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Abstract—The conventional receiver designs of generalized
frequency division multiplexing (GFDM) system assume full
subcarrier allocation. In this case, the optimal linear receivers
can be implemented with low-complexity channel equalization
followed by zero-forcing (ZF) demodulation. In some use cases,
e.g. multiuser, only a subset of the subcarriers is active for
data transmission. Therefore, the optimal receiver design needs
to consider the effective joint channel and modulation matrix,
which complicates the practical implementation. To maintain
low-complexity realization in these cases, full allocation can
still be assumed, however, the performance loss is remarkable.
In this paper, we propose an efficient transceiver design for
non-fully allocated GFDM system. In the proposed approach,
the frequency-domain (FD) sparsity of GFDM is exploited to
represent the transmitted signal by means of an effective small-
size GFDM model with one non-active subcarrier. Therefore, the
assumption of full allocation becomes more realistic. Moreover,
the received signal can be further reformulated with fully
allocated system, but at the cost of altering the effective channel
gains. The proposed design significantly reduces the computation
cost of the practical GFDM receiver, whereas the performance
still approaches the counterpart optimal linear receiver.

Index Terms—GFDM, multiuser, ZF, LMMSE, low-complexity

I. INTRODUCTION

The flexibility of generalized frequency division multiplex-

ing (GFDM) [1] is an attractive feature that can be exploited

to design and process waveforms for different use cases.

Moreover, the well-defined structure of GFDM enables a

feasible real-time hardware implementation of the GFDM mo-

dem [2]. With additional processing on top, such as filtering,

windowing and precoding, a flexible waveform generator is

developed in [3]. For practical implementation, GFDM linear

receivers can be decoupled into channel equalization (CEq)

followed by demodulation. However, the design of an optimal

receiver needs to consider the large scale joint channel and

modulation matrix [4]. Under the assumption of full allocation,

the optimal zero-forcing (ZF) receiver is obviously equivalent

to GFDM receiver with ZF-CEq and ZF demodulation. On

the other hand, the optimal linear minimum mean squared

error (LMMSE) receiver can be implemented with LMMSE-

CEq and ZF demodulation. When the modulation matrix is

orthogonal, the LMMSE equalization is simple [5]. Moreover,
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a low complexity equalization can be achieved in the non-

orthogonal case, by exploiting the block circularity of the joint

matrix [6]. On the contrary, the computation of the optimal

linear receivers becomes challenging when non-orthogonality

and partial allocation are used. Although full allocation can

still be assumed in this case, the performance degrades with

the increase of the number of non-allocated subcarriers. In ad-

dition, using the conventional subcarrier allocation scheme of

generalized frequency division multiple access (GFDMA) [7]

implies unnecessary computations. In particular, asynchronous

multiple access [8] requires a well-localized frequency-domain

(FD) sparse GFDM filter [9]. Accordingly, the computation

cost can be reduced by exploiting the FD sparsity not only at

the transmitter [10], but also at the receiver.

In this paper, we focus on non-orthogonal modulation with

non-full allocation, which arises in multiuser scenarios. Here,

we consider the GFDMA scheme, where each user is assigned

a small set of the subcarriers. Based on the FD sparsity of the

filter, an effective signal model is proposed. In this model, the

FD samples are generated using a small-size GFDM modulator

corresponding to the number of allocated subcarriers in addi-

tion to one non-active subcarrier. Afterwards, the samples are

allocated to the corresponding subcarriers. Compared with the

conventional GFDMA, the resource allocation is performed

on the FD block instead of the data symbol matrix. Similarly,

the deallocation is performed on the received block to extract

the effective signal, which can be expressed using the small-
size model of the transmitter. Thus, the CEq needs to only

consider the effective channel coefficients, and the assumption

of full allocation is more realistic. Moreover, by means of pre-

equalization and superposition of the edge subcarriers, the ef-
fective signal can be reformulated in form of a small-size fully

allocated GFDM model at the receiver. However, this causes

a decrease of the signal-to-noise ratio (SNR) at some samples

and slightly affects the bit error rate (BER) performance. In

addition to a significant complexity reduction, the numerical

simulations show that the proposed linear receivers approach

the BER performance of the related optimal receivers.

