, i.e.

00

2,

i=—00

k)x . (k) r-
gﬁn/),n/ [l]ggn,)n [i] = Sy On,

(15)
where 6.y denoted the Kronecker delta function with 6,y =
1if m = m" and 6y = 0 if m # m’. However, in
FBMC-QAM systems, the prototype filters cannot achieve
subcarrier orthogonality. Therefore, the expression in (14) can
be rewritten as

GYHGydy = d)  Hi +1%) H, (16)

_i2nmi
where Hy = ZiL:"" hi[ile™ M denotes the channel frequency

J

response and I,(,]f,n is the Inl caused by the lack of subcarrier
orthogonality in FBMC-QAM, which is expressed as

RED YY)

dl(”,)n g( ) [l] ( )
(‘”,’n’)¢(”l#”)

o [118mnlE]-

a7)

i=—0c0

Before detection and decoding of the demodulated signal, the
effect of the frequency-selective channel is compensated by
applying a simple one-tap zero-forcing (ZF) equalizer. Substi-
tuting (16) into (13), the estimated data of UE k associated
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Fig. 1. Proposed BICM-ID receiver with interference cancellation.
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Fig. 2. Block diagram of the Detection Module.

with the m’-th subcarrier of the n’-th symbol after equalization
is given by

K
) _ k) ) . ~
AW, =dl 1)+ > Hd, +7
u=Luzk (18)
———
MUI

where H, = H;'Gf'H,G, and Z = H;'G['z.

On the other hand, considering the case with TO, the
frequency domain signal of UE k after FBMC-QAM demod-
ulation is given as

d; = Gy’
= GI'B] di + GI'B] d?

kv Tk (19)

K
+ > (GI'Bi,d, + GI'B; d2) +2

u=1,u#k

where de represents the data on the next or previous symbol
of UE k, {-}’ represents either {-}" or {-} and v is either 1
or 2. The second term in (19) represents the TOI. Similar to
(13), the first term in (19) consist of the desired signal and
Inl terms. Thus, after equalization, the detected data signal
associated with the m’-th subcarrier of the n’-th symbol can
be written as

K
k k k 3 3 3
VAR (I (S : A ) (Hu,vdu + deg)
~—— u=l,u#k
TOI
MUI
+1Z

(20)
where Hy ,, = HZIGEBLV.

2) Soft Demapper: Using the equalizer output, the soft
demapper computes the extrinsic log-likelihood ratios (LLRs)
of the b-th bit of the n-th symbol of UE k using sum-product
decoding [3]. The extrinsic LLRs, L%, . are deinterleaved and

Dem

passed to the SISO decoder as a priori LLR, LaDeC.

3) SISO Decoder: The SISO decoder calculates the a
posteriori LLRs of the coded bits, Lgec, after a predefined
number of iterations. In this letter, the low-density parity
check (LDPC) decoder with an irregular parity-check matrix
is considered as the SISO decoder. For the next iteration
of the BICM-ID receiver, the extrinsic LLRs, defined as
L. Lgec - L}, are passed to the soft mapper to
regenerate the transmitted symbols.

4) Symbol Regeneration: In this step, the transmitted sym-
bols of all UEs are estimated and used for interference cancel-
lation. Specifically, the extrinsic LLRs provided by the SISO
decoder are interleaved and passed to a soft mapper as a priori
information, Ly, . The output of the soft mapper is FBMC-
QAM modulated to obtain the estimates of the transmitted
signal from each UE.

5) Interference Cancellation: To remove the Inl, TOI and
MUI terms from the detected signal, an interference cancel-
lation operation is performed using the regenerated symbols
as shown in Fig. 1. The proposed interference cancellation
algorithm proceeds as follows:

« In the first iteration, the receiver obtains the soft estimated
signals from all K UEs, and removes the MUI terms in
(18) and (20) by performing PIC. That is, to decode the
signal of UE k, the sum of the signals from all other UEs
are subtracted from the received signal of UE k to cancel
the MUL

« In the subsequent iterations, IIC is employed to remove
the Inl and TOI terms. That is, for each UE the Inl and
TOI terms are estimated and subtracted from the received
signal in multiple decoding iterations.

« When the maximum number of IIC iterations is reached,
Lgec is used to generate the hard-decision estimates of
the transmitted bits, b.

