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ABSTRACT:

As a result of resource constraints in each generation of wireless systems, new technologies should be used in order to
obtain maximum system efficiency. The combination of Adaptive Modulation and Coding (AMC) with Generalized
Frequency Division Multiplexing (GFDM) is a promising technique which efficiently optimizes the data rate, increases
the capacity and reduces Bit Error Rate (BER) of the systems, which are primary goals of each generation of wireless
networks. In paper, we primarily analyze multicarrier GFDM performance based on adaptive modulation using a discrete
rate, then examine a variable power transmission scheme and finally find the form of rate and power which maximizes
the spectral efficiency. The results show that significant improvement in terms of spectral efficiency and BER can be
achieved demonstrating the superiority of the proposed AMC scheme in comparison with nonadaptive transmission

schemes. Therefore, the presented system can be used in next generation cellular networks with higher capacity.
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1. INTRODUCTION

Emerging new applications and services in mobile
networks, such as tactile internet [1], Machine to
Machine (M2M) communication [2] and other of this
kind, will increase the number of wireless devices and
sensors considerably. 6G wireless networks need to be
capable of handling this highly increasing the number of
networks a lot participants as well as significant growth
in data volume. Sporadic random access from devices
can be reached by the use of Cognitive Radio (CR). In
CR systems, flexibility in structuring and shaping of the
transmit signal is vital to exploitation of the available
spectrum white spaces. The Out of Band (OOB) leakage
of CR systems should be minimized in order to decrease
interface between adjacent frequency bands [3], [4].

Current cellular transmission schemes such as fifth
generation (5G) and Long-Term Evolution (LTE) [5]
employ Orthogonal Frequency Division Multiplexing
(OFDM) scheme [6] for its advantages like robustness
in fading channels [7] and implementation based on Fast
Fourier Transform (FFT) algorithms [8]. Despite these
benefits, OFDM is not well suited for future requirement
regarding its disadvantage such as reduced spectral
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efficiency owing to requirement of a cyclic prefix (CP)
[9] and demanding a fine synchronization for its
sensitivity in Carrier Frequency Offset (CFO) [10]; It is
also unattractive for CR application for its large OOB
leakage [11]. Consequently, a new multicarrier
transmission scheme has been proposed in order to
reduce the disadvantages of OFDM and spectral
efficiency. One of the most promising candidate
waveforms in the next generation of wireless network
systems is GFDM [12].

GFDM is a block-based multicarrier transmission
scheme which is taken from the filter bank technique
[13] and was first introduced as a solution to be used in
white spaces, E.g. across the bands of TV for CR
systems [14]. The transmitted data of each block in
GFDM is decomposed into frequency and time domains
and each subcarrier is pulse-shaped with an adjustable
filter. In this system the length of the CP is reduced by
implementing alternative cyclic pulse shaping filters
instead of orthogonal filters [14]. The insertion of CP in
each block instead of each symbol increases the spectral
efficiency of GFDM compared to OFDM. OOB leakage
and self- interference can be controlled by a pulse
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shaping filter in this system [15]. The effect of pulse
shaping on the OOB was studied in [16], then the closed
form of SER, OOB, and Noise Enhancement Factor
(NEF) and spectral efficiency were obtained when using
Zero-Forcing (ZF) receiver.

The purpose of this paper is to increase the spectral
efficiency of the GFDM system by optimally varying
combination rate and power in Additive White Gaussian
Noise AWGN channel. This goal is obtained when the
channel state information of wireless communication
systems is available with feedback from a receiver to the
transmitter. The channel state information allows us to
send symbols based on the Channel Quality Indicator
(CQI). We assume that a discrete finite set of
consolations and code rates are available. The analysis
is done in both an instantaneous and an average power
constraint subject to an average BER and power
constraint.

Then this paper is organized as follows: In Section
two, the system model is presented, then the BER
approximation used to drive the optimal solution of
adaptive modulation is described. In Section three,
derive the optimal modulation mode switching, and
power adaption under restricted target BER and average
transmit power. Numerical results and plots of BER in
both uncoded and convolutional coded systems along
with the spectral efficiency of them are illustrated in
section four. Ultimately conclusions are given in section
five.

2. SYSTEM MODLE

In this section the GFDM transmission block
diagram is introduced and then the proposed AMC
system model to achieve the main goals in this paper is
described.