The remainder of the paper is organized as follows: Section

II introduces an overview of FD-GFDM modem. Section III

is dedicated for the design of GFDM linear receivers. In

Section IV, we present the effective signal model and show

its application for GFDMA in Section V. Section VI provides

numerical results. Finally, Section VII concludes the paper.
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II. FD-GFDM MODEM

Consider a GFDM system [1] with K subcarriers, M

subsymbols, N = MK, and modulator pulse defined by the

vector g ∈ C
N×1, g[n] = [g](n). Let D ∈ C

K×M be the data

matrix, where [D](k,m) = dk,m is the data symbol transmitted

on the k-th subcarrier and m-th subsymbol. The time-domain

(TD)-GFDM block x ∈ C
N×1 is given by

[x](n) =

K−1∑
k=0

M−1∑
m=0

[D](k,m) g[< n−mK >N ]ej2π
kn
K . (1)

The FD block is defined by x̃ = 1√
N
FNx, where FN is the N-

discrete Fourier transform (DFT) matrix, [FN ](n,n) = e−j2π nm
N ,

and < . >N is the modulo-N operator. Thereby,

[x̃](n) =

K−1∑
k=0

M−1∑
m=0

[D](k,m) g̃[< n− kM >N ]e−j2π mn
M . (2)

Here, g̃[n] is the FD modulator pulse, g̃ = 1√
N
FNg.

A. Full matrix representation

The equivalent matrix model can be expressed as x̃ = Ãd,

d = vec {D}, where Ã ∈ C
N×N is defined by[

Ã
]
(n,k+mK)

= g̃[< n− kM >N ]e−j2π mn
M . (3)

Any matrix satisfies (3) is referred as FD-GFDM matrix. The

FD-GFDM demodulator uses an FD-GFDM matrix B̃, which

is generated from a demodulator pulse γ̃[n] as in (3), such that

d̂ = B̃H ỹeq, where ỹeq is the equalized block. Therefore,

d̂k,m =

N−1∑
n=0

[ỹeq](n)
γ̃∗[< n−mK >N ]ej2π

nm
M . (4)

B. Effective matrix model

In general, the data matrix D is not necessary fully loaded

with data symbols. Let Ku, Mu be the sets of allocated subcar-

riers and subsymbols, respectively. Accordingly, we define the

set of active resources Nu = {n = k+mK, (k,m) ∈ Ku×Mu}
with Nu = |Nu| elements. A data vector d(u) ∈ C

Nu×1 is

mapped to d using a mapping matrix Πu ∈ C
N×Nu , such that

d = Πud
(u). Therefore,

x̃ = ÃΠud
(u) = Ãud

(u), Ãu =
[
Ã
]
(:,Nu)

. (5)

Here, Ãu is defined by selecting the columns of Ã w.r.t.

to the active resource indexes. In this case, the conventional

demodulator, first demodulates the received block and then

extracts the allocated data. This is equivalent to the operation

d̂(u) = B̃H
u ỹeq, B̃u = B̃Πu.

C. Alternative representation

An alternative representation allows the derivation of low-

complexity GFDM modem implementation architectures [11].

