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Abstract—Generalized frequency division multiplexing (GFDM)
as a sub-carrier filtered scheme can flexibly handle various
different application scenarios of the fifth-generation system. How-
ever, due to the intrinsic self-interference resulting from the fil-
ter, the channel estimation becomes very hard, particularly when
GFDM works with a multi-input multi-output (MIMO) system.
In this paper, a new GFDM-dual filter (GFDM-DF) transmission
scheme is proposed, which can guarantee the orthogonality of sub-
carriers, so that the intrinsic self-interference can be eliminated.
We first divide information symbols into odd-numbered and even-
numbered sub-carrier symbols. Then, the orthogonality conditions
for GFDM-DF are derived. According to the orthogonality condi-
tions, we choose two different filters for odd-numbered and even-
numbered sub-carriers. The signal-to-interference ratio of either
the conventional GFDM or GFDM-DF is also evaluated. Moreover,
based on the characteristics of the receiving matrix, we further de-
sign a low-complexity GFDM-DF receiver. Numerical results show
that GFDM-DF can work well with the channel estimation and
the MIMO system and its performance is better than that of the
conventional GFDM system.

Index Terms—Multi-carrier, GFDM, pilot, MIMO, dual-filter.

1. INTRODUCTION

RTHOGONAL frequency division multiplexing (OFDM)
has been widely used as the baseline waveform in modern
communication systems, such as WiFi and cellular networks [2].
The main benefits of OFDM are the use of cyclic prefix (CP)
to eliminate the inter-symbol interference [3], [4], and simple
receiver based on the fast Fourier transformation (FFT) [5], [6].
However, OFDM also affected by some disadvantages, such as
the spectrum inefficiency caused by the excessive CP and the
large sidelobe resulting from the rectangular pulse. In addition,
strict synchronization is required to keep orthogonality between
sub-carriers [7], [8].
In order to deal with the shortcomings of OFDM, new multi-
carrier technologies such as generalized frequency division
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multiplexing (GFDM) [9] have recently been paid much at-
tention. GFDM is a block-based multi-carrier modulation sys-
tem. To reduce the filter tails, a cyclic pulse shaping filter is
employed. The OOB radiation of GFDM becomes very small
due to the introduction of an adjustable filter [10]. This signifi-
cantly reduces the OOB interference, which greatly benefits the
dynamic spectrum access scenario. Besides, GFDM also can
be designed as a generalized multi-carrier scheme with both
OFDM to single carrier as its special cases [11]. Only one CP
is used in a GFDM block, which greatly improves the spectral
efficiency and benefits the low latency. Moreover, GFDM can
also meet the demand of low latency by reducing the symbol
duration. Finally, GFDM can be regarded as a kind of single-
carrier transmission, which can alleviate the PAPR performance.
However, GFDM also has its drawbacks. Because the usage of
pulse shaping filter, the sub-carriers become non-orthogonality
and some intrinsic self-interference emerged, e.g., inter-carrier
interference (ICI) and inter-symbol interference (ISI) [12]. The
intrinsic self-interference not only degrades the demodulation
performance of GFDM system but also makes the channel
estimation (CE) and multiple-input multiple-output (MIMO)
complex.

In order to improve these deficiencies, some linear receivers
can be used, such as zero-forcing (ZF) and minimum mean
square error (MMSE). However, the noise might be ampli-
fied by the ZF receiver, while the MMSE receiver has high
computational complexity. GFDM with successive interference
cancellation (SIC) is proposed in [13], but the complexity of
GFDM-SIC is still a problem. Then, GFDM-OQAM has been
developed in [14]. However, GFDM-OQAM only keeps orthog-
onality in the real field so that it cannot be easily applied to the
real channel. All approaches only aimed at eliminating the self-
interference. And the interference in CE is still existing, which
has been investigated in [15]-[21]. Two CE methods are pro-
posed in [21]. In pilot-interference cancellation method, only
the interference in pilot symbols is pre-canceled. This method
needs to recalculate the interference value of pilot symbols each
time, which increases the transmitter complexity. In transmit-
ter interference cancellation method, the interference between
data and pilot symbols is pre-canceled. However, the data vector
needs to be pre-coded, which increases the correlation between
data. Moreover, there are some problems when space-time block
code (STBC) [22], [23] and space-frequency block code (SFBC)
are applied to the GFDM system due to the non-orthogonal. In
[24], [25], they propose two STBC schemes for GFDM system.
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Fig. 1. The diagram of GFDM system.

