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Abstract—We propose a low-complexity semi-blind joint multi-
carrier frequency offset (CFO) and multi-channel estimation
scheme for uplink generalized frequency division multiple access
(GFDMA) systems. To the best of our knowledge, this is the first
work to investigate the estimation of both CFOs and channels
for a wide range of GFDMA systems, allowing arbitrary carrier
assignment, modulation type and cyclic prefix length, and a
wide range of the number of receive antennas. Thanks to the
orthogonality between noise subspace and each signal subspace of
U users, a complex U-CFO and U-channel estimation problem
is decomposed into 2U one-dimensional problems, and solved
in a semi-blind manner. Also, the multi-CFO compensation is
performed at receiver rather than transmitter, avoiding spectral
overhead due to feedback of multiple CFOs. Simulation results
show that the proposed scheme significantly outperforms the
existing methods in terms of bit error rate (BER) and root-mean-
square-errors (RMSEs) of CFO and channel estimation, at much
lower computational complexity than the existing methods.

I. INTRODUCTION

Generalized frequency division multiple access (GFDMA)
is a promising multiuser technique for future wireless commu-
nications [1], [2], which is a generalized form of orthogonal
frequency division multiple access (OFDMA) and maintains
most of the benefits of OFDMA while overcoming some of
its challenges, e.g., large out-of-band (OOB) emission and
high peak-to-average-power-ratio (PAPR). However, GFDMA
suffers from multi-user interference (MUI), inter-carrier inter-
ference (ICI) and inter-symbol interference (ISI) caused by
its nonorthogonal prototype filter. These kinds of interference
become more severe in the presence of carrier frequency
offsets (CFOs). A low-complexity zero-forcing receiver and
a precoding technique to reduce PAPR were respectively
proposed in [1] and [2] for uplink GFDMA. However, per-
fect channel estimation and frequency synchronization were
assumed in [1] and [2]. The study on channel estimation and
frequency synchronization for GFDMA is still an open area.
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A number of channel estimation [3]-[5] and frequency
synchronization techniques [5]-[7] have been proposed for
generalized frequency division multiplexing (GFDM) systems.
In [3], [4], [6] and [7], only channel estimation or CFO
estimation was considered, and their impacts on each other
were ignored. In our previous work [5], a robust semi-blind
scheme was proposed for joint estimation of CFO and channel
for GFDM. Nevertheless, only a single user was considered
in the aforementioned work, and thus these solutions cannot
be applied to GFDMA systems with multiple users.

Frequency synchronization has been widely studied in
OFDMA systems [8]-[12]. However, [8] and [9] were based
on interleaved carrier assignment only. The blind CFO esti-
mation approach in [10] was applicable for arbitrary carrier
assignment, however, it works only under the conditions of
constant modulus constellation or limited cyclic prefix (CP)
length, and requires tremendous complexity for exhaustive
search. In [11] and [12], the joint estimation of CFOs and
channels for OFDMA with arbitrary carrier assignment was
studied. However, the subspace based semi-blind approach
proposed in [11] requires a large number of receive antennas
as well as high complexity to search for CFOs, and the
preamble-assisted scheme developed by Kalman and particle
filtering in [12] reduces the spectral efficiency and has a much
worse performance than the Cramér-Rao lower bound. In our
previous work [13], a joint multi-time of arrival (TOA) and
multi-CFO estimation scheme was developed for orthogonal
frequency division multiplexing (OFDM) systems, assisted by
carefully designed preambles. However, it requires high train-
ing overhead and ignores channel estimation. Furthermore,
the aforementioned methods for OFDMA [8]-[12] or OFDM
[13] cannot be applied to GFDMA, due to the nonorthogonal
prototype filter of GFDMA.