From a vector a ∈ C
PQ×1, we construct a matrix of size

V
(a)
Q,P ∈ C

Q×P by unvectorizing in rows, such that

V
(a)
Q,P = unvecP×Q {a}T ⇔

[
V

(a)
Q,P

]
(q,p)

= [a](p+qP ) . (6)

Using this notation, the FD block (2) can be expressed as [12]

[
V

(x̃)
K,M

]
(q,p)

=

K−1∑
k=0

[
V

(g̃)
K,M

]
(<q−k>K ,p)

[DFM ](k,p) , (7)

which defines a circular convolution between the p-th column

of V (g̃)
K,M and the p-th column of DFM . This can be represented

by means of K-IDFT in the form

V
(x̃)
K,M = FK

(
Wtx �

[
1

K
FH

K DFM

])
, Wtx = FH

K V
(g̃)
K,M . (8)

Here, � is the element-wise product, Wtx is the modulator

window. The demodulator uses a window Wrx, e.g. ZF, where

[Wrx](k,m) = 1/ [Wtx](k,m), such that

D̂ =
1

M
FK

(
Wrx �

[
1

K
FH

K V
(ỹeq)

K,M

])
FH

M . (9)

III. GFDM LINEAR RECEIVERS IN FADING CHANNEL

Assuming a cyclic prefix (CP), longer than the channel delay

spread, appended to the beginning of each GFDM block, the

FD received block can be expressed as

ỹ = Λ(h̃)x̃+ ṽ, x̃ = Ãud
(u), (10)

where Λ(h̃) = diag {N -DFT{h}} is the equivalent diago-

nal channel matrix, and ṽ is additive white Gaussian noise

(AWGN) with a variance N0. We use the following definition:

Definition 1. A GFDM-based receiver decouples the detection
process into CEq with Heq ∈ C

N×N followed by demodulation
with GFDM matrix B̃.

A. LMMSE receiver

The LMMSE-CEq can be derived considering the signal

model ỹ = Λ(h̃)x̃ + ṽ. Assuming uncorrelated data, i.e.

E
[
d(u)d(u)H

]
= EsINu , where Es is the average symbol power,

Rx̃ = E
[
x̃x̃H

]
= EsÃuÃ

H
u , the CEq matrix is given by

HH
LMMSE = ÃuÃ

H
u Λ(h̃)H

(
Λ(h̃)ÃuÃ

H
u Λ(h̃)H + N0

Es
IN

)−1

.

(11)

On the other hand, the joint LMMSE considers the combined

channel and modulation matrix, ỹ = [Λ(h̃)Ãu]d
(u) + ṽ. Thus,

WH
MMSE = ÃH

u Λ(h̃)H
(
Λ(h̃)ÃuÃ

H
u Λ(h̃)H + N0

Es
IN

)−1

= ΠT
u Ã

−1HH
LMMSE.

(12)

Note that if Ã is non-singular, then Ã−1H is a valid FD-GFDM

matrix [13]. Based on that, the optimal LMMSE receiver can

be performed by means of GFDM receiver, which consists of

LMMSE-CEq followed by ZF-demodulation and deallocation.

However, the computation of HH
LMMSE generally requires the

computation of the inverse of N×N matrix. Alternatively, the

joint LMMSE can also be computed as

WH
MMSE =

(
ÃH

u Λ(h̃)HΛ(h̃)Ãu +
N0

Es
INu

)−1

ÃH
u Λ(h̃)H . (13)

This can be performed with matched filter (MF)-GFDM recei-

ver using MF-CEq followed by MF-demodulation and deallo-

cation, i.e. ΠT
u Ã

HΛ(h̃)H . The remaining part of the receiver
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can be seen as an interference cancellation, which requires

the inversion of a matrix of size Nu × Nu. Nevertheless,

the implementation of both models is practically complicated.

However, in the case of full allocation, i.e. Ãu = Ã, we get

HH
eq = Λ(h̃)H

(
Λ(h̃)HΛ(h̃) +

N0

Es

[
ÃÃH

]−1
)−1

, (14)

which can be more efficiently computed [6].

B. ZF receiver

The joint ZF receiver can be expressed as

WH
ZF =

(
ÃH

u Λ(h̃)HΛ(h̃)Ãu

)−1

ÃH
u Λ(h̃)H . (15)

This receiver cannot be decoupled into ZF-CEq and ZF-

demodulator unless full allocation (Ãu = Ã) is used. However,

a practical ZF-GFDM receiver performs a simple ZF-CEq, i.e.