However, the bit error rate (BER) performance is affected by
the roll-off factor. Moreover, an even number of sub-symbols is
required when combined with STBC. Therefore, it is necessary
to set the first sub-symbol to zero. In brief, these existed re-
searches bring in some disadvantages when reducing the impact
on ICI, e.g., higher complexity, difficult to combine with chan-
nel estimation and performance loss caused by the roll-off factor.
Thus, we propose a new GFDM transmission, i.e., GFDM-dual
filter (GFDM-DF) in [1], which can transmit QAM symbols
without intrinsic ICI on the assumption of ideal channel state
information.

In this paper, we redesigned the filter from the frequency do-
main to further eliminate residual intrinsic interference. And
GFDM-DF under the CE is also further developed. Then, how
to apply it with MIMO technique is also discussed. More-
over, to verify the performances of the proposed GFDM-DF
scheme, the signal to interference ratio (SIR) of GFDM-DF and
conventional GFDM is analyzed. Besides, we design a low com-
plexity receiver of GFDM-DF, which is suitable for the case
where there are fewer sub-carriers and larger sub-symbols in a
GFDM block. The GFDM-DF scheme uses two prototype filters
on even-numbered and odd-numbered sub-carriers to address the
problem caused by the self-interference. Therefore, an accept-
able performance can be obtained by a simple linear receiver,
e.g., matched filter (MF) receiver, which is not affected by the
roll-off factor.

The rest of this paper is organized as follows. Section II intro-
duces the GFDM system model. Then GFDM-DF scheme is pro-
posed in Section III. Channel estimation for GFDM-DF scheme
is presented in Section IV. Section V combines the GFDM-DF
with SFBC and Section VI designs a low complexity GFDM-
DF receiver. Section VII gives the numerical results. Finally,
Section VIII concludes this paper.

II. SYSTEM MODEL

Fig. 1 illustrates the diagram of GFDM system. The system
first split the data bits into M sub-symbols and K sub-carriers
[26], [27]. Then N point upsampling is applied to the data sym-
bols, where N = M K. Each data symbol passing through their
own filter g[n], finally, the output signal without CP is given by

M—-1K—

de mgkm

m=0 k=0

._

,n=0,...,MK—1, (1)
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where
Jem[n] = g[(n —mK) mod MK] e IR (2)
Equation (1) also can be seen as a matrix model
x = Ad, 3)
A and d are expressed as follows
A =[goo[n] -
d=[dog -

gr-10[n] go.1[n] -+ gr—1,m-1[n]], @)
dre 1] )

At the receiver side, the received signal after removing the CP
is given by

dr—1,0 do,1 -~

y = Hx + n, (6)

where n is the AWGN. H is the circulant matrix of h, and h =
[ho by -+ hp_1] is the channel time domain impulse response.
Then the equalization can be easily applied in frequency domain

as follows
_ 1 F(y)
Yo=F {f(h)}, )

where F is the FFT, and F~! is the inverse FFT (IFFT).
If a matched filter is applied to the receiver, and the noise is
also ignored, the demodulation signal can be expressed as

Czk’/,m,’ = f_: g;;’,m’[n} y[n]
0 -1 K—
= % ol { T E Genanli) )
= { 5 gieulil g} ®)
+de,m{z gk’ ’ gkm[]}
m#Em/ n=-oo
k#ER

interference from other symbols

As shown in equation (8), except the desired signal, it also intro-
duces some interference from other symbols. Therefore, some
linear receivers are introduced in [28].

1) MF Receiver:

d= A"y, )