In this paper, a low-complexity semi-blind joint multi-CFO
and multi-channel estimation (SBJCCE) scheme is proposed
for an uplink GFDMA system of U users with arbitrary carrier
assignment. CFOs and channels are first separated into U
groups by users using a subspace approach. For each user, the
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CFO is extracted by minimizing the smallest eigenvalue whose
corresponding eigenvector is utilized to estimate the channel
in a blind manner. Finally, the channel ambiguity is eliminated
by only a few pilots. Our contributions are as follows.

o To the best of our knowledge, this is the first work to
investigate joint multi-CFO and multi-channel estimation
for GFDMA systems. While the studies for GFDMA in
[1] and [2] assumed perfect estimation of both CFOs and
channels; the methods proposed in [3], [4], [6] and [7]
and by us in [5] are for GFDM systems, not applicable to
GFDMA with multiple users; the approaches developed
for OFDMA [8]-[12] and for OFDM in our previous
work [13] also cannot be applied to GFDMA due to the
nonorthogonal filter of GFDMA. The proposed SBJCCE
scheme for GFDMA significantly outperforms the exist-
ing methods for OFDMA in [10] and [11] in terms of bit
error rate (BER) and root-mean-square-errors (RMSEs)
of CFO estimation and channel estimation.

o The proposed SBICCE scheme requires low complexity.
Utilizing the orthogonality between noise subspace and
each signal subspace, a complex 2U-dimensional esti-
mation problem is decomposed into 2U one-dimensional
problems. The proposed CFO estimation algorithm re-
duces the complexity by up to hundreds of times over the
methods in [10] and [11]. With separated CFOs, simple
CFO compensation is also enabled for individual users
at receiver side rather than transmitter side like [14].

e The proposed SBJCCE scheme requires low spectral
overhead. The joint multi-CFO and multi-channel esti-
mation scheme is performed semi-blindly, where only a
few pilots are required for channel ambiguity elimination,
leading to a much lower spectral overhead than the
methods in [6] and [13]. The multi-CFO compensation
at receiver side also avoids the signaling overhead to
feedback CFOs to the respective transmitters in [14].

o The proposed SBJCCE scheme is applicable to a wide
range of GFDMA systems. It supports arbitrary carrier
assignment, modulation type and CP length, and also a
wider range of the number of receive antennas than the
method in [11]. While the existing methods can work
only in OFDMA systems with an interleaved carrier
assignment [8], [9], a constant modulus constellation [10]
and a limited CP length [10].

The rest of this paper is organized as follows. Section
IT presents the system model. The proposed low-complexity
SBJCCE scheme is described in Section III. Complexity
analysis and simulation results are given in Sections IV and
V, respectively. Section VI draws the conclusion.

Notations: Bold symbols represent vectors/matrices. Super-
scripts T" and * respectively denote the transpose and complex
conjugate of a vector/matrix. diag{a} is a diagonal matrix with
vector a on its diagonal. Opsxn is an M x N zero matrix.
| - ||I# is the Frobenius norm. ® is the Kronecker product.
A(a : b,c: d) is the submatrix of A with rows from a to b
and columns from ¢ to d. A’ represents the estimate of A.
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Fig. 1. An example of a multi-user SIMO GFDMA system with arbitrary
carrier assignment in the presence of CFOs, with U = 2 users, M = 3
sub-symbols and K = 16 subcarriers.

II. SYSTEM MODEL

We consider an uplink U-user single-input-multiple-output
(SIMO) GFDMA system, where each user and the base
station (BS) are equipped with a single transmit antenna and
N, receive antennas, respectively. Each GFDMA symbol is
divided into M sub-symbols each with K subcarriers and
we define N = M K. P arbitrary subcarriers are assigned to
each user with P = K/U. The set of P subcarriers assigned
to user v (u = 0,1,---,U — 1) is denoted as K,, where
U)K, ={0,1,--- ,K — 1} and K, K, = &, Yu # v.
Fig. 1 illustrates an example of a SIMO GFDMA system with
arbitrary carrier assignment in the presence of CFOs, with
U=2 M=3and K = 16.

Define d;,, = [d],0,d] 1, .d}, 2 4]7. with
di,u,m = [di,u,m,07 di,u,m,h e adi,u,m,P—l} , where di,u,m,p
is the complex data of user w in the i-th symbol transmitted on
the K,, (p)-th subcarrier in the m-th sub-symbol. Each d; 4, m p
is transmitted with the corresponding pulse shape [1], [2]

gk.m[n] = g[(n —mK) mod N|-exp(—j2rkn/K) (1)

where n (n = 0,--- , N —1) is the sampling index. Note that
each gi ., [n] is a time and frequency shifted version of a pro-
totype filter g[n]. Denote X; ,, = [#;.4[0], z; w[1], -+, @i W [N —
1]]7" as the transmit data vector of u-th user in the i-th symbol,
which can be expressed as

Xiu = Ay ® Ty )d;s 2

where A = [80, "+ 8k 1,0 +8om—1> " 8K -1,m 1]
is an N x N pulse shaping filter matrix with g, ,, =
[9k.m[0],- -+, gkm[N — 1]], and T, is the subcarrier as-
signment matrix of size K x P whose p-th column vector
corresponds to the K, (p)-th column of the identity matrix
In. A single CP with length L, is pre-pended to the symbol
X, obtaining s;, of size¢ G = N + L, which is given
by sin = ¥,d;, with ¥, = A,(Iyy ® T'y,) and A, =
AT(N — Ly : N —1,1: N),AT|T.