HH
ZF = Λ(h̃)−1 followed by ZF-demodulation and deallocation.

In the case of full allocation, the optimal ZF and ZF-GFDM

are equivalent. Otherwise, the simplicity of ZF-GFDM is at

the cost of performance loss.

C. LMMSE equalization under full subcarrier allocation

The received block in (10) can be reformulated using (6) as

V
(ỹ)
K,M = V

(h̃)
K,M � V

(x̃)
K,M + V

(ṽ)
K,M . (16)

We define the shorthand notations d̃m = [DFM ](:,m), x̃m =[
V

(x̃)
K,M

]
(:,m)

, Λ(h̃)
m = diag

{
h̃m

}
and Λ

(tx)
m = diag

{
[Wtx](:,m)

}
.

By taking the m-th column of (16) and using (8) we get

ỹm = Λ(h̃)
m Ãmd̃m + ṽm, Ãm =

1

K
FKΛ(tx)

m FH
K . (17)

Consider full subcarrier allocation, Ku = {0, · · · ,K − 1},

0 < Mu = |Mu| ≤ M , and uncorrelated data symbols. Thus,

E
[
d̃md̃H

p

]
= Es [Ω](p,m) IK , Ω = [FM ](:,Mu)

[
FH

M

]
(Mu,:)

. If

all subsymbols are allocated, then Ω = MIK . Therefore, (17)

represents M uncorrelated streams. In some use cases, the

first subsymbol is turned off, e.g. to achieve low out-of-band

(OOB) [14], i.e. Mu = M−1. In this case, [Ω](p,m) = −1,m �=
p, and [Ω](m,m) = M − 1. Thereby, the M substreams can be

assumed uncorrelated when M is large. Under this assumption,

the LMMSE-CEq can be computed using the substreams,

ỹm = Λ
(h̃)
m x̃m + ṽm, x̃m = Ãmd̃m, with H̃H

m,eq is given by

H̃H
m,eq =

(
Λ(h̃)

m

H
Λ(h̃)

m +N0R
−1
m

)−1

Λ(h̃)
m

H
, (18)

where Rm = E
[
x̃mx̃H

m

]
= MuEs

K
FKΛ

(tx)
m Λ

(tx)H
m FH

K . If the

elements of Λ
(tx)
m are of equal amplitude, then Rm is diagonal

and thus H̃H
m,eq is diagonal. For instance, in conventional

GFDM with two-subcarrier overlap, depending on the roll-

off factor, there are several indexes where Λ
(tx)
m satisfies this

condition [9]. Otherwise, a diagonal approximation is obtained

by ignoring the correlation between the elements of x̃m, i.e.

Rm ≈ MuEs
K

P
(tx)
m IK , where P

(tx)
m = trace

{
Λ

(tx)
m Λ

(tx)H
m

}
. Thus,

Λ̃H
m,eq =

(
Λ(h̃)

m

H
Λ(h̃)

m +
N0K

EsMuP
(tx)
m

)−1

Λ(h̃)
m

H
, (19)

Fig. 1: Conventional GFDM effective representation.

IV. CONVENTIONAL GFDM EFFECTIVE REPRESENTATION

In conventional GFDM, the prototype pulse shape is

designed with maximum two-subcarrier overlap [9]. Wit-

hout lost of generality, let g̃[< n >N ] = 0, n /∈
{−M, · · · ,M −1}. Accordingly, V (g̃)

K,M contains only two non-

zero rows at the indexes k = 0 and k = K − 1. For

notation simplicity, let D̄ = DFM , X̄ = V
(x̃)
K,M , Ḡ =

V
(g̃)
K,M , d̄k =

[
D̄T

]
(:,<k>K)

, x̄k =
[
X̄T

]
(:,<k>K)

, Λr =

diag
{[

Ḡ
]
(0,:)

}
, Λl = diag

{[
Ḡ
]
(K−1,:)

}
.With that, the con-

volution (7) can be expressed as

[
X̄

]
(q,p)

=

K−1∑
k=0

[
Ḡ
]
(k,p)

[
D̄
]
(<q−k>K ,p)

=
[
Ḡ
]
(0,p)

[
D̄
]
(q,p)

+
[
Ḡ
]
(K−1,p)

[
D̄
]
(<q+1>K ,p)

.

