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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
IT 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 € CV*', g[n] = [g] ). Let D € C**" be the data
matrix, where [D], ., = dkm is the data symbol transmitted
on the k-th subcarrier and m-th subsymbol. The time-domain
(TD)-GFDM block = € CV*! is given by

K-1M-1

@y = D D (Dl 9l< n—mK Sn]ETTEL (1)

k=0 m=0

The FD block is defined by & = ﬁFN:c, where F is the N-

discrete Fourier transform (DFT) matrix, [Fn], ., = eI
and < . >y is the modulo-N operator. Thereby,
K—-1M-1
&y = > D D] dl<n—kM >nle TR ()
k=0 m=0

Here, g[n] is the FD modulator pulse, § = —< Fig.

A. Full matrix representation

The equivalent matrix model can be expressed as & = Ad,
d = vec{D}, where A € C¥*V is defined by

[A] =gl<n—kM >N}e—j2ﬁ%. 3
(n,k+mK)

Any matrix satisfies (3) is referred as FD-GFDM matrix. The
FD-GFDM demodulator uses an FD-GFDM matrix B , which
is generated from a demodulator pulse 4[n] as in (3), such that
d = B, where g, is the equalized block. Therefore,

N-1

D [Gedl () 77 [< 1 — mE > ]S )
n=0

dk‘,m =

B. Effective matrix model

In general, the data matrix D is not necessary fully loaded
with data symbols. Let K., M., be the sets of allocated subcar-
riers and subsymbols, respectively. Accordingly, we define the
set of active resources N, = {n = k+mK, (k,m) € Kux My}
with N, = |N,| elements. A data vector d™ € CN«*! ig
mapped to d using a mapping matrix IT,, € C¥*N«_ such that
d = IL,d™. Therefore,

&= Al d™ = A,d™, A, = [A (5)

](:,Nu) '
Here, A, is defined by selecting the columns of A wrt.
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
d" = By, B, = BIL,.

C. Alternative representation

An alternative representation allows the derivation of low-
complexity GFDM modem implementation architectures [11].
From a vector a € CP?*! we construct a matrix of size
Véf’}, € COXF by unvectorizing in rows, such that

V%) = unvecpxq {a}” < [V({f;] o =8l ©

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

K—1
[VI((EJ)M] = Z [VI(({]])VI]
(@p) 0

which defines a circular convolution between the p-th column
of Vf(f}w and the p-th column of D Fy;. This can be represented
by means of K-IDFT in the form

DF 7
(<q—k>K,p)[ Mgy )

@ 1 g
VI((,I)M = Fx ("Vtx © {?FI?DFN[]> , Wix = F}?Vz({g;v[ (8)

Here, ® is the element-wise product, Wi is the modulator
window. The demodulator uses a window Wy, e.g. ZF, where
[mx}(k,m) = 1/ [Vvvtx}(k,m)’ SUCh that

H_ L 1 (Feq)
D= Fk (Wrx © [?FI?VK%“,D Fjii. )

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

G=AMz+5 &=A,d", (10)

where A = diag {N-DFT{h}} is the equivalent diago-
nal channel matrix, and o is additive white Gaussian noise
(AWGN) with a variance No. We use the following definition:

Definition 1. A GFDM-based receiver decouples the detection
process into CEq with H,, € CN*N followed by demodulation
with GFDM matrix B.

A. LMMSE receiver

The LMMSE-CEq can be derived considering the signal
model § = A™& + &. Assuming uncorrelated data, i.e.
E [d(“)d(“)H ] = E.Iy,, where E, is the average symbol power,
R; =E [22"] = E,A, Al!, the CEq matrix is given by

~ o~ 7 £y~ ~ 7 —1
Hi\se = A ATADY (ADAATADT 1 301y)
(11
On the other hand, the joint LMMSE considers the combined
channel and modulation matrix, § = [A") A,]d™ + . Thus,

Witkise = A A" (AP A, ATADY 4 Jo1y)
=TI, A~ Hise.