The channel is assumed to exhibit quasi-static block fading
and the channel impulse response (CIR) remains constant
within a frame with Ny GFDMA symbols. Denote h} =
[R7[0], R [1],--- ,h™[L — 1]]T as the CIR vector for the



n,-th receive antenna of user w, with L being the length of
CIR. ¢, is defined as the CFO between the u-th user and
the BS. By incorporating the CFO into the transmitted signal
and channel of each user [5], we obtain the CFO-included
channel and CFO-included transmitted signal of user u given
by h[l] = /2 ¢ul/Kp(l] and 5, ,,[g] = €279/ K5, ., [q],
respectively. Thus, the time-domain received signal in the ¢-th
symbol at the n,-th receive antenna can be written as

U—1L-1_
e = Ny
=D 0D, Melsialg — 0 +witlgl )
where w;"[g] (¢ =0,---,G — 1) is the noise term.

The first (L — 1) signal samples y;"[0] to y;"[L — 2]
suffering from ISI due to CP are discarded and not utilized
for estimation [5]. Collecting the received signal samples

y;'[L—1] to y;"[G —1] from N, recelved antennas into a vec-

tor we obtain y; = [y9[L—1],- ",yt HL=1],- 9l G —
1],---,yM G — 1]]7, which can be expressed as

U-1 _

u= %/_/

G'U/
where E(¢,) = diag{e(¢,)} is the CFO matrix of user u

with e(¢,) = [1,e/270u/K ... i27¢u(G-1/K] H, is the
channel circulant matrix expressed as
H, =
h, (L —1) h, (0) co O,
. ' : (&)
0]Vr><1 BU(L - 1) BU(O)
with h, () = [A® [l] SANT, and Wy = [WL —
1]7'-',’LU5V 1[L 1] [G_1]7_._7w£\/'r* [G_l]]T

III. Low-COoMPLEXITY SBJCCE SCHEME

Thanks to the orthogonality between noise subspace and
each signal subspace of U-users, CFOs and channels are first
separated into U groups. Second, for each user, CFO is first
extracted by minimizing the smallest eigenvalue to satisfy
the orthogonality, while the channel is determined by the
corresponding eigenvector but with a scaling ambiguity which
is then eliminated easily by a few pilots only. Fig. 2 illustrates
the proposed SBJCCE scheme.

A. Multi-CFO Separation and Multi-Channel Separation

To allow the joint separation of CFOs and channels by
user, the eigenvector corresponding to the noise subspace
should be obtained. By exploiting [V, receive antennas with
(G—L+1)N; > N, the frame with Ny received symbols is
used to compute the auto-correlation of the received signal,
obtaining Ry = N%Zf\[:*a ! y;YZ. By performing eigenval-
ue decomposition (EVD) on the auto-correlation matrix Ry,
the noise eigenvectors can be determined, which correspond
to @ ( = (G — L+ 1)N; — N) smallest eigenvalues
of Ry. The g¢-th noise eigenvector is expressed as v, =
(YE(0),~I (1), ;4T (G — L)]" where ~v4(g) is a column
vector of size N;. Due to the orthogonality between the noise
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Fig. 2. Block diagram of the proposed SBIJCCE scheme.

subspace and each signal subspace, the columns of G, are
orthogonal to each noise eigenvector, i.e., mf G, =01xmP-
Since each user occupies exclusive subcarriers and has a
different channel, G,, differs from each other. Define h, =
b2 (L — 1),h) (L — 2),--- ,h. (0)] as the CFO-included
channel vector of u-th user. The CFO and channel of u-th

user are determined by

[¢,,h] = arg mmz

Hence, by utilizing the orthogonality, the CFOs and chan-
nels can be separated by user. The complex multi-CFO
compensation problem is thus divided into a number of simple
single-CFO compensation problems, avoiding an additional
signalling overhead to feedback CFOs to the transmitters in
[14]. It is noteworthy that the proposed scheme has a looser
requirement on the CP length and number of receive antennas.
The CP length in the proposed scheme can be chosen as any
value, while it in [10] is limited to L, < 2 L with P being
the number of subcarriers per user. The proposed SBJCCE
scheme also requires a smaller number of receive antennas to
meet (G — L+ 1)N; > N than the approach in [11] whose
required number of receive antennas is linearly proportional
to the number of users and the channel length.