Therefore, x̄k = Λrd̄k +Λld̄k+1. (20)

As a result, the k-th subcarrier contributes to frequency
samples in x̄k and x̄k−1, as depicted in Fig. 1. Moreover, the
conventional FD-GFDM with K subcarriers can be written as

X̄ = D̄Λr + P
(K)
1 D̄Λl, (21)

where P
(K)
1 is K ×K circular shift matrix with a shift of 1.

A. Effective small-size transmitter model

Assuming a set of contiguous Ku < K active subcar-

riers Ku = {< k >K , k ∈ {ku, · · · , ku + Ku − 1}, where

−K/2 < ku < K/2 indicates the starting index of the active set.

Thus, d̄k = 0M , k /∈ Ku. Based on (20), the non-zero rows of

X̄ are within Kut = {< k >K , k ∈ {ku − 1, · · · , ku +Ku − 1},

as illustrated in Fig. 1. Accordingly, we define the matrices

X̄(ut), D̄(ut) ∈ C
Ku+1×M , where d̄

(ut)
0 = 0M , {d̄(ut)

k =

d̄k+ku−1}k=Ku
k=1 , {x̄(ut)

k = x̄k+ku−1}k=Ku
k=0 . Therefore,

X̄(ut) = D̄(ut)Λr + P
(Ku+1)
1 D̄(ut)Λl. (22)

X̄(ut) represents FD-GFDM samples generated by means of

small-size GFDM system with the parameters (Ku+1,M), and

a transmitter pulse g̃(ut) of length Nut = (Ku + 1)M , where
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g̃(ut)[< n >Nut
] = g̃[< n >N ],−M ≤ n < M . Therefore,

the original block can be achieved via sample allocation[
X̄

]
(k+ku−1,:)

=
[
X̄(ut)

]
(k,:)

, and the TD block is generated

as x = 1√
N
FH

N vec
{
X̄T

}
.

B. Effective small-size receiver model

Taking the rows of (16), we get the FD received samples

ȳk = Γkx̄k + v̄k, Γk = diag

{[
V

(h̃)
K,M

]
(<k>K ,:)

}
. (23)

The effective model can be achieved by sample deallocation,[
Ȳ (ut)

]
(k,:)

=
[
Ȳ
]
(k+ku−1,:)

, k = 0, · · · ,Ku, and the effective

channel can be defined similarly. On the other hand, to

construct a fully allocated subcarriers, we note that

∀k = 0, · · ·Ku − 2,

ȳk+ku−1 = Γk+ku−1

(
Λrd̄k+ku−1 +Λld̄k+ku

)
+ v̄k+ku−1.

Moreover, at the edge subcarriers,

ȳku−1 = Γku−1

(
0M +Λld̄ku

)
+ v̄ku−1,

ȳKu+ku−1 = ΓKu+ku−1

(
Λrd̄Ku+ku−1 + 0M

)
+ v̄Ku+ku−1.

Thus, we define the matrix D̄(ur), Ȳ (ur) ∈ C
Ku×M such

that {d̄(ur)
k = d̄k+ku}k=Ku−1

k=0 , {ȳ(ur)
k = ȳk+ku}k=Ku−2

k=0 and

{Γ(ur)
k = Γk+ku}k=Ku−2

k=0 . In addition, the edge subcarriers

are pre-equalized using diagonal matrices Ψl,Ψr ∈ C
M×M

and summed together to create the (Ku − 1)-th subcarrier,

ȳ
(ur)
Ku−1 = ΨrȳKu+ku−1 +Ψlȳku−1. (24)