but the intrinsic self-interference cannot be removed by the MF
receiver.
2) ZF Receiver:
d=ATy. with A*=(A"A) A", (10)
the noise is amplified when using the ZF receiver.
3) MMSE Receiver:
5 52 !
d=A'ly, with AT = ((531 + AHA) Al (11)
d
although the performance of MMSE receiver is the best in three
receivers, but the computational complexity is unpractical.
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Fig. 2. The diagram of GFDM-DF scheme.
IITI. PROPOSED GFDM-DF SCHEME MODEL
de
A GFDM-DF scheme model based on two filters was pro- * ;/ km n;wg “Gkmln]
posed, and the SIR of the GFDM-DF was evaluated in this K&k
section. interference from other even-numbered symbols
M—-1K/2-1
A. GFDM-DF Scheme YD Ay, { > 68 wn] - gl ]}
The scheme of GFDM-DF is shown in Fig. 2. In conventional m=0 k=0 =
GFDM, only one filter is used, here two different filters on the interference from odd-numbered symbols
even-numbered and odd-numbered sub-carriers is used [29]. The (I7)
information symbols dy, ,, are divided as follows )
z’,m’ = Z glts),m’ [’I’L] : y[n]
dz,m = dop,m , k €10, 1, , K/2 -1}, (12) n=—00
di,m = dogr1,m k€ {07 L, ) K/2 - 1} (13) B i ‘o M-1K/21 de ng m[n]
Then, the output signal can be obtained as follows n=-0o m=0 k=0 kom9km
M—-1K/2-1 Z
k’ ,m/ gk’ ,m/ gk’ ’[ ]}
k mgk m ] + d%,mgz,m[n]% (14) {n—oo
m=0 k=0
where + Z dkm{ Z g gkm[ ]}
m#Em/ n=-—oo
(Zk)n k!
—j2
gi,m[n} = ge [(n - mK) mod MK] IR (15) interference from other odd-numbered symbols
oy ( yn
g8 mln] = g° [(n = mK) mod MK]e "5, (16) MoK/
’ e
¢ and ¢° are two different filters which used on the even- m=0 k=0 n=—o0
numbered and odd-numbered sub-carriers, respectively. interference from even-numbered symbols
At the receiver, the signal can be obtained after the MF re- (18)

ceiver

dz’,m’ = Z gk’ m’ ' ]
n=-o0
00 M-1K/2-1 de e
k,mIk m[n}
- Y bl zz( )
n=—oo " m=0 k=0 +d2 mgz,m[n]

As shown in equation (17), except the desired signal on even-
numbered sub-carriers, there are also some interference from
inter-symbol and odd-numbered symbols. Likewise, in equa-
tion (18), the signal also affected by the interference from inter-
symbol and even-numbered symbols. To get the desired signal
more accurately, the filter is best able to satisfy the orthogonality
conditions as follows

o0
condition 1: Z |

n=-—oo

n] 'glec,m[n] = §k,k’§m,m’> (19a)
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condition 2: Z 9 e [1] - 98 (1] = O kO e, (19b)

n=-—oo

o0
condition 3: Z G 1]+ 9] =0,

n=-—oo

(19¢)

B. Matrix Model for the Proposed GFDM-DF Scheme
The matrix model of equation (14) can be expressed as
x = A°d® + A°d°, (20)

where A and A° only contain gj, ,,,[n] and g}, ,,, [n] respectively,
which represented as

At = [98,0[”] 93(/271,0[”] 9?(/27171\/171[”]} , 2D
A° = [98,0[”] Gk pereln] 92{/2-1,1»1—1[”]} , (22)
d® and d° are expressed as follows
T
d* = {d&o deK/Zfl,O dS,l deK/zq,Mq} ) (23)
o 0 0 0 0 T
d° = { 0,0 " dK/27170 do,l dK/Zfl,Mfl} . (24
Therefore, equation (17) and (18) can be described as
d® = (A" . x = (A" A°d° + (A°)" - A°d°, (29)
d° = (A°)" . x = (A% A°d° + (A°)T - A°d°. (26)

The orthogonality conditions in equation (19) are rewritten as

(A" A® =Tk, (27a)
(A" A° = Ty, (27b)
(AC)H -A° = O]WK/2~ (27C)

C. The Filter Design

Equations (17) and (18) deduced the system interference
model. Then, orthogonality conditions can be obtained from the
interference model. Therefore, the appropriate filters need to be
found out under the constraint of (19a)—(19¢). The conventional
GFDM uses the SRRC filter generated in the time domain, but

https://www.tarjomano.com/orde
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here we generate the filter in the frequency domain according to
the following equation

VT, Il < 5
G(f)= \/% [1+cos (ZL (|f] = 52))], otherwise-
0, f1 > 5

The time domain filter g[n] is then obtained by performing N-
point IFFT on the frequency domain filter G(f). We first treat
g[n] as ¢g°. Then, ¢g° can be obtained by the following rule [30]

¢ = [g(szl) gOM=2) J@M=3) JOM—4) g(o)} (29

where ¢ (1=0,1,..
follows

.,2M — 1) is derived from the ¢° as

©) ¢ g2 g ... , (30)

g(2M71)}

9 = [g
and the length of ¢ is K /2 [1].