B. Blind CFO and Channel Estimation

After the separation of CFOs and channels by user, each C-
FO is first extracted to satisfy the orthogonality by minimizing
the smallest eigenvalue, whose corresponding eigenvector is
exploited to determine the corresponding channel. To avoid an
exhaustive search for CFO, we then propose an efficient CFO
estimator by exploiting the properties of the well-designed
cost function. _ ~ _

Define R_u(¢u)~ =| 75Gq(¢u>Gf(¢u)7q I, where
Gu(¢.) = H,E(¢,)P,, with ¢, as the CFO trial value of
u-th user. R, (¢,,) can be written as

R.(u) = YIHE(S,) ¥, OTEY (§,)HL v, ()

Accordlng to [15], H,, as a Toeplitz matrix, has a property of
Yq HH, = h Y, where Y, of size N;L x G is given by

ol GGl I (6)

T, =
74 (0) Y, (G— L) 0N,y
: - - : 3
ONy - 74 (0) v, (G = L)
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Fig. 3. Cost function ﬂu(qi;u) in (11) as a function of CFO trial value <j~>u,
with ¢, =0, M =1, 3 and 5.

Therefore, (7) can be rewritten as

R.($,) = b, YE($,) ¥, $YE (3,)YH R, (9)

Pu,q(éu) Pqu(qgu)

Define Pu(ql;u) = [Pu,O(d;u)a u, 1(¢u) L Pug- 1(¢u)] The
CFO and channel of user u can be estlmated by

(¢}, h,] = arg Inllflllh P, (6u)Py (Gu)hy, |7

u sy

(10)

Then, the CFO and channel of user u are estimated in the
following steps:

Step 1: The auto correlatlon matrix of P, (¢,) is calculated
by Rp . (du) = Pu(du)PZ($,). If ¢, is the true CFO (¢, =
¢u), the rank of Rp’u((bu) is (IV;L — 1), otherwise the rank
is N;L. Hence, the CFO of user u can be extracted by

d); = min /Bu(¢u)

$u€[—0.5,0.5)

(1)

with ﬂu(éu) defined as the smallest eigenvalue of Rp7u(éu).

Note that CFO estimation directly based on exhaustive
search in (11) requires a large number of computations. Fig.
3 illustrates the cost function (,(¢,) as a function of CFO
trial value, with ¢, = 0, M = 1, 3 and 5. We can observe
that the cost function has M minimums corresponding to the
number of sub-symbols per GFDMA symbol, and the distance
between any two neighbor minimums is approximately 1/M.
Hence, by utilizing these properties, the low-complexity CFO
estimation can be achieved following the steps below:

Step 1.1: Utilize the golden section search and parabolic
interpolation algorithms to search for the minimum within the
range [—0.5/M,0.5/M), denoted as ¢9.

Step 1.2: The rest minimums can be determined by utiliz-
ing the relationship between any two neighbour minimums,
denoted as ¢, .-, ¢pM—1,

Step 1.3: Put all the minimums back to the cost function
ﬁu(d;u) in (11), and select the one corresponding to the
smallest value of 3,(¢,), denoted as ¢,

Step 1.4: As the distance between any two neighbour
minimums is not accurately 1/M due to the noise, Step 1.3
might suffer an error floor. We then utilize the golden section
search and parabolic interpolation algorithms to search for the
minimum within the range [¢ — 0.5/M, ¢™ + 0.5/M). We
denote the final CFO estimate as ¢/,.

Step 2: After obtaining the CFO estimate ¢/, the channel
of user u is determined as the conjugate of the eigenvector
correspondmg to its smallest eigenvalue of Rp ,,(¢),), denoted
as hu o- It is worthy noticing that a complex scahng ambiguity
b, exists between the blind channel estimate hu o and the true
channel h,,, which can be eliminated easily by a few pilots.