To maintain the noise power,

| [Ψl](m,m) |2 + | [Ψr](m,m) |2 = 1. (25)

Moreover, let Γ
(ur)
Ku−1 be the effective channel gain of the

(Ku − 1)-th subcarrier, such that

ΨlΓku−1Λl = Γ
(ur)
Ku−1Λl, ΨrΓKu+ku−1Λr = Γ

(ur)
Ku−1Λr, (26)

Then, ȳ(ur)
Ku−1 = Γ

(ur)
Ku−1

(
Λrd̄

(ur)
Ku−1 +Λld̄

(ur)
0

)
+ v̄

(ur)
Ku−1, (27)

Noting that designing non-singular modulation matrix satisfies

that (Λl +Λr) is non-singular [9], then

Γ
(ur)
Ku−1 =

(
ΨlΓku−1Λl +ΨrΓ

(ur)
Ku−1Λr

)
(Λl +Λr)

−1 . (28)

As a result, we get an effective model with fully allocated

subcarriers, which is expressed as

Ȳ (ur) = H̄(ur) � X̄(ur) + V̄ . (29)

where X̄(ur) is the block generated from a small-size GFDM

with the parameters (Ku,M) and a pulse g̃(ur) of length Nu =

KuM , where g̃(ur)[< n >Nu ] = g̃[< n >N ],−M ≤ n < M , as

illustrated in Fig. 1. Furthermore, H̄(ur) is the effective chan-

nel whose rows are defined as
[
H̄(ur)

]
(k,:)

= diag
{
Γ

(ur)
k

}
.

C. Computation of pre-equalization matrices

The matrices Ψl,Ψr are optimized to maximize the

SNR of the samples of ȳ
(ur)
Ku−1. For notation simplicity, let

ψx = [Ψx](m,m) , λx = [Λx](m,m) , γl = [Γku−1](m,m) , γr =

[ΓKu+ku−1](m,m) , β =
[
Γ

(ur)
Ku−1

]
(m,m)

. The SNR at the sample[
ȳ
(ur)
Ku−1

]
(m)

can be computed from (27) as

SNRm =
Es

N0

|β|2(|λr|2 + |λl|2)
|ψr|2 + |ψl|2 . (30)

From (28), β = (ψlγlλl + ψrγrλr)(λr + λl)
−1. Therefore, we

need to maximize η(ψr, ψl) =
|ψlγlλl+ψrγrλr|2

|ψr|2+|ψl|2 with respect to

the conditions (25) and (26). When λlλr �= 0,

ψrγr = ψlγl, |ψr|2 + |ψl|2 = 1, (31)

the solution satisfies |ψl|2 = |γl|2/(|γr|2 + |γl|2). Thus,

ψr =
γl√|γr|2 + |γl|2

, ψl =
γr√|γr|2 + |γl|2

. (32)

If λl = 0, then ψl = 0, ψr = 1, and for λr = 0, ψl = 1, ψr = 0.

V. EFFECTIVE GFDMA SYSTEM

In conventional GFDMA, the u-th user is assigned a set of

Ku contiguous subcarriers and a guard subcarrier is used to

separate adjacent users to reduce the inter-user-interference.

Hence, the proposed effective models can be used to reduce

the complexity of the conventional GFDMA transceiver.

A. Effective transmitter

In the downlink (DL), the base station (BS) multiplexes

the data from U users in the data matrix D ∈ C
K×M and

applies full-size TD-GFDM modulation. In other words, the

subcarrier allocation is performed at the data symbol level

as seen in Fig. 2. In the effective model, the data of each

user are fed to a small-size FD-GFDM with the parameters

M and (Ku + 1) 	 K as discussed in Section IV-A. Then,

the allocation is performed on the FD samples. Afterwards,

the TD block is generated by means of N -IDFT. Thus,

the small-size modem is reused U times instead of using

a large-size modem. This approach reduces the amount of

the hardware resources required for modulator implementation

[11]. Moreover, the processing power is efficiently used since

the FD modulation is carried out only for the active users.