Note that if A is non-singular, then A='# 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 H{ise generally requires the
computation of the inverse of NV x N matrix. Alternatively, the
joint LMMSE can also be computed as

12)

_ _ -1 -

Wil = <A5A<h)HA<h)Au + %IM> ATAMH —(13)
This can be performed with matched filter (MF)-GFDM recei-
ver using MF-CEq followed by MF-demodulation and deallo-
cation, i.e. IIL A AUH  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 N, x N,. Nevertheless,
the implementation of both models is practically complicated.
However, in the case of full allocation, i.e. A, = A, we get

-1
= AMH (AWHAGR | 20 [AAH] B (14)
Es ’
which can be more efficiently computed [6].
B. ZF receiver
The joint ZF receiver can be expressed as
Wy = (Ai{A(;‘)HA(ﬁ)Au)ﬂ ATAMH, (15)

This receiver cannot be decoupled into ZF-CEq and ZF-
demodulator unless full allocation (A, = A) is used. However,
a practical ZF-GFDM receiver performs a simple ZF-CEq, i.e.
HIL = A~ 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

g h @
VI({%I = VI({,KI © V( K,M + V1(<,J)w~ (16)

We define the shorthand notations d., = [DF] (my> Tm =
[V(“'” ]( , AP = diag {h } and ALY = diag {[W/}x] . m)}
By takmg the m-th column of (16) and usmg (8) we get

FKA£;*>FI’3 A

Consider full subcarrier allocation, K, = {0,---,K — 1},
0 < M, =|M,| <M, and uncorrelated data symbols. Thus,
E dmd;f] = B (9 I @ = [Ful pay [Fl] 0 IF
all subsymbols are allocated, then 2 = M Ix. 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. M\, = M —1. In this case, [Q](p,m) =—-1,m#
p, and [2] (mom) = 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,
= AP & + By, & = Andom, with HE . is given by

Um — A(’_L)Amdm Umn Am = 7=
y m + v ) K

Hyeq = <A”‘> AP + NoR;, ) AP )
E[&n&l] = MaBe e AGWASIPFE. If the
elements of AS@X ) are of equal amplitude, then R,, is diagonal
and thus ﬂn’f,eq is diagonal. For instance, in conventional
GFDM with two-subcarrier overlap, depending on the roll-
off factor, there are several indexes where Ag,[f satisfies this
condition [9]. Otherwise, a diagonal approximation is obtained
by ignoring the correlation between the elements of x,,, i.e.
Ry ~ 22 PV I, where PSY = trace { Al AR} Thus,

where R,, =

NoK

H (h) (h)
Mg = (A Ao EgMqu,t’”

71 ~H
) AP 19

A,
Ko
|
= K. K
=
=9
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sl ot -
-~ K, +
= =
£d <
(% *7 N
A _
D) ®1 G(we) = X (ue)
A,
= K K,
g %
n X
A
Dur) ®1 Glur) — X (ur)

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 g[< n >n] = 0, n ¢
{=M,---, M —1}. Accordingly, VI((’:’J)M contains only two non-
zero rows at the indexes k# = 0 and £ = K — 1. For
notation simplicity, let D = DFy, X = VI@M, G =
V&, dy = [DT](- <k>g)? [XT](‘ <hsg) A =

) I K B K
diag {[G] , ,}, A = diag {[G] }-With that, the con-
volution (7) can be expressed as

T =

(K—1,)

K—1
[X] (a:p) — Z% [th ») [D}<<q—k>x,m
=[Gl [Plgy + [Glixco1) [Pl coris o
Therefore, T = Ardyp + Aidiy1. (20)

As a result, the k-th subcarrier contributes to frequency
samples in &, and &;_1, as depicted in Fig. 1. Moreover, the
conventional FD-GFDM with K subcarriers can be written as

X = DA, + P DA, @2n
where PfK ) is K x K circular shift matrix with a shift of 1.

