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Abstract: In this paper, continuous phase modulation-generalized frequency division multiplexing
(CPM-GFDM) is proposed. The performance of CPM-GFDM is evaluated over Gaussian and fre-
quency selective fading channels. In the proposed technique, the mapper in the transmitter and the
de-mapper in the receiver of traditional GFDM are replaced by a CPM mapper and de-mapper, respec-
tively. Using Monte-Carlo simulations, the bit error rate performance is evaluated for several rational
values of the modulation index. We establish the superiority of CPM-GFDM over traditional GFDM
using error performance plots through extensive simulations. We demonstrate that there are several
values of the modulation index that give a performance superior to the conventional GFDM, with
h = 1

2 , 3
10 , 5

16 , 7
16 giving the best performance for additive white Gaussian noise (AWGN) channels,

while for the frequency-selective channels the best performance is observed when h = 3
10 , 5

16 , 7
16 .

Keywords: CPM; continuous phase modulation; GFDM; generalized frequency division multiplexing;
bit error rate

1. Introduction

There are several contenders for 5G communication. Some of them are filter bank
multicarrier (FBMC), universal filtered multicarrier (UFMC) [1–3], non-orthogonal multiple
access (NOMA) [4,5], filtered orthogonal frequency division multiplexing (f-OFDM) [6] and
generalized frequency division multiplexing (GFDM) [7]. Out of these, GFDM, which is a
non-orthogonal modulation technique, adequately addresses the shortcomings of OFDM
for the next generation of 5G networks [7]. Its benefits include flexibility, minimal out-of-
band (OOB) emissions, and a higher spectrum efficiency [8]. A heterogeneous network
with a variety of competing technologies, such as D2D communication, millimeter waves,
multiple input multiple output (MIMO), massive MIMO, femtocells, and Pico cells is an-
ticipated for 5G [9]. To lessen OOB emissions, each GFDM data-block is broken up into
subcarriers and sub-symbols, with the subcarriers being filtered by a pulse shaping filter.
With its capacity to work with single carrier, FBMC and frequency domain systems that are
based on equalization, GFDM is a very flexible time-frequency distribution technique [10].
As GFDM is block-based, it can use several OFDM techniques, including cyclic prefix
(CP), to prevent inter-symbol interference. Thus, to mitigate the impacts of multipath at
the receiver side, low complexity equalizers can be used in the frequency domain [11].
The loss of orthogonality that results from GFDM subcarriers being filtered via a range of
pulse shapes [12] makes them vulnerable to self-interference at the receiver. The resulting
complexity in implementation is another drawback of using the flexible waveform. How-
ever, since reducing the complexity of systems is an active area of research and computer
power is increasing quickly, GFDM turns out to be a promising technique for upcoming
high-speed, high performance communications.

While several authors have focused on reducing the complexity of the GFDM receiver
(see, for example, [13,14]), or minimizing the interference [11,15–17], some others have fo-
cused on presenting an analysis of BER when using some novel technique in GFDM [18–21].
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Channel codes have also been used to improve the BER of GFDM [22]. MIMO-GFDM is an
active research area which has been employed to improve the BER of a conventional GFDM
system. For example, improvement in spectral efficiency and BER via MIMO-GFDM has
been proposed in [23]. Low-complexity receivers for MIMO-GFDM have been proposed
in [24,25]. There are several other papers that try to improve the performance of GFDM
and/or MIMO-GFDM by using novel techniques, for example, [10,26–28]. However, only a
handful of work exists that focuses on improving the performance by modifying mapping
schemes (one such example is [29]).

CPM and its subclass, continuous phase frequency shift keying (CPFSK), have been
well established in communication systems for more than 40 years [30]. These systems’ key
benefits are the signal’s power and spectrum efficiency, consistent envelope, low levels of
out-of-band radiation, flexibility, and phase continuity [31–33]. One of the factors driving
the development of the 5G architecture, which includes enhanced mobile broadband,
machine type communication (MTC), and ultra-reliable MTC, is flexibility [34,35]. In the
mapper of traditional GFDM, memoryless modulation techniques such as PSK and QAM
are used. A thorough literature search suggests there has been no work that integrates CPM
in the mapper of a GFDM. Our main goal in this work is to improve the BER performance
of a GFDM by using CPM as a mapper.