Fig. 3 shows the response of AT - A, (A°)" . A¢and (A°)"
Ac°in dB [31]. In Fig. 3(a), it is obvious to observe that the in-
trinsic self-interference on the secondary diagonals, which is
the self-interference between adjacent sub-carriers. However, in
Fig. 3(c), the intrinsic self-interference on the secondary diag-
onals is handled. Fig. 3(c) also shows that the self-interference
between odd-numbered and even-numbered sub-carriers barely
exist, and it can be ignored.

D. Signal-to-Interference Ratio Evaluation

In this part, the SIR for GFDM-DF and conventional GFDM
is evaluated. The selected filter in conventional GFDM is SRRC,
g°¢ and ¢° are used for GFDM-DF. According to equation (17),
the SIR on even-numbered sub-carriers is given by equation (31)
shown at the bottom of this page. Similarly, equation (32) shown
at the bottom of this page, also gives the SIR on odd-numbered
sub-carriers [32].

Table I shows the SIR of the GFDM-DF and conventional
GFDM. The SIR value of GFDM-DF is much larger than GFDM.
Moreover, with the roll-off factor « increases, the SIR of conven-
tional GFDM becomes small, However, the SIR of GFDM-DF

SIR® =
2 o . 2
E |: dz,m :| ’ {‘Zn:—oo gk”e,m’ [n} : 91?,m/ [n}‘ }
E |lde 2 00 *e e 2 E |ldo 2 M-1 K/2-1 o) xe o 2\
k,m . Z TZiZ}/ Z”:*OO gk”,m’ [n} : gk,m [TL] + k,m ’ ZmZO k=0 anfoo gk’,m’ [TL] ’ gk,m [n}
(3D
SIR® =

d

2 2
Gl | {5 il -2}

d

2
d;m\]-E:m#w

k#k!

{‘Zf—_w 9 [1] -g,‘im[n]‘z} L E {

2
e M-1 K/2-1
dk,m‘ :| ’ Z’m:O k=0

= sttt o] }
(32)
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(a) AH. A

Fig. 3. Crosstalk response of the matched filter receiver without noise. Each tile denotes the amplitude of [AH . A]

in dB. A SRRC filter is used with « = 0.5 and M =5, and K = 8.

TABLE I
THE SIR oF GFDM AND GFDM-DF

GFDM SIR GFDM-DF SIR
Even- -carri 260.8 dB
0=0.1 18.8 dB ven-numbered sub-carriers 60.8 d
Odd-numbered sub-carriers 259.1 dB
0=0.9 6.5 dB Even-numbered sub-carr.iers 260.5 dB
Odd-numbered sub-carriers | 258.6 dB
t
I:l Data
[ ] Pilot
S
Fig. 4.  Pilot positions of per RB in seven symbols.

is about 260 dB no matter how the roll-off factor changes. Al-
though GFDM suffers from the ICI and ISI simultaneously, ICI
is the main interference. When « increases, the ICI between ad-
jacent carriers becomes large. But in the proposed GFDM-DF,
there is no ICI and ISI, hence, no matter how « changes, it does
not have any effect on SIR.

IV. CHANNEL ESTIMATION FOR GFDM-DF SCHEME

Our purpose is to verify whether GFDM and GFDM-DF
scheme can use the same CE method used in OFDM system.
Therefore, we choose the same least squares (LS) CE method
used in OFDM, GFDM and GFDM-DF. Fig. 4 describes the
pilot positions in seven symbols with two symbols selected in
each RB, and two pilots for each symbol.