2.1. GFDM Block Diagram

Consider the block data bits vector b are encoded to
obtain b_ .Then a mapper, E.g. 2*-QAM, maps the bits

to the symbols where . is modulation order. The
resulting vectord denotes a data block with N elements.

Each element can be distributed into K subcarriers with
M subsymbols according to d =d},....d,, )" and

d, =(ym,-dyx )" - The total number of symbols
follows as N =KM. Therein, each d,  corresponds to

the data symbol that has to be transmitted on the k ™
subcarrier in m™ time slot. Each symbol is carried by
the waveforms given by [17]:

9 n[N1=g[(n —mK)modN Je ~**""¢ )
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Where Jy [n] s the time and frequency shifted type

of the prototype filter g[n]. The superposition of all

modulated subcarriers and subsymbols leads to the
GFDM signals [18]:

K-1M -1

x[n1=> > g, .0, ,, N=01..,N-1 ()

k=0 m=0

Equation (2) can be modeled as a matrix operation
given by [17]:

X =Ad 3)

Where A is a N xN transmitter matrix [17] with a
structure according to:

A= (go,o gK—l,O gO,l gK—l,M 71) (4)

§,, . Is circularly frequency and time shifted types of
Goo - S0 X includes the transmit samples that
correspond to the GFDM data block d° .

By transmission through a wireless channel, received
counterpart of X is modelled by y =HX +& where
@~CN (0,6°1 ., ) is AWGN noise, and H denotes the
channel matrix. In this paper we assume H =1 in

corresponding to AWGN channel model.

At the receiver side, time and frequency
synchronization is applied. By utilizing a ZF equalizer
to remove self-generated interference, the signal after

linear GFDM demodulation can be given by d = By

N xN

where B =A™. The received symbols d are demapped

to produce a sequence of bits bAC then passed to a

decoder to obtain b . The SER performance of GFDM
over AWGN channel is achieved by [17]:

SER = 2(LT_1)erfc(\/ﬁ)—(%)2erfcz(\/ﬁ) (5)

Where L =+/2“ and g is a function of average

energy per symbol ( E, ) and noise power density (N, )
which is defined as:

-_3 E
F=a@r N, ©
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¢ denotes NEF which determines Signal to Noise
Ratio (SNR) decrease when using the ZF receiver and it
MK -1

is equal to Z |[BZF ]k,n
i=0

2

2.2. AMC GFDM

Block diagram for proposed AMC GFDM system
model is displayed in Fig. 1. Discrete-time channel with
ergodic and stationary time-varying gain m for each
GFDM symbol isassumed. S denotes average transmit
signal power, B denotes the received signal bandwidth,
and h denotes the average channel power gain. The
instantaneous channel state information of each GFDM
block is known at the transmitter with a feedback path
from the receiver to the transmitter which is supposed to
be error-free and instantaneous, so the channel gain
estimation ﬁ[i] = h[i]. The transition rate and power can
be adapted at the receiver. Channel quality estimation of
the each GFDM symbols is measured at the receiver. At
the transmitter, the AMC block comprises of different
modulator modes and coding rates. The best modes and
rates can be chosen for the next transmission GFDM
symbol by the channel quality estimate E.g. SNR of the
receiver based on the current GFDM symbol.

#[i] is defined as the instantaneous received SNR at

time i. The rate region boundaries {y,} ™. define the
ranges of , values over which the variation modes and
code rates are transmitted. One modulation mode and
code rate is used for each region|y, ., )for0<i <Z -1,
where y, =oo. When the instantaneous SNR , falls in a

given region, the corresponding signal modulation order
and code rate are transmitted. y, is a cutoff SNR which

the channel is not used within ranges.