The remaining paper is organized in the following manner. Section 2 presents the
details of proposed CPM-GFDM Tx-Rx that comprises CPM modulator and demodulator.
Simulation setup and results are presented in Section 3, followed by a discussion in Section 4.
The paper is concluded in Section 5.

2. Proposed CPM-GFDM Transceiver

This section presents the proposed CPM-GFDM transmitter and receiver.

2.1. CPM-GFDM Transmitter

The proposed CPM-GFDM transmitter is shown in Figure 1. As shown in this figure,
data bits go through the CPM mapper to become converted into CPM-mapped complex
numbers, followed by upsampling. Then, M symbols are collected followed by the pulse
shaping filter and IFFT. Cyclic prefix is added next, and the signal is transmitted.
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Figure 1. Proposed CPM-GFDM Transmitter.

Let K represent the number of subcarriers and let M represent the number of symbols
in each subcarrier. A serial bit stream bi is converted into a parallel stream of K symbols
where each symbol contains log2 J bits feeding J-CPM mappers. These mappers produce
J-ary CPM-modulated complex-valued data symbols at their outputs. The next block up-
samples the complex symbol sequence by a factor of N where N number of samples are used
to represent a time slot. These operations repeat until M symbols—denoted by a vector dk
where k = 0, 1, . . . , K− 1—are received at each subcarrier, with dk = [dk,0, dk,1, . . . , dk,M−1].
Therefore, each of the K subcarriers transmits M complex-valued data symbols per GFDM
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frame. Hence, the transmitted signal will consist of K × M data symbols that could be
represented by a matrix d as shown below [36]:

d =

 d0
...

dK−1


or

d =


d0,0 d0,1 . . . d0,M−1

d1,0
. . . d1,M−1

...
. . .

...
dK−1,0 dK−1,1 . . . dK−1,M−1

 (1)

The kth row in the aforementioned matrix denotes the data symbols sent over the kth
subcarrier, and the mth column denotes the data symbols sent over the mth time slot. Each
of the elements in this matrix has been modulated by CPM and is given by:

dk,m = cos φk[l] + j sin φk[l] (2)

where l represents the present symbol index, and the information-bearing phase φk[l] for
the kth subcarrier is given by:

φk[l] = π
l−1

∑
i=−∞

hk[i]αk[i] + πhk[l]αk[l] (3)

{αk[i]} denotes the sequence of J-ary information-carrying symbols for the kth sub-
carrier and ith symbol that belong to the set ±1, ±3, . . . , ±(J − 1), αk[l] is the present
symbol for the kth subcarrier, and {hk[i]} for the kth subcarrier and ith symbol are called
modulation indices. If ∀i, hk[i] = hk, this indicates that h is the same for all symbols for kth
subcarrier. This scheme is typically known as “single h” CPM. If the value of h is different
from symbol to symbol, then this type of CPM is known as “multi-h” CPM. In multi-h CPM,
the value of {hk[i]} changes in a round robin fashion out of all the h values. In this work,
we use single h CPM and an identical modulation index for all the subcarriers. The most
advantageous aspect of a CPM scheme is that it has memory, which is symbolized by the
first term in (3). It is obvious that all symbols up to (l − 1) symbols are added together to
make up the phase φk[l] [37,38].

Let p and q be two relatively prime integers. Then, the modulation index h is chosen
as the ratio of p and q such that 0 < h < 1. By doing so, catastrophic phase situations
are prevented and the overall number of points in the CPM constellation are limited to a
manageable level [39]. The phase states for even p are given as,

φk =

{
0, π

p
q

, 2π
p
q

, . . . , (q− 1)π
p
q

}
(4)

On the other hand, the phase states φk for odd p are given as,

φk =

{
0, π

p
q

, 2π
p
q

, . . . , (2q− 1)π
p
q

}
(5)

The signal constellation has q points when p is even, and 2q when p is odd, as shown
by (4) and (5), respectively. For instance, the signal constellation has five possible points if
for a binary CPM, h = 2

5 , as seen below and shown in Figure 2:

φk =

{
0,

2π

5
,

4π

5
,

6π

5
,

8π

5

}
(6)



Appl. Sci. 2023, 13, 854 4 of 20

and eight possible points if h = 1
4 , as shown below and shown in Figure 2:

φk =

{
0,

π

4
,

π

2
,

3π

4
, π,

5π

4
,

3π

2
,

7π

4

}
(7)
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Figure 2. Constellation example for a binary CPM (a) h = 2/5 (b) h = 1/4.