(b) (Ae)H CA®
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At the receiver side, the received signal after removing the CP
is given by
y = Hx + n, (33)

where x = A°d® + A°d° and H is the circulant matrix of the
channel. After GFDM-DF detector, the demodulation signal can
be expressed as

ae
ao

(‘Ae)H_y:‘Erede_"_w/e7
(AO)H~y:ﬁOdO+WO,

(34)
(35)

where H¢ and H° denote effective channel in frequency domain
on the even-numbered and odd-numbered sub-carriers, respec-
tively. W€ and W° are the noise in frequency domain on even-
numbered and odd-numbered sub-carriers, respectively. Then,
combine equation (34) and (35), the demodulation signal is pre-
sented as
d=Hd+W, (36)
The channel coefficient A denotes the FFT transformed effective
channel, consisting of the transmitter filter, the receiver filter and
the mobile channel [9]
Hin) = F {gra[n] * gra([n] * hin]}. 37
Thus, the equalization needs to be done after the MF, ZF or
MMSE detector.
The normalized value of the LS method can be expressed as
_ ~ _ H /. _
Hys = argmin { (d _ Hd) (d _ Hd) } 39
We can obtain the approximate channel coefficient using LS
estimation at pilot position after the detector as below

>

Hps, = (39)

- _P
d,’
where &p and d,, denote the pilot position in d and d, respec-

tively. After interpolation method, we can obtain the whole chan-
nel characteristics Hr,g [33].
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V. SPACE-FREQUENCY BLOCK CODING FOR
GFDM-DF SCHEME

One of the most important goals of next generation cellular
systems is to achieve high throughput communication, the SFBC
proposed by Alamouti provides a simple method to achieve
transmit diversity [34]. Since OFDM is an orthogonal system, it
is easy to combine with Alamouti-SFBC. However, for GFDM,
the sub-symbols in each GFDM block are superimposed, and
there also has large interference between adjacent sub-carriers.
Therefore, the directly combined with Alamouti-SFBC in one
GFDM block is problematical. The major contribution of this
section is to introduce a feasible scheme which applies SFBC
to GFDM-DF scheme. The simplified diagram for a MIMO
GFDM-DF scheme with SFBC is shown in Fig. 5.

The transmit data d from equation (5) is first applied to the
SFBC encoding, and the output signal of SFBC d; and d, are
defined as follows

T
doo —diy -+ drg_20 — d;
d1 _ 0,0 1,0 K-2,0 K-1,0 7 (40)
o dgom-1 — dﬁethl
dio d dg_10 d *
d2 _ 1,0 %p,0 K—*l,() K-2,0 . (41)
drxa v die g

Then the data symbols d; and d, are divided into df, d$ and

df, d?, respectively,
d§ = [doo -+ di—20 + dx-2a-1], (42)
d5=[dio - drx-10 - dK—l,M—l]T, (43)
df = [~dig - —dic g —dic ], @4
dS = [dog - dic g d?@z,Mﬂ]T' (45)

The data df, d5, d? and df are independently modulated
with the GFDM-DF transmitter matrices A° and A°. After CP
removed, the receive signal y” at receive antenna 7 is written as

y" =H'"(A°d} + A°d}) + H"(A°dS + A°d3) +n,,

(46)
where H'" is the circulant channel matrix and the first line of
H'" is the multi-path channel impulse response (CIR) h'".

On the receiver side, before SFBC combination, the signal on
each receive antenna is demodulated by B® and B®, respectively,

d¢=B°-y" = H"dS + H¥d§ + ¢, (47

https://www.tarjomano.com/orde
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SFBC
Combining

CP
Removal

d; =B° y" = H"d} + H"d$ + 1}, (48)

where B€ and B° are the receiver matrices, and they can be the
MF, ZF or MMSE matrix, but here we just regard B® = (A°)H
and B° = (A°)" as the MF receiver matrices. H'" means the
FFT of the CIR A",

Then we combine the data in equation (47) and (48) to obtain

d, = H'"d, + H"d, + @, (49)
We can also describe equation (49) in detail as follows
Az,m = Hlirmdk,m + H]%dek+1,m + ﬁlré,mﬂ (50)

7 | 2 =
erl,m = Hkil,m(_ }::+1,m) + Hk:l,mdz,m + n2+17m’
Gh
where H}" = and cf; . denote the kth sub-carrier and mth sub-

symbol of H'" and d" on the receive antenna r, respectively.
Then, the SFBC combining is carried out separately

S (HE )y + Y (dy )

*

dk m = + ﬁk: ms
, R Ir 2 27 2 '

Zr:l ’Hk,m‘ + ‘Hk,m‘

(52)

R ro\* Jr r r *
d o Zr:l (Hl%,m) dk,m - Hli,m(dk:-&-l,m) ~

k+1,m — 7 1 5 R 5 + Nk+1,m-
Zr:l ‘ka.m + ‘ijﬁm

(53)

VI. Low CoMPLEXITY GFDM-DF SCHEME RECEIVER DESIGN

Since GFDM-DF uses matrices to receive the signal, which
brings large number of matrix operations. In this section, we
consider low complexity receiver for GFDM-DF scheme [35],
[36].