However, these benefits are at the cost of increased latency,

which can be compensated by increasing the processing speed.

On the contrary, employing this model at the user equipment

(UE) reduces the latency, where the small-size modem is

executed once per block. This is faster than using full-size

modem architecture. Therefore, the processing speed can be

relaxed, which enables a low-cost implementation at the UE.

Fig. 2: Conventional and effective GFDMA transmitter.
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Fig. 3: Conventional and effective GFDMA receiver.

B. Effective receiver

In the conventional DL, the u-th user performs a full-size

CEq followed by FD demodulation and symbol deallocation to

get the estimated data d̂(u) . The effective model as illustrated

in Fig. 3 reduces the processing to the useful signal. First

the effective samples are extracted via sample deallocation.

Afterwards, either the full subcarrier allocation model as dis-

cussed in Section IV-B, or the small-size model with one non-

active subcarrier can be used. Then, CEq is performed using

the effective channel. Finally, a small-size FD demodulator

is exploited. Thereby, the receiver needs to process a GFDM

system of dimension (Ku or (Ku + 1),M), Ku 	 K instead

of (K,M). The GFDM receiver complexity is influenced

by K log2 K [5]. Therefore, the proposed model reduces the

computation cost by a factor (K log2 K)/(Ku log2 Ku). In the

uplink (UL), the BS performs detection per user using the

small-size model instead of the full-size processing performed

by the conventional GFDMA. Hence, the effective model also

reduces the complexity by the factor (K log2 K)/(Ku log2 Ku).

VI. NUMERICAL SIMULATION

In this section, we evaluate the coded BER performance

of different GFDM-based linear receivers in comparison with

the optimal ones. The optimal LMMSE and ZF receivers are

calculated from the effective matrix model of Section II-B

using (13) and (15), respectively. The GFDM-based receivers

are evaluated with different signal model at the demodulator.

Accordingly, ”FULL” refers to the signal model given in (10),

whereas ”SMALL-TX” and ”SMALL-RX” denote the small-

size signal models derived in Sections IV-A and IV-B, respecti-

vely. In the latter three cases, the GFDM receiver employs

ZF-demodulator with a window generated from the equivalent

pulse shape using (8). The receiver type is determined by

the CEq method. The ZF-CEq is performed by inverting

the equivalent channel. The LMMSE is computed with low-

complexity using (18), whereas the diagonal approximation

(19) is referred as ”LMMSE-approx”.

A. Simulation parameters

The data symbols are selected from 16-QAM constellation.

The SNR is defined by the ratio Eb/N0, where Eb = Es/4 is

the bit energy. For channel coding we employ LTE-Turbo code

with rate 1/2. All the simulations are performed using multi-

tap channel model with L = 32 taps and exponential power-

delay-profile (PDP), Ph[l] =
1
ξ
e−ηl, η = 0.4, ξ =

∑L−1
l=0 e−ηl.
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Fig. 4: BER vs Eb/N0 for different receiver approaches.

The GFDM system is configured with M = 16, K = 32 and

a periodic raised-cosine (RC) pulse shape with roll-off factor

α = 0.9 designed as in [9]. We assume a single user with Ku

allocated subcarrier starting from the index ku = 0.

B. Number of allocated subcarriers

In this evaluation all the subsymbols are allocated. Fig. (4)

illustrates the BER performance for different number of allo-

cated subcarriers. Considering first the ZF receiver, it can be

seen that the gap between the best ZF-GFDM receiver and the

optimal ZF is decreased with the increase of the number of

allocated subcarriers. Moreover, the signal model of the best

ZF-GFDM receiver depends on the number of subcarriers.