Next, a pulse shaping filter—denoted by g[n]—is applied. This is a circular prototype
filter whose length is N ×M for a kth subcarrier since each subcarrier carries N samples
per symbol and there are M symbols at each subcarrier. For each subcarrier k, the filter is
delayed by mN in time corresponding to the mth symbol where m = 0, 1, . . . , M− 1. Five
pulse shaping circular filters have been investigated in the literature. These are: (1) Root
Raised Cosine, (2) Raised Cosine, (3) Xia Pulse, (4) Gaussian Pulse, and (5) Dirichlet
Pulse [40].

The pulse shaping filter is followed by IFFT, which is essentially an up-conversion of
the complex stream by a complex subcarrier. Hence, the transmitted signal x[n], without
the cyclic prefix, is given by

x[n] =
M−1

∑
m=0

K−1

∑
k=0

dk,mg([n−mN]NM)e−j2πk n
N (8)

The above equation can be represented in the form of a matrix as in [36]

x = AD (9)

where

A =



g[n]
g[n]e−j2π n

N

...
g[n]e−j2π(K−1) n

N

g[n− N]

g[n− N]e−j2π n
N

...
g[n− N]e−j2π(K−1) n

N

...

...
g[n− (M− 1)N]

g[n− (M− 1)N]e−j2π n
N

...
g[n− (M− 1)N]e−j2π(K−1) n

N



T
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D =



d0,0
d1,0

...
dK−1,0

d0,1
d1,1

...
dK−1,1

...

...
d0,M−1
d1,M−1

...
dK−1,M−1


The transmitted signal after adding the CP can be expressed as in [41]

xCP =
[
x (NM− NCP + 1 : NM ) x

]
(10)

where NCP represents the CP samples.

2.2. CPM-GFDM Receiver
2.2.1. Received Signal and the Channel

The received signal can be represented in matrix form as

r = HxCP + n (11)

where H is the channel matrix and n is the additive white Gaussian noise with zero mean
and σ2 variance. The proposed CPM-GFDM receiver is shown in Figure 3. After removing
the CP, the received signal goes through the equalizer, assuming known H. The equalization
can be expressed mathematically as in [42]

req = H−1HAD + H−1n = AD + ñ (12)

where ñ represents the colored noise.
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2.2.2. GFDM Demodulator

Next, FFT is taken. This is followed by one of the three types of GFDM receivers—
matched filter (MF), zero forcing (ZF), or minimum mean square error (MMSE). In this
work, we explore MF and ZF. Pre-multiplying (8) by a square matrix Z having KM× KM
dimensions, we obtain

Zreq = ZAD + Zñ (13)

The matrix Z is computed such that the estimated transmitted data symbols D̂ can be
obtained as

D̂ = Zreq (14)

The method of computing the Z matrix determines whether a matched filter or a
zero-forcing receiver is being employed, which is discussed next.

2.2.3. Matched Filter Receiver

The receiver is known as a matched filter receiver if Z is specified to be AH in (14),
where H indicates Hermitian. This kind of receiver would increase the SNR for each
subcarrier at the expense of producing self-interference in the event that the transmitter
uses a non-orthogonal pulse.

2.2.4. Zero Forcing Receiver

For this particular receiver, Z = A−1. In case A is not square, its pseudo-inverse, A+,
is computed using the following relationship:

A+ =
(

AHA
)−1

AH (15)

where AH is the Hermitian of A. A zero forcing receiver reduces self-interference but
amplifies noise.

2.2.5. Viterbi Decoder

After down sampling, the signal goes to CPM signal detection block. CPM detection
is complex. The complexity can be reduced if we use a Viterbi Decoder (VD) [43]. If h is
rational—the CPM trellis has a reasonable number of states. This facilitates the use of VD.