Without any loss of generality, the signal at the receiver is
expressed as

y = A°d® 4+ A°d° + n. 54)

First, we apply a M K point FFT on both sides of equation
(54), and according to }'I;IIK /2.7-" MK /2 = 1, the above equation
can be expressed as

FMKY = ]'—MKAB‘FX/[IK/z}—MK/zde
+ ]:MKAO}-]\_;K/ZFMK/ZdO + Furn. (55)
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Let B¢ = .FMKAE}'I;[]K/Z and B° = Fy g A°F;) where

MK/2

B¢ = [B?(UB*® ...B(K/2]  and B° = [B°(VB°® ...

Bo(K/ 2)]. Then equation (55) can be rewritten as

y =B°d® + B°d° + @, (56)

where ¥, d and @i denote the frequency signal of y, d and n,

respectively.

We investigate the structure of B and B°, and we found that

Be(*) has the following characteristic

) 0 e 00T
0 b e 0
0 0 bk
k
T S
0 b, 0
0 0 b;gé)
Betk) — . . (57)
e(k)
b(K—1)M+1 0 o 0
(k)
0 b?K-1)M+2 T 0
k
i 0 0 b%l\}_

where k = 1,2, --- | K/2, and B°(¥) also has the same charac-
teristic. We can rearrange B® and B® into block diagonal ma-
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every M rows and selecting one in every M columns, then pile
them together. Matrices B® and B® can be reorganized into block
diagonal matrices B® and B® by row and column permutations
as shown in equation (58) at the bottom of this page. Then, B¢
and B° can be rewritten as

_E?
B3
(59)

I MKxMK/2

BO = . ) (60)

! Bj, |

MExMK/2

where B¢, and B?, are K x K/2 matrices. And the structure

of B¢, is represented as
bk bk b/
e(1 e(2 e(K/2
Be _ b]\ﬁ[—?—m b]b('f—i—m b1\£[+in)
be(l) be(z) be(K/Z)
(K-1)M+m “(K-1)M+m (K-1)M+m

(61)

To ensure equality on both sides of the equation, y and i also
perform the same row arrangement as B® and B° to get y and
n. d also performs the same column arrangement as B¢ and B©
to get d. Thus, the arranged expression can be written as

y = Bed°® + B°d° + i. (62)

Since B and B are block diagonal matrices, equation (62)

can be reordered into M equation sets

trices through row and column permutation by selecting one in ym = By dy, + By,dy, + i, (63)
r 1 2 K/2 -
by by B/ 0 0 0 0
1 2 K/2
bi\gil bi\gll b%1+< : 0 0 0 0
e(1) e(2) e(K/2)
b(K*I)M+1 b(K*l)M#»l b(K*l)M+1 0 0 0
B = 0 0 0 b e pelK/2) (58)
e(1 e(2 e(K/2
0 0 .. 0 b A(dz bA& bl +/2 )
e(1) c(2) o(K/2)
0 0 0 b(Kfl)M—i-Z b(Kfl)]M—l-Z b(Kfl)M-i-Z
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TABLE 11
SIMULATION PARAMETERS FOR THE PROPOSED GFDM-DF SCHEME

Parameter Value
OFDM | GFDM/GFDM-DF
Modulation QPSK, 64QAM
Samples per symbol K 128 128
Active sub-carriers Ko, 36 36
Block size (symbols) M 7 7
Subcarrier spacing (kHz) 15 15
CP length (samples) Ncp 32 32
Filter Rectangular SRRC
Roll-off factor o - 0.25, 0.75

Channel model h[n|
EPA delay (ns)
EPA power (dB)

Rayleigh delay (ns)

Rayleigh power (dB)

AWGN, EPA, Rayleigh
[0 30 70 90 110 190 410]

[0.0 -1.0 -2.0 -3.0 -8.0 -17.2 -20.8]
[0 30 150 260 370 710 1090]
[0.0 -1.5 -4.9 -16.9 -17.2 -20.8 -23.9]
Turbo code [37]

5 iterations
Pilot spacing (subcarriers) 6

Estimation algorithm LS

Channel coding

According to equation (63), the demodulation signal aﬁ; and
d? can be obtained as follows
as, =

(B;)H 'S’m’
ag; (Efn)H S’m

/

(64)
(65)

We need to select one in every M columns of d® and d° and
pile them together to get d* and d', then perform M K /2 point
IFFT to get d¢ and d®. After combining d® and d°’, we can
obtain the final signal d’.