GFDM Transmitter

1
1

b - A 1

7 be d B !

binary source H Encoder I_’l Mapper H GFDM Modulator I— I
1

1

1

1

1

Wireless Channel

AMC sclector

Channel Estimator

H i
1

1
1 i
: 1
. - . B . |
: b be 4 v :
H | binary sink I{—' Decoder |<—| Demapper GFDM Demodulater |
1
H 1
: i
H |

GFDM Receiver

Fig. 1. GFDM system with AMC

To obtain optimal rate and power adaptions, we
require an expression for BER in AWGN channel for
GFDM system that should be easily converted to rate and
power. Unfortunately, for the majority non-binary
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modulation techniques an exact expression for BER is
not easy to find. Often the BER with Gray bit mapping at
high SNR is approximated as SER divided by the number
of bits per symbol and Es/NO is defined as

SNRT,. /Te, » Where T,
and T is signal’s sampling period [19] . Therefore, we

samp

. 15 signal’s symbol period

introduce new tight BER approximation as a function of
SNR for the system which can be differentiated and
inverted. By substituting SNR in (6), I" is defined as

3SNRT,,, /2£(2" ~1T,,,,.We approximate erfc (+/T)

to exp(-I")/(vaT') for high SNR’s [18] and rewrite (5).

The BER expression of GFDM system with Gray bit
mapping in AWGN channel can be approximated by:

(L-D* 27

BER = 2
url L-1

) (7

Where L is a function of the modulation order and u
is a function of SNR and is equal to exp(-I')/~/T . In the

following, (7) is used for BER of the system to get the
boundaries level and choose the optimum transmission
modes.

3. SWITCHING THRESHOLDS

In this section, we derive the optimal solution for
power adaption and optimum adaptive modulation mode
switching levels under assigned target BER and average
transmit power conditions so that the spectral efficiency
of the system is maximized. In this paper the analysis is
apply for AWGN channel, assuming uniform distribution
for SNR. The spectral efficiency of the system is its
average data rate per unit bandwidth (R/B). System sends
#MK bits in MT_ second, whereT is symbol time. By

assuming RC pulse shape filter which is a Nyquist data
pulse, the bandwidth of the received signal is equal to
B =K T, . Consequently, the average spectral efficiency

of discrete rate GFDM is the summation of data rates in
each region 4; correlated with the each of the Z regions,
weighted by the probability of » when it falls in (Z —1)"
region [19].

R Z-1 Via

Mo =—= D 1 I p()dy bit/sec/Hz (8)

) B i=0 i

We also assumed an average transmit power (§)
limitation between modes is determined by [20]

Z 1%+

> [si ey <s (©)

i=0 7
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Where §; is instantaneous transmit power for each
region.

3.1. Optimal Rate

We assign the rate /4 to the rate region [)/i VY +1) and
the rate set is changeable within the limited set
{4}, 7. The maximizing spectral efficiency problem
is consider through the optimal rate, under instantaneous
BER constrain BER(;/):@ and constant transmit

power. We rewrite (7) as a function of u. By solving (7)
in terms of u the roots of second order are obtained:

Uy, = I‘*/—(1+./1 UBER ) (10)

BER of the transmitted system should be very small,
) L\/Z(1+1/1—yBER )/L —-1 is acceptable. By

replacing 4 instead of u and substituting (10) in (6) the
optimal rate region boundaries are obtained:

P C i Y [sz (1)
3 u;

Which is equal to SNR. W (*) Denotes the real-
valued Lambert's W-function that is defined as the
inverse of functionf W ) =we" for w > 0. As a result,
the unique solution for y; can be found. Assuming the
uniform distribution of » for AWGN channel, the

spectral efficiency is Cumulative Distribution Function
(CDF) in (8) with the obtained boundaries in (11).

3.2. Optimal Rate and Power

With the same discrete rate set as a previous section,
now we want to optimize spectral efficiency through
optimal rate and power subject to average power and
instantaneous BER constraints BER (y) =BER . For a
stable transmit power S, the instantaneous received
SNR is #[i]=5h[i]/c?. We define the transmit power
at time i, by s(y[i]) which is a function of y[i]. The
received SNR at time i is then »[i ](s(#[i1)/5) .Ash[i]
is stationary, the distribution of #[i] is notrelated to i. In

the following we ignore the time reference i relative to
7 and s(¥). Under these conditions the maximize

power adaptation is obtained with substituting received
SNR = y(s(y)/3) in (11):

S0) _yiu) 02

5y
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Where y(z;) is equal to optimal rate region

boundaries in constant power (11). We find the optimal
rate region boundaries that optimal spectral efficiency for
power and rate constraint using the Lagrangian method.
Under the above power adaptation strategy, the Lagrange
equation is given as:

Visl

Vo 72) = 2t | DAY

i=0 i

Z-17ia (13)
{Z [ Yus) p(y)dy—l}

i=0 4,
Where A is the Lagrange multiplier. The general

function of maximized mode switching levels can be
obtained by solving the following equation for ;.