A detailed complexity analysis of the proposed receiver
is beyond the scope of this letter. Further information and
derivation of the complexity analysis of a BICM-ID receiver
with interference cancellation is provided in our previous work
in [3].

IITI. SIMULATION RESULTS

In this section, simulation results are presented to compare
the performance of OFDM and FBMC-QAM in an asyn-
chronous uplink FDMA system. For the simulation setup, a
5G NR scenario in which a group of contiguous physical
resource blocks (PRB), known as bandwidth part (BWP), is
assigned to each UE. Each PRB consists of 12 subcarriers.
In this simulation, BWPs made up of 6 PRBs are assigned
to each UE. For simplicity, the case of 2 UEs transmitting to
the BS is considered in the simulation. The CSI is assumed to
be perfectly known at the BS and its powers and delays are
defined by the extended vehicular-A (EVA) channel model.
For the SISO decoder, an LDPC decoder with irregular parity-
check matrix is employed whereas sum-product decoding is
used as the demapper. In addition, the PHYDYAS prototype
filter with overlapping factor x = 4 is used at both the UE
and BS. For the synchronous OFDM case, a cyclic prefix of
length L., = 16 samples is considered.
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Fig. 3. Average BER performance of OFDM vs FBMC-QAM in Synchronous
and Asynchronous multiple access channel

First, a comparison of OFDM and FBMC-QAM is presented
for two uplink transmission scenarios: (i) the transmission
of both UEs are synchronized at the BS, ie. 7z = 0 (ii)
UE transmissions arrive at the BS with a random number of
samples in delay, i.e. 7 > 0. In the synchronous case, OFDM
achieves near optimum BER performance and has no error
floor as shown in Fig. 3. This is due to the use of CP and guard
band in OFDM, which maintains subcarrier orthogonality and
compensates the effect of channel frequency selectivity. On
the other hand, an error floor appears at high SNR for FBMC-
QAM. This is due to the intrinsic interference caused by the
loss of subcarrier orthogonality in FBMC-QAM. As can be
seen from Fig. 3, in the asynchronous case FBMC-QAM does
not incur a significant performance loss. This is because of
the improved frequency localization of FBMC-QAM which
reduces its sensitivity to timing errors, without using any CP.
In the case of OFDM, asynchronous transmission results in a
significant performance loss, especially when the CP is shorter
than the number of samples in delay. Thus, FBMC-QAM
has the advantage of higher spectral efficiency compared to
OFDM since it can combat the effect of timing errors without
employing additional resources in terms of CP or guard band.

The BER performance of the proposed BICM-ID receiver
with interference cancellation is presented in Fig. 4. As
described above, the estimated signals of the two UEs are first
used for PIC to remove the MUI term. Then, a fixed number
of IIC iterations are performed to eliminate the Inl and TOI
terms. It can be seen in Fig. 4 that the combination of PIC and
IIC is able to remove the Inl, TOI and MUI in the proposed
FBMC-QAM system. Fig. 4 shows that the error floor can be
removed after only 2 IIC iterations.

IV. CONCLUSION

In this letter, FBMC-QAM has been considered as an alter-
native to OFDM in an uplink multi-user system in the presence
of TO. This is due to the high spectral efficiency and ultra-
low OOB emission in FBMC-QAM, which make it suitable for
grant-free transmissions. We have derived a general expression
for the Inl, TOI and MUI and proposed an interference cancel-
lation receiver to eliminate the interference terms. The results
show that for the asynchronous case the BER performance of

100 T T T T

P —&—No PIC, No IIC
——PIC, 0 IIC
10! —&o—PIC, 11IC
—*—PIC,2IIC
—&— Synchronous OFDM
102
o
w 3
& 10
10
10°
10'5 1 1 1 L
-10 0 10 20 30 40

SNR [dB]

Fig. 4. Average BER performance of proposed BICM-ID receiver with
interference cancellation for Asynchronous FBMC-QAM.

OFDM is significantly degraded compared to the synchronized
case. The FBMC-QAM case, on the other hand, shows a
robustness against TO with only a small performance loss.
It is also shown that the proposed receiver can eliminate the
interference terms in multiple receiver iterations. In summary,
with a receiver that can effectively remove the interference
terms, FBMC-QAM is a convenient alternative to OFDM in
uplink transmission due to its robustness to timing errors and
high spectral efficiency, which is beneficial for future mMTC
applications.
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