VII. NUMERICAL RESULTS

In this section, the performance of GFDM-DF scheme is eval-
uated, and Table II shows the detailed simulation parameters.

A. Performance Comparison in AWGN Channel

As shown in Fig. 6, in case of low SNR region, the noise is
dominant and all the performance of the three receivers in the
conventional GFDM system is close to the OFDM system. But

https://www.tarjomano.com/orde
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BER performance comparison in AWGN channel with Turbo code rate 1/2. (a) M =7, K = 128, and a = 0.25. (b) M =7, K = 128, and o« = 0.75.

at high SNR region, the noise power decreases and the intrin-
sic self-interference becomes the main effect factor, the BER
of MF receiver deviates from the others. As the roll-off factor
o increases, the performance of conventional GFDM deviates
from the OFDM system seriously. However, the GFDM-DF can
always maintain the same BER performance as OFDM system.

The Turbo coded BER performance is also evaluated in Fig. 6.
The proposed GFDM-DF can achieve the same performance
compared with OFDM no matter how the roll-off factor o
changes. However, the performance of conventional GFDM be-
comes worse as the roll-off factor « increases.

B. Performance Comparison in Multi-Path Channel

1) EPA Channel: The BER performance of the various
scheme is shown in Fig. 7 with LS CE in Extended Pedestrian A
(EPA) channel. It can be seen from Fig. 7(a) that both GFDM-DF
and conventional GFDM can achieve the same performance as
OFDM in the low SNR region. But in Fig. 7(b), when ae = 0.75,
the BER performance of conventional GFDM system deviates
from the OFDM system. Particularly, the performance of MF
receiver becomes worse due to the intrinsic self-interference.
This also explains that the performance of conventional GFDM
system relies heavily on the choice of roll-off factor a. How-
ever, GFDM-DF can achieve the same performance as OFDM
in the low SNR region. On the other hand, in the high SNR re-
gion, the performance of GFDM-DF is worse than OFDM duo to
the effects of ISI. We also evaluated the coding performance in
multi-path channels, the code word length after the rate match-
ing is 480 and the detailed coding type is given as ones in LTE
[37]. It can be seen from the coded performance that the curve of
GFDM-DF is consistent with OFDM. However, the coding per-
formance of conventional GFDM becomes worse than OFDM
with the increase of a.

2) Rayleigh Fading Channel: Compared to Fig. 7, the BER
performance in Rayleigh fading channel is similar to that of EPA
channel. However, the effect of ISI becomes larger, which re-
sults in a slight decrease in BER performance. Moreover, there
is an obvious decrease in BER performance of GFDM-DF with
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64QAM. The reason is that GFDM-DF only adopts MF receiver,
which without any treatment on the ISI. However, when Turbo
coding is available, GFDM-DF can still achieve the same per-
formance as OFDM.

3) MSE: Fig. 9 also illustrates the MSE of LS CE over EPA
and Rayleigh channel with a = 0.75 [38]. The MSE perfor-
mance of GFDM-DF scheme is better than the conventional
GFDM no matter in either EPA or Rayleigh channel. The curve
of GFDM-DF scheme is consistent with the OFDM system in
the low SNR region. When in the high SNR region, due to the
influence of ISI, the performance of GFDM-DF is worse than
OFDM especially in the Rayleigh fading channel.

C. Performance Comparison of SFBC for GFDM-DF Scheme

Fig. 10(a) shows that the BER performance of SFBC-GFDM-
DF scheme is close to the SFBC-OFDM system in EPA chan-
nel. But the conventional SFBC-GFDM system cannot show a
similar result even using ideal CE. The performance of SFBC-
GFDM-MF receiver leads to a stronger degradation, and the
SFBC-GFDM-ZF receiver suffers from a performance loss of

3 dB at BER=1073, the SFBC-GFDM-MMSE receiver has
a performance loss of 1.7 dB at BER=10"3. In Fig. 10(b),
Rayleigh fading channel is applied, GFDM-DF suffers from se-
vere ISI, which results in performance degradation compared
with OFDM. However the performance is still better than con-
ventional GFDM.