A. Effective small-size transmitter model

Assuming a set of contiguous K, < K active subcar-
riers K, = {< k >x,k € {ku, -+ ,ku + K, — 1}, where
—K/2 < k., < K/2indicates the starting index of the active set.
Thus, dir = Onr, k ¢ K. Based on (20), the non-zero rows of
X are within Ky, = {< k>g, k€ {ku — 1, -+ by + Ky — 1},
as illustrated in Fig. 1. Accordingly, we define the matrices
X P g CcKutlxM | \where d{**) {d\"”
J/H»ku*l}:i{{uf {j,iut) = jkiju,l}:ié(u. Therefore,

X — pa, 1 Pl(Ku+1)D(ut)Al- (22)

X ) represents FD-GFDM samples generated by means of
small-size GFDM system with the parameters (K, +1, M), and
a transmitter pulse §**) of length N,, = (K, + 1)M, where
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< n >n,,] = g[< n >n],—-M < n < M. Therefore,

the original block can be achieved via sample allocation
X — | x(uwe) i

[(X] btk = [X t ](k Y and the TD block is generated

as x = WFN veC{XT}

B. Effective small-size receiver model

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

g = Ty + op, T = diag { [V}{"g{] } G X))
M (ks e,

The effective model can be achieved by sample deallocation,

[Y(“t)]( = [Y] (hik 1.0 k=0, Ky, and the effective
k . u Ly

channel can be defined similarly. On the other hand, to
construct a fully allocated subcarriers, we note that

Vk=0, K, -2,
Yktky—1 = Dhghy,—1 (A’V‘d_k+ku71 + Aldk+ku) + Vktkoy—1-
Moreover, at the edge subcarriers,

=Tk,—1 (0n + Aydi, ) + iy -1,
=Tk, +hy—1 (Ar&Ku+ku71 + OM) + VK +hy—1-

Yo —1
YKoy+ky—1

Thus, we define the matrix D), Y () ¢ CK«*M gyuch
that {d(“” = dyp, JKe {y““) = Grir, K02 and
T = Ty, Yoo K“’Z In addition, the edge subcarriers
are pre-equalized usmg diagona] matrices ¥, ¥, € CM*M
and summed together to create the (K, — 1)-th subcarrier,

=~ (ur)

Yr, 1 = CrUk,+hu—1 + LYk, 1. (24)
To maintain the noise power,
% oy |+ 1 (2] (g |7 = 1 (25)

Moreover, let F(“T) be the effective channel gain of the
(Kuy —1)-th subcamer such that

ULy, 1A =T A, O, Tk i, 1A =T AL, (26)

Then, ¥ —(ur) 71-1([?0 (A d(ur) -|—A d(ur)) + —(ur)17 27

Noting that designing non-singular modulation matrix satisfies
that (A; + A,) is non-singular [9], then

i) (xp i, 1A+, T AT) (Ai+A,)" . (28)

As a result, we get an effective model with fully allocated
subcarriers, which is expressed as

y ) — frlur) o X (ur) +V. (29)

where X ) is the block generated from a small-size GFDM
with the parameters (K, M) and a pulse 5" of length N, =
K.M, where g [<n >n,] =gl<n >n],—M <n < M, as
illustrated in Fig. 1. Furthermore, H (") is the effective chan-
nel whose rows are defined as [fI (“”} = diag {I‘S‘")}

C. Computation of pre-equalization matrices

The matrices W¥;, ¥, are optimized to maximize the
SNR of the samples of y(“” . For notation simplicity, let
e = [‘Ilz}(m,m)a Ao = {Az](m,m)ﬁl = [Fkufl](m,m)ﬁr =

(ur)
FKufl

Cky+ku—1](my B = [ . The SNR at the sample

o Lm,m)
g uT— :|
[ )

can be computed from (27) as

Es 1B (A + M)
No  [¥r* + |]?