C. Channel Ambiguity Elimination and Signal Detection

With the blind estimates of CFO and channel ¢/, and hu 0>
G/, can be easily obtained according to (4). The received
signal y, can be expressed as

U—1
yvzzu OG/dzub +w;

Define G’ =[Gy, G/, -+ ,G};_4]. The received signal vector
y; is multiplied with the pseudoinverse of G’, obtaining r;.
Denote r; = [r},r}, - T, and r;, is given by

(12)

arZU—ﬂ

riw= di7ubu + Wi,u (13)

with Ww;, being the noise vector. Assuming F; pilots in
the first GFDMA symbol (i = 0) are utilized for ambiguity
elimination, the scaling ambiguity of user u is estimated by

1 ZPpil—l roﬁu(p)
Py “~~p=0 dg(p)

Hence, after ambiguity elimination, the channel is obtained
as B/u = B;ﬁob;. Then, the signal of user u is determined as
d;, = r;,/b,. Note that the proposed SBJCCE scheme is
independent of the modulation type, while the method in [10]
is working only with a constant modulus constellation.

by, = (14)

IV. COMPLEXITY ANALYSIS

Since the existing methods in OFDMA systems with ar-
bitrary carrier assignment [10], [11] mainly focus on CFO
estimation, we compare their complexities with that of the
proposed SBJCCE scheme in CFO estimation only. Their
symbolic computational complexities are demonstrated in
Table I, in terms of the number of complex additions and
multiplications. It is noteworthy that both Wang’s [10] and
Zhang’s [11] schemes are based on an exhaustive search and
their complexities depend on the search step size A. Mean-
while, Wang’s scheme [10] estimates the CFOs of all users in
an iterative manner, whose complexity is linearly proportional
to the number of iterations Nj,. Regarding the proposed
SBJCCE scheme, all CFOs are estimated separately and does
not require an iterative and exhaustive search. We count the
number of cost function evaluations when implementing the
golden section search and parabolic interpolation algorithms,
and denote it as a which is shown to be less than 20
from simulation. The numerical complexities of the proposed



scheme and the existing methods [10], [11] are calculated,
based on the simulation setup in Section V, except for M,
where M is chosen as 1 for the proposed SBJCCE scheme.
It is found that the proposed scheme is very computationally
efficient, with a complexity reduction of around 170-fold and
52-fold over that of Wang’s [10] and Zhang’s [11] schemes.

TABLE I
Computational Complexity for CFO Estimation (NV;: Number of receive
antennas, Ns: Number of symbols in a frame, K: Number of subcarriers
per GFDMA/OFDMA symbol, M: Number of sub-symbols per GFDMA
symbol, U: Number of users, L: Channel length, Lcp: CP length,
G=KM+ L, Q= (G—L+1)N; — MK, a: Number of times to
compute the cost function in (11), A: CFO search step size in [10] and [11]
and Nj,: Number of iterations in [10]).

CFO Estimation
(2G?N;L + 2GN,LMP
+2N2L2MP)QUa
2(G — L+ 1)2N2N;
+(G — L+1)3N3
NyN:Klog, K + (6K3U
+2K2N + (N + 2PN
+2P2 + 2P)N,U)
UANilr/A
(2K2NyN; + NyN;Klog, K
+2NNy(K — K/U)K + N?
+2N2 (K — K/U)N,)U/A

Item

SBJCCE scheme

Wang’s scheme - OFDMA [10]

Zhang’s scheme - OFDMA [11]