D. Complexity Analysis

The number of multiplications of the different GFDM receiver
is described in Table III.

In GFDM-MF, the receiver matrix is a Hermitian conjugate of
the transmitter matrix A. In GFDM-ZF, the receiver matrix is a
generalized inverse matrix of the transmitter matrix A. Since
ZF receiver matrix does not involve the channel coefficient,
the receiving matrix can be stored in advance. Therefore, the
GFDM-MF and GFDM-ZF receiver methods require (M K)*
complex multiplications (CMs). The GFDM-MMSE needs to
reconstruct the receiver matrix for different SNR, which has the
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TABLE III
COMPLEXITY OF DIFFERENT GFDM RECEIVERS

Techniques Number of Multiplications
GFDM-MF (MK)?
GFDM-ZF (MK)?
GFDM-MMSE 2(MK)® + (MK)?
GFDM-DF (MK)?
GFDM.-DF-Low 5 MKlogy (MK)+

MEK? + 2 MKlog, (1K)
GFDM-ME-SIC in [13] (MK)? + 2K(MK)?
GFDM-OQAM in [14] 2AMK)?

GFDM-FFT in [39] | £Mlog, M + KLM + Klog, MK

complexity of o (M?K?*) CMs [40]. The computational com-
plexity of GFDM-MMSE is about %(MK)3 + (MK)* CMs.
It can be seen from equations (20), (25) and (26), the GFDM-
DF receiver has two matrices. However, the dimensions of each
matrix are only half that of conventional GFDM. So the compu-
tational complexity of GFDM-DF is the same as conventional

GFDM. In the low complexity receiver of GFDM-DF, the receiv-
ing matrix is divided into M small matrices, which simplifies
the computational complexity.

The complexity of different GFDM receiver techniques is
evaluated in Fig. 11. The proposed GFDM-DF has the same com-
putational complexity as GFDM-MF and GFDM-ZF receiver.
Compared with GFDM-OQAM [14], GFDM-DF can reduce
two times computational complexity. The complexity of GFDM-
MMSE and GFDM-MF-SIC is too high when compared with
the proposed GFDM-DF. GFDM-DF-Low has almost the same
computational complexity as GFDM-FFT. Compared to the
GFDM-DF, the computational complexity of GFDM-DF-Low
can be significantly reduced as M increases. Therefore, the low
complexity approach is more suitable for the case where there
are fewer sub-carriers and larger sub-symbols in a GFDM block.

E. Power Spectral Density

The comparison of power spectral density (PSD) for OFDM,
GFDM-DF and conventional GFDM is illustrated in Fig. (12).
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It can be seen that the OOB radiation of conventional GFDM is
lower than OFDM. However, the proposed GFDM-DF scheme
has an unsatisfactory performance, whose OOB radiation is even
higher than OFDM. The reason for this phenomenon is mainly
due to the design of the filter. The filter ¢g° and ¢° are used
on even-numbered and odd-numbered sub-carriers, respectively.
However, the impulse response of ¢° is discontinuous in the time
domain, which leads to a higher OOB radiation.

VIII. CONCLUSION

In this paper, a new GFDM-DF transceiver with dual-filter
was proposed. By applying different filters on even-numbered
and odd-numbered sub-carriers to eliminate the interference be-
tween adjacent sub-carriers, the SIR of the GFDM-DF scheme
can be greatly improved. Compared with conventional GFDM,
GFDM-DF selects a large roll-off factor v, which can not only
decrease the implementation complexity but also has no effect on
the BER performance. Moreover, a larger roll-off factor can also
make the symbol a better time-frequency localization, which is
able to reduce the effect of time-offset on BER performance.
Thus, when under a less severe channel, the proposed GFDM-
DF can almost achieve the same BER performance as OFDM.

https://www.tarjomano.com/ordet
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In addition, GFDM-DF can work properly under the channel es-
timation and be easily combined with SFBC. Although GFDM-
DF eliminates the ICI, it is still affected by ISI, and therefore the
performance of GFDM-DF is worse than that of OFDM under a
severe channel. This is a problem that needs solving in the next
step.
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