With reference to Figure 4, we demonstrate the angle φk, the associated complex
numbers, and the paths that the data sequence 10011 takes through the trellis (shown
with red colored lines) for a given subcarrier when h = 2/5. To start with, we assume
state φk = 0 (dk,m = 1 + j0). If the next bit is a one (indicated by a solid line), the state
changes to 0 + 2π

5 = 2π
5 . On the other hand, if the next bit is a zero, (indicated by a dashed

line), the state changes to 0− 2π
5 = − 2π

5 = 8π
5 . This trend continues deep into the trellis.

Consequently, we can trace a particular path based on the data sequence, as has also been
shown in Figure 4.

VD computes the distance between the incoming signal and all trellis routes entering
each state at a given moment i. The paths that are most likely not the candidates for
maximum likelihood are then eliminated. The “surviving path” is the path that is chosen
when two paths enter the same state; it is the path with the best metric. Similar surviving
paths are chosen for all the states. By carrying on in the same way, VD moves further into
the trellis and decisions are determined by eliminating the least likely paths [44]. Despite
not being maximum likelihood in the strictest sense, these decisions can be almost as
excellent as in the maximum likelihood case if the decision depth is sufficient [45].
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Figure 4. The Viterbi decoder for a typical example with h = 2/5. Bit 1 is indicated by solid lines
while bit 0 is indicated by broken lines. The bit sequence 10011 is shown using red colored lines. The
outputs of the CPM mapper are shown using the complex numbers under dk,m.

In the following, we demonstrate the method to compute the distance between the
received bit sequence and the possibly received sequences. At the output of FFT, d̂k,m
denotes the received complex numbers at subcarrier k. Additionally, let a typical complex
number from the received sequence be represented as

d̂k,m = ûk,m + jv̂k,m

Let a typical complex number from the transmitted sequence be

dk,m = uk,m + jvk,m

In the above equation, real parts are ûk and uk for the received and transmitted complex
numbers, respectively. Similarly, the imaginary parts are v̂k and vk for the received and
transmitted complex numbers, respectively. Using sk,m to denote the square of the distance
between two complex numbers, sk,m can be computed as

sk,m = (uk,m − ûk,m)
2 + (vk,m − v̂k,m)

2 (16)

These distances are successively updated at each symbol interval. All potential state
transitions are also expanded. At the following symbol interval, the path with the highest
likelihood is kept while the rest are eliminated. All competitors conclude at the trellis’s
most extreme end after tracing the entire signal sequence. As a result, the sequence that is
required is the one that is the most likely to occur. VD only records q or 2q states at each
time interval because h is the ratio of p and q, which are relatively prime. The VD provides
a judgment on the complete sequence of w symbols at the end of w symbol intervals if w
indicates the decision depth in terms of the number of symbols.
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3. Numerical Results

In this section, we present the numerical results on the bit error rate (BER) performance
of the proposed CPM-GFDM system for various values of h. Our simulations are based on
the Matlab code available on the Vodafone Chair website [46]. We consider two channels,
namely the additive white Gaussian noise (AWGN) channel and a frequency-selective
channel. Moreover, we compare the performance achieved by the proposed system with
PSK-GFDM and QAM-GFDM. The GFDM parameters used for the simulations are listed
in Table 1, while the modulation indices (h) used for the CPM mapper are shown in Table 2.
By changing the numerator p from 1 to 15, we were able to choose the values for the
modulation index h. To ensure that p/q remained rational, we varied the denominator q’s
values from 2 to 16. There are 23 different values of h as a result. We concluded that this
set of variables is sufficient to assess the performance of CPM-GFDM because any other
numbers that are outside of this range do not produce results that are any better than the
ones produced by rational values of h. Additionally, using higher p and q numbers would
increase the number of points in the constellation, which would result in a complex VD.

Table 1. GFDM Parameters.

Parameters Value

No. of subcarriers (K) 128

No. of sub-symbols per subcarrier (M) 5

No. of active subcarriers (Kon) 128

No. of active sub-symbols (Mon) 5

Cyclic prefix (CP) 32

Roll off factor (α) 0.5

Pulse shape RRC

Mapper QAM, PSK, CPM

Sampling rate 10 MHz

Table 2. CPM Modulation Indices.

No. p q h= p
q

1 1 2 0.5

1 1 4 0.25

2 1 5 0.2

3 1 8 0.125

4 1 10 0.1

5 1 16 0.0625

6 2 5 0.4

7 3 4 0.75

8 3 5 0.6

9 3 8 0.375

10 3 10 0.3

11 3 16 0.1875

12 4 5 0.8

13 5 8 0.625
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Table 2. Cont.

No. p q h= p
q

14 5 16 0.3125

15 6 10 0.6

16 7 8 0.875

17 7 10 0.7

18 7 16 0.4375

19 9 10 0.9

20 9 16 0.5625

21 11 16 0.6875

22 13 16 0.8125

23 15 16 0.9375

3.1. Power Spectral Density

One of the main disadvantages of OFDM is its high out-of-band (OOB) radiation,
which is mainly due to the rectangular pulse [47,48]. Due to high OOB, the symbols would
interact with neighboring channels. As a result, OFDM is not considered suitable for 5G
communication. The OOB radiation of the broadcast signal for the 5G base stations must be
below the necessary limitations, i.e., −45 dB, to satisfy the spectrum regulatory masks [49].
GFDM is known to have lower OOB radiation as compared to OFDM [40,50,51]. This
is mainly due to the fact that a prototype filter that is circularly shifted in both the time
and frequency domains shapes the data symbols [49]. Figure 5 shows the power spectral
density (PSD) of proposed GFDM and compares it with that of conventional GFDM. It is
evident from this figure that the PSD of the proposed GFDM is superior in terms of OOB
radiation, as it is lower than that of the conventional GFDM.
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3.2. Performance in the AWGN Channel

Figures 6–11 show the error performance of CPM-GFDM and compare it with that of
QAM-GFDM or PSK-GFDM for an AWGN channel. The error performance for a binary
system is shown in Figures 6 and 7 when using matched filter receiver and zero forcing
receiver, respectively. It is observed that with matched filter receiver, there are several
values of h for which the proposed system outperforms the conventional GFDM, with
h = 1/2 giving the best performance. Table 4 identifies those values of h that outperform
conventional GFDM. However, when using zero forcing receiver, there is no value of h that
beats the conventional GFDM, the closest being h = 3/5, 5/8, 9/16.
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The error performance of CPM-GFDM against QAM-GFDM when using two bits
at a time (i.e., J = 4) is shown in Figures 8 and 9 for the two receivers. For the case of
matched filter receiver, it is observed that there are several values of h for which the error
performance of the proposed system is better than QAM-GFDM. The best performance is
observed in the case when h = 7/16. The complete list of h values for which the proposed
system outperforms QAM-GFDM is given in Table 4. When using a zero-forcing receiver,
there is no value of h that performs better than QAM-GFDM. The h values that are close to
QAM-GFDM when using zero forcing are 1/4 and 3/10.
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over AWGN channels.

Finally, the error performance when using three bits at a time (i.e., J = 8) is shown in
Figures 10 and 11. It is observed that, in this case, out of 23 values of h there are 17 values
that give a performance better than QAM-GFDM when using a matched filter receiver.
The best performance is observed in the case when h = 5/16 and h = 3/10. Moreover, as
Figure 11 shows, the proposed system outperforms the conventional GFDM for 18 values
of h, with the best performance observed when h = 5/16, 3/10.

3.3. Performance in Frequency-Selective Channel

As indicated in Table 3, we have chosen the ITU outdoor channel model A with six
taps to produce the multipath components [52].

Table 3. Frequency-Selective Channel.

Tap Relative Delay (ns) Average Power (dB)

1 0 0

2 300 −1

3 700 −9

4 1100 −10

5 1700 −15

6 2500 −20

Figures 12–17 show the error performance of CPM-GFDM and compare it with that of
QAM-GFDM or PSK-GFDM for the frequency-selective channel shown in Table 3. The error
performance for a binary system is shown in Figures 12 and 13 when using matched filter
receiver and zero forcing receiver, respectively. As was observed over the AWGN channel,
in this case, as well, with the matched filter receiver, there are several values of h for which
the proposed system outperforms the conventional GFDM. Table 4 identifies those values
of h that outperform conventional GFDM. However, unlike the AWGN channel, the best
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performance is observed when using h = 7/16. When using the zero-forcing receiver, there
is no value of h that beats the conventional GFDM, the closest being h = 7/16, as has been
shown in Figure 13.
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Table 4. Modulation Indices Giving Better Performance Than Conventional GFDM.

AWGN Channel Frequency-Selective Channel

J=2 J=4 J=8 J=2 J=4 J=8

h= p
q MF ZF MF ZF MF ZF MF ZF MF ZF MF ZF

1/2 X - X - - X X - - - - -

1/4 X - X - X X X - - X X X

1/5 - - - - X X - - - - - -

1/8 - - - - - X - - - - - -

1/10 - - - - - X - - - - - -

1/16 - - - - - - - - - - - -

2/5 X - X - X X X - X - - -

3/4 X - X - - - X - - - - -

3/5 X - - - - - X - - - - -

3/8 X - X - X X X - X - - -
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Table 4. Cont.

AWGN Channel Frequency-Selective Channel

J=2 J=4 J=8 J=2 J=4 J=8

h= p
q MF ZF MF ZF MF ZF MF ZF MF ZF MF ZF

3/10 X - X - X X X - X X X X

3/16 - - - - X X - - - - - -

4/5 - - X - X X - - X - X X

5/8 X - - - X X X - - - - -

5/16 X - X - X X X - - X X -

7/8 - - X - X X - - - - - -

7/10 X - - - X X X - - - - -

7/16 X - X - X - X - X - - -

9/10 - - X - X X - - - - - -

9/16 X - X - X X X - - - - -

11/16 X - - - X X X - - - - -

13/16 - - X - X X - - - - - -

15/16 - - - - X X - - - - - -
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The error performance of CPM-GFDM against QAM-GFDM with J = 4 is shown in
Figures 14 and 15 for the two receivers. For the case of the matched filter receiver, there
are five values of h for which the error performance of the proposed system is better than
QAM-GFDM. The best performance is observed in the case when h = 7/16. The complete
list of h values for which the proposed system outperforms QAM-GFDM is given in Table 4.
When using a zero-forcing receiver, there are three values of h that perform better than
QAM-GFDM. However, at high SNR values, h = 3/10 gives the best performance.

Figures 16 and 17 depict the error performance with J = 8. It is observed that, in this
case, there are four values of h that outperform conventional GFDM when using a matched
filter receiver. The best performance is observed in the case when h = 5/16 and h = 3/10.
Furthermore, it is noted in Figure 17 that, when using zero forcing receiver, the proposed
system outperforms the conventional GFDM for three values of h, i.e., h = 1/4, h = 3/10
and h = 4/5, with the best performance observed in the case of h = 3/10.

4. Discussion

From the results presented in the previous two sections, it is noted that the proposed
CPM-GFDM always performs better than conventional GFDM for several values of modu-
lation index h when using a matched filter receiver. In the case of a zero-forcing receiver,
only when J = 8 are there modulation indices that perform better than conventional GFDM
if the channel is AWGN. When the channel is frequency-selective, the number of h values
that outperform conventional GFDM are much less than those for the AWGN channel.
However, unlike for the AWGN channel, for J = 4 there are values of h that perform
better than conventional GFDM. In the case of the AWGN channel, the best performing
modulation indices are 1/2, 3/10 (appearing twice), 5/16 (appearing twice), and 7/16, as is
evident from Table 4, while in the case of frequency-selective channels, the best perform-
ing modulation indices are 3/10 (appearing thrice), 5/16 and 7/16 (appearing twice), as
has been shown in Table 4. Finally, it can be concluded that the proposed CPM-GFDM
configuration outperforms conventional GFDM.

5. Conclusions

A novel scheme, CPM-GFDM, has been introduced for frequency-selective wireless
channels. In this scheme, the memoryless mapping schemes such as QAM and PSK are
replaced with CPM mapping that has memory. At the GFDM receiver, this memory is
exploited to improve the error performance of the CPM-GFDM scheme. Using extensive
simulations and two types of receivers, i.e., matched filter and zero-forcing, it has been
shown that there are several values of the modulation index h for which the proposed
CPM-GFDM system outperforms the conventional GFDM system. The performance of
the proposed system is particularly better than a conventional scheme when using higher
modulation schemes, i.e., when sending two bits or three bits at a time. Hence, the proposed
scheme is a strong candidate for high-speed wireless communication.
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