From (28), 8 = (himihi + ¥ryeAr) (A + )\l)*zl. Therefore, we
need to maximize n(y,, ) = LAY AT with respect to

- [ 240, 2
the conditions (25) and (26). When M\ )\, # 0,

SNR,,, = (30)

Yy =i, [+l = 1, (31)
the solution satisfies |¢1|* = |v|*/(|v+|* + |n|?). Thus,
b= et = = (@)
Vi + vl 1yl + |l

If A, =0, then ¢; = 0,4, =1, and for A\, =0, ¥, = 1,9, = 0.
V. EFFECTIVE GFDMA SYSTEM

In conventional GFDMA, the u-th user is assigned a set of
K, 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**™ 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 (K, + 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.

Conventional GFDMA

(K x M)

-\ Guard

1
" subcarricrs

Modulator |
A(K x M)

Symbol
Allocation

(K x M)

Effective GFDMA

([Ky+1] x M. . ° g =
-rm Mapping Modulator S8 E
Al =

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

(N x N) (K x M)

E Y ( Channel |¥<o( GFDMFD |D.( Symbol |d(*)
Z Equahzer Demodulalor Deallocation
Effective GFDMA
Sample Nux Nu) ) (Kux M)
= > N
Y 5L(y0 Deallocation )" Channel ea GFDM FD Symbol d()
Z K.M & pre- Equalizer Demodulator | | Demapping
equalization e BluH
eq

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 d . 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 (K, or (K, + 1),M), K, < K instead
of (K,M). The GFDM receiver complexity is influenced
by Klog, K [5]. Therefore, the proposed model reduces the
computation cost by a factor (K log, K)/(K, log, K.). 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 log, K)/(K. log, 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 E,/Ny, where E, = F /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), Pu[l] = te™ ™, n =04, £ =Y e

107! 107!
102 102
=<} =<}
= =
M L[ |4 LMMSE m .|| 4 LMMSE
107 f| o LMMSE-approx 107 f| o LMMSE-approx|
+ ZF * ZF
- --Optimal - --Optimal
| | -SMALL-TX 3 | | -SMALL-TX D\
107 F|—SMALL-RX A 107 —SMALL-RX A
—FULL —FULL
02 4 6 810121416 182022 02 4 6 810121416 182022
Ey/N, [dB] Ey/N, [dB]
107! 107!
107 10°
o<} =<}
= =
M ,|[ 4 LMMSE M ,|[ 4 LMMSE
107 f| o LMMSE-approx 107 f| o LMMSE-approx
* ZF * ZF S
- --Optimal - --Optimal '\
| [-SMALL-TX | [-SMALL-TX A
107 F|——SMALL-RX y 107 F—SMALL-RX §
— FULL —FULL :

02 4 6 8 10121416 182022
Ey/Ny [dB]

024 6 810121416182022
Ey/N, [dB]

Fig. 4: BER vs E; /N, for different receiver approaches.

The GFDM system is configured with A = 16, K = 32 and
a periodic raised-cosine (RC) pulse shape with roll-off factor
a = 0.9 designed as in [9]. We assume a single user with K,
allocated subcarrier starting from the index k,, = 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 K,, SMALL-TX is the best one and it
outperforms the FULL one. Contrarily, for odd K,, SMALL-
RX is the best. As expected, at higher SNRs and larger number
of K, 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 = 3 || Wi||% [Wal|% [9]. Fig. 5 illustrates
the NEF for different K. It shows that for odd K,,, SMALL-
RX achieves lower NEF, while for even K, SMALL-TX is
the best and vice versa. On the other hand, when K, increases,
the NEF converges to a constant value, which is the NEF of
the FULL model, i.e. when K,, = 32. The NEF also affects the
performance of the receiver when LMMSE-approx is used. In
this receiver, using even K, 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 K,,, M =16 and a = 0.9.

compared with the FULL model. This is because the effective
SNR at the (K, — 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 K, and vice versa. Due to the decreased SNR
at the (K, — 1)-th subcarrier, SMALL-RX is slightly worse
than the others in all K, cases. In summary, SMALL-TX with
LMMSE-approx and even K, 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,

107 10
~ ~
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Fig. 6: BER vs E;/Ny using SMALL-TX.
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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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