V. SIMULATION RESULTS

Monte Carlo simulations have been carried out to demon-
strate the performance of the proposed SBJCCE scheme for
SIMO GFDMA systems with arbitrary carrier assignment. Up
to 5000 realizations are performed each with a random carrier
assignment. Since CFO and channel estimation for GFDMA
systems are lacking in the literature, the methods for OFDMA
systems in [10] and [11] are utilized as benchmarks. System
parameters are specified as follows: each GFDMA symbol
contains M = 3 sub-symbols, except for Fig. 7; each sub-
symbol includes K = 16 subcarriers; the number of users
is U = 2; the receiver is equipped with N, = 3 antennas;
the CP length is L, = 4; the channel model follows an
exponential profile with length L = 2; the number of symbols
utilized for blind channel estimation is Ny = 128; the number
of pilots for channel ambiguity elimination is Fy = 10,
except for Fig. 5; the CFOs are randomly generated within
[—0.4,0.4) [11]; root raised cosine prototype filter with roll-
off coefficient o = 0.5 is utilized for GFDMA; quadrature
phase shift keying (QPSK) modulation scheme is utilized.
Based on [10] and [11], the search step size A for Wang’s
and Zhang’s schemes is selected as 0.001, while the number
of iterations Ny, for Wang’s scheme is chosen as 5. The root
mean square errors (RMSEs) of CFO and channel estimation

are defined as RMSEcro = \/E{% SV (¢, — ¢u)?} and

RMSEahame = /E{ b S0 || B, — b 2}.

Fig. 4 demonstrates the RMSE performance of CFO esti-
mation of the proposed SBJCCE scheme, in comparison to
Wang’s scheme [10] and Zhang’s scheme [11] for OFDMA.

RMSE of CFO Estimation

—+8— Wang's scheme - OFDMA [10]
—©— Zhang's scheme - OFDMA [11]
—%— SBJCCE scheme

0 5 10 15 20 25 30
SNR (dB)

Fig. 4. RMSE of CFO estimation of the proposed SBJCCE scheme.
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Fig. 5. Impact of the number of pilots on RMSE of channel estimation of
the proposed SBICCE scheme.

The proposed SBJCCE scheme provides a much better per-
formance than the existing methods [10], [11], especially at
high signal-to-noise-ratios (SNRs). For instance, at the RMSE
of CFO estimation of 1073, the proposed scheme achieves an
SNR gain of approximately 12.5 dB over Zhang’s scheme
[11]. Wang’s scheme [10] suffers from an error floor. This is
because it is working only with a very short CP length.

Fig. 5 shows the impact of the number of pilots on RMSE
of channel estimation of the proposed SBICCE scheme and
Zhang’s scheme [11], at SNR = 20 dB and SNR = 30
dB, respectively. It is easily seen that Zhang’s scheme has
a very poor performance in channel estimation, regardless of
the number of pilots. This poor performance results from the
shortage of antennas at the receiver with N, = 3, while the
proposed scheme with [V, = 3 can achieve a much better
performance. The proposed scheme achieves a convergence
with 10 pilots.

Fig. 6 provides the BER performance of the proposed
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Fig. 7. Impact of the number of sub-symbols per GFDMA symbol on BER
performance of the proposed SBJCCE scheme.

SBJCCE scheme and Zhang’s scheme [11]. The proposed
scheme with perfect estimation of CFO and perfect estimation
of both CFO and channel are utilized as benchmarks. It is
easily seen that the proposed scheme shows a slightly worse
performance than its counter part with perfect CFO estimation.
At the BER performance of approximately 10~4, the proposed
scheme with perfect CFO estimation achieves an SNR gain
lower than 1 dB over the proposed scheme. Zhang’s scheme
[11] still demonstrates an error floor because it is dependent
on a larger number of receive antennas.

Fig. 7 studies the impact of the number of sub-symbols per
GFDMA block on BER performance of the proposed SBICCE
scheme. We can see the proposed scheme performs slightly
worse as M increases. The performance degradation mainly
results from channel estimation. The size of GFDMA symbol
increases with M, which then requires more received symbols
to obtain the second-order statistics of the received signal for
blind channel estimation.

VI. CONCLUSION

A low-complexity semi-blind joint multi-CFO and multi-
channel estimation scheme has been proposed for a wide range
of GFDMA systems. The proposed scheme has high spectral
efficiency, requiring only a small number of pilots to eliminate
channel ambiguities, and no signaling feedback due to multi-
CFO compensation performed at receiver side. It significantly
outperforms Wang’s [10] and Zhang’s [11] methods in OFD-
MA systems in terms of BER and RMSEs of CFO estimation
and channel estimation, without suffering any error floors in
[10] and [11] due to the long CP and shortage of receive
antennas, respectively. The proposed scheme demonstrates a
close BER performance to its counterpart with perfect CFO
estimation at all SNRs. It also has a complexity reduction of
170 and 52 times over Wang’s [10] and Zhang’s approaches
[11] in CFO estimation, respectively.
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