For a even number Ku, SMALL-TX is the best one and it

outperforms the FULL one. Contrarily, for odd Ku, SMALL-

RX is the best. As expected, at higher SNRs and larger number

of Ku all the three models achieve similar performance when

using ZF-CEq. Actually, the observed performance in Fig. 4 is

mainly affected by the noise-enhancement factor (NEF) of the

demodulator. The NEF depends on the transmitter window and

it is given by NEF = 1
N2 ‖Wtx‖2F ‖Wrx‖2F [9]. Fig. 5 illustrates

the NEF for different Ku. It shows that for odd Ku, SMALL-

RX achieves lower NEF, while for even Ku SMALL-TX is

the best and vice versa. On the other hand, when Ku increases,

the NEF converges to a constant value, which is the NEF of

the FULL model, i.e. when Ku = 32. The NEF also affects the

performance of the receiver when LMMSE-approx is used. In

this receiver, using even Ku with SMALL-TX provides BER

closer to that of the optimal LMMSE. Moreover, SMALL-

RX with LMMSE-approx does not provide significant gain
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Fig. 5: NEF vs Ku, M = 16 and α = 0.9.

compared with the FULL model. This is because the effective

SNR at the (Ku − 1)-th subcarrier is reduced after pre-

equalization as discussed in Section IV-C. Nevertheless, the

computation cost is reduced due to the use of small-size

demodulation. Furthermore, the best GFDM-based receiver

with LMMSE-approx outperforms the optimal ZF, especially

at higher SNR. On the other hand, LMMSE-GFDM using

all the three signal models approaches the optimal LMMSE.

However, using SMALL-TX is slightly better than the FULL

model for even Ku and vice versa. Due to the decreased SNR

at the (Ku − 1)-th subcarrier, SMALL-RX is slightly worse

than the others in all Ku cases. In summary, SMALL-TX with

LMMSE-approx and even Ku is a convenient choice, as the

LMMSE equalization is very simple and the performance loss

is less than 2 dB compared to the optimal LMMSE.

C. First subsymbols

In this evaluation, the first subsymbol is not allocated. The

GFDM receiver employs the SMALL-TX model, and performs

LMMSE or LMMSE-approx assuming full allocation. Fig. 6

compares the performance of the selected GFDM receivers

with the optimal LMMSE (13). It can be seen that performing

the low-complexity LMMSE with SMALL-TX still approa-

ches the optimal LMMSE, which is more complicated for

realistic implementation. Also LMMSE-approx is still very

efficient and can be considered as an ideal low-complexity

receiver for non-orthogonal GFDM.

VII. CONCLUSION

In this paper, we consider practical GFDM receivers that

are implemented by means of channel equalization (CEq) and

ZF demodulation. With full allocation, the optimal joint ZF

and LMMSE can be realized with low-complexity GFDM

counterpart receivers. Under small-size allocation and non-

orthogonal modulation, low-complexity CEq can still be achie-

ved, but the performance loss is significant. By exploiting the

sparsity under partial subcarrier allocation, we represent the

FD samples of the transmitted block in a form of a small-

size GFDM block with only one non-active subcarrier. Accor-

dingly, the full allocation assumption becomes more realistic.

In addition, the GFDM system dimension is smaller, which

reduces the computation cost. However, the BER performance

is influenced by the even/odd number of allocated subcarriers,
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Fig. 6: BER vs Eb/N0 using SMALL-TX.

which is shown to be directly related to the NEF of the small-

size GFDM system. Thus, we propose another small-size

model at the receiver to achieve full subcarrier allocation at the

cost of sacrificing the SNR of the edge subcarriers. As a result,

the receiver can switch to the model with the lower NEF.

The numerical results show that using the proposed small-

size models with LMMSE-CEq approaches the optimal joint

LMMSE even when one subsymbol is not allocated. Moreover,

with slight performance loss, the diagonal approximation of

LMMSE-CEq is dedicated for practical implementation.

Inspired from this model, an efficient GFDMA model is

proposed, where the allocation is moved from the data symbol

to the FD samples. This model brings additional flexibility to

GFDMA, which is a subject of a future work.
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