Ao oscigz-1 (14)
which results

Y, o
Hi (15)
=y(/’li)7y(/'li71)ﬂ
Hi = Hig

1<i<zZ-1

Where the constant A can be determined
numerically such that the AMC mode switching levels
achieve the average power limitation in (9). With these
obtained boundaries the spectral efficiency is given by:

7-1 Vi

16
7= |:0(721 70) (16

4. NUMERICAL RESULTS

Our derivations are for general distributions
however, we calculate our numerical results for uniform
distribution in the AWGN. We suppose BER

requirement is 107, and assume that 4 different
modulation  order  responding to  4-QAM,
16-QAM, 64-QAMand 256-QAM  bit/symbol  with 2
different convolutional coding rates % and % are
available. The generation matrixes are assumed
[133171165] and [133171165155] for % and ¥, code
rates respectively. Fig.2 shows the BER of GFDM
transmitter for K =64, M =9 and a RC filter by roll-
off 0.5 for GFDM system. Fig.2 shows, the BER
performance adaptive modulation compare fixed
modulation order system is the best. It can be seen that



Majlesi Journal of Telecommunication Devices

the BER performance of the adaptive scheme is equal to
4-QAM for SNR ranges (11-18 dB), for SNR ranges (18-
24 dB) the BER performance in adaptive scheme is like
16-QAM, also for SNR ranges (24-29 dB) BER
performance in adaptive modulation is like 64-QAM.
After 29 dB BER performance in adaptive scheme is like
256-QAM. Instantaneous BER in each region is 1074,

T
- 40N
e o , 16GAM
ey - B40AM
. . b 256040
e e, . - o~ AMGFOM

Vl‘ 5 10 15 0 5 El »
SNR

Fig. 2. BER for fixed mode and adaptive modulation
systems

Fig.3 shows, the BER performance by employing
convolutional coding in GFDM modulation and
compares it to AMC system. As can be seen utilization
of coding can improve the BER performance and
provide a considerable coding gain. Additionally, the
figure shows that the AMC system has the best BER
performance compared to others systems.

Fig. 3. BER for fixed mode and adaptive modulation
and coding systems

Fig.4 shows the average spectral efficiency of the
system owing to optimal rate. According to LTE
standard, for uncoded fixed system 64-QAM modulation
and for coded fixed system 4 code rate and 64-QAM

modulation is employed. The results show that the
spectral efficiency for adaptive modulation has the best
gain. In adaptive modulation the spectral efficiency is
increased around 11 dB in comparison to a fixed system.
In addition, it shows that the spectral efficiency for AMC

Vol. 12, No. 1, March 2023

is a bit more than 2 bps/Hz than uncoded adaptive
modulation for low SNR ranges (11-20 dB). Although,
the spectral efficiency of AMC reduces at 25 dB SNR
values when compared to adaptive modulation. It shows
that using the adaptive transmission cause increasing the
system in terms of spectral efficiency significantly.

Average SNR

Fig.4 Spectral efficiency for variable rate systems

As a previous section Fig.5 illustrated the average
spectral efficiency of the system cuase optimal power
and rate. In particular, it is observed in Fig. 5 that the
spectral efficiencies in the two cases, one case A and the
other case B, are very close to each other under the same
BER constraints even the less SNR is required.

=AY Rate-C Power
N ~8- AVCV Rate-C Fover
N 4~ AWV Rate-V Power

ncy (bps/Hz)

Spectral Efficie

Average SNR

Fig. 5 Spectral efficiency for variable rate and power
systems

5. CONCLUSION

In this study, the performance of applying adaptive
modulation and AMC for multicarrier GFDM systems
has been analyzed. After proving and simulating the
performance of the proposed scheme, it is clear that
having some knowledge about the channel state helps to
reduce the average transmission power and BER of the
system. The performance of the adaptive transmission
scheme is compared with the fixed system. It is resulted
that AMC scheme decrease the SNR required for
reaching a given target BER at the cost of a deducted
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spectral efficiency performance. Furthermore, it is
observed that by utilizing one or two degrees of freedom

in adaptive transmission,

the maximum spectral

efficiency will be acquired. So, the parameters of
adaption chosen must be selected on implementation
